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Abstrakt

Diserta¢ni prace je zamiena na pudni biochemii, konkrétné na ovlivnéni proteolytické
aktivity vlesnich pidach organickymi a anorganickymi latkami. Prace je slozena
z ¢lankn, které byly publikovany v impaktovanych casopisech, a dvou rukopist.
Z organickych latek byly zkoumany L- a D-kyselina vinna, fenolické latky,
proteinogenni a neproteinogenni aminokyseliny, auxiny a cytokininy. Anorganické
latky pak predstavovaly soli. Soucasti prace je také ¢lanek, ktery se vénuje vlivu lesniho
managementu na aktivitu pidnich enzymi (véetné proteaz). Je zde sledovano, jaky
efekt ma vytvofeni obnovniho prvku na aktivitu enzymu, kdy se zasahem do lesniho
ekosystému zméni tepelné a vlahové poméry na stanovisti. Z vysledkti vyplyva, ze
z organickych latek maji pozitivni vliv na proteolytickou aktivitu L- a D-kyselina vinna,
proteinogenni a neproteinogenni aminokyseliny a auxiny. Naopak jako inhibi¢ni latky
se ukazaly byt fenoly a cytokininy. Zasoleni mélo také negativni vliv na proteolytickou
aktivitu lesnich pid. Vliv lesniho managementu prostiednictvim obnovniho prvku na
proteazovou aktivitu pid nebyl zjistén. Na zménu klimatickych pomérti na lesnim

stanovisti regovaly pouze potencionalni ureazy, které vsak nejsou tématem této prace.

Klicova slova: nativni proteazy, aminokyseliny, fenoly, soli, auxiny, cytokininy, lesni
management



Abstract

PhD thesis focuses on soil biochemistry, namely the effects of organic and inorganic
substances on proteolytic  ktivity in forest soils. The thesis is composed of several
impacted journal articles and two manuscripts. Selected organic compounds feature L-
and D-tartaric acid, phenolics, proteinogenic and non-proteinogenic amino acids, auxins
and cytokinins, whilst inorganic substances are represented by salts. Furthermore, an
article dealing with the effects of different forest management practises on soil
enzymatic  ktivity (including proteases) is adjoined. Its aim is to monitor the effect of
forest regenerative elements (forest stand gaps) on enzymatic  ktivity, whereas the
intervention into forest ktivity changes the moisture and thermal conditions of the
site. The results show that out of the organic substances tested L- and D-tartaric acid,
proteinogenic and non-proteinogenic amino acids and auxins have a positive effect on
the proteolytic  ktivity. Conversely, phenols and cytokinins acted as inhibitors. Soil
salinization also had a negative effect on proteolytic  ktivity of forest soils. The
Influence of forest management through forest regenerative elements on soil protease

ktivity was not detected. Potential urease ktivity was the only enzyme that reacted to
the change of climatic conditions of forest habitat; however, ktiv not a principal topic

of this work.

Keywords: native protease, amino acids, phenols, salts, auxine, cytokinine, forest
management
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1 UVOD

Problematika interakce mezi vybranymi stanovistnimi faktory lesniho prostiedi a
konkrétni enzymatickou slozkou fungovani pidniho ekosystému je nedilnou soucésti
oblasti zajmu oboru ekologie lesa. V ekologii lesa jsou vyznamné priority dany vztahy
mezi Zivymi a nezivymi komponenty lesnich ekosystémii. Studium vzajemnych vztahia
vazeb mezi tak dilezitou soucasti fungovani pidniho ekosystému jako je proteolyticka
aktivita a konkrétnich, vybranych stanovistnich faktort je z pohledu souc¢asného stupné
poznani v oboru ekologie lesa nejen vysoce aktudlni, ale i mezinarodné feSenou
problematikou, kdy obor piidni biochemie dodava ekologii lesa jak mimotadné cenné
podnéty pro dal§i studium, tak i vysledky z vétSinou velmi piekvapivé (a tudiz i

podnétné a inspirativni) perspektivy.

Predkladand disertacni prace je navic soucasti dnes celosvétoveé intenzivné feSené
ekologické tématiky — kolob&hu Zivin v ekosystému. Soucasna ekologie lesa pracuje
s doloZenymi teoriemi o tésné vazbé v triad¢ ,,enzym — rostlina — stanovisté“. Kolob&hy
zivin jsou dnes z ekologického hlediska studovany pravé s dirazem na stimulaci a
inhibici enzymi v ptidé. Mobilizace zakladnich makrobiogennich prvki, zde predev§im
dusiku, je dnes neodmyslitelné spojena praveé s proteolytickou ptdni aktivitou. Z tohoto
hlediska je feSené¢ téma ptredkladané disertacni prace mozno povazovat za moderni a

aktualni.

Soucasna ekologie lesa je predmétem svého z4jmu tésn¢é vazand na globalni klimatické
zmény a jejich vlivu na lesni ekosystémy. Plati pfitom, Ze z pohledu vyvoje klimatu
posledni dekady je to pro stfedni Evropu pfedev§im fenomén sucha, obdobi nedostatku
fyziologické vody rostlindm, které je pfedmétem celoevropsky zvySeného védeckého
zajmu. Pravé z tohoto pohledu byla tato tématika zatazena do vlastniho feSeni odborné

ekologické problematiky této disertacni prace.
1.1.10 Lesni ekosystém

Lesni ekosystém je jednim ze zdkladnich suchozemskych ekosystémil a pida v lesnim
prostiedi kliCovym prvkem pro existenci zivych organismu (Montagnini et al. 2005;
Cheng et al. 2013). V lesnim ekosystému je rozklad organického materialu z velké ¢asti
vysledkem ¢innosti piidnich enzym, které produkuji komunity baktérii a hub (Aragén

et al. 2014). Mikroorganismy a enzymy v pudé¢ jsou odpovédné za zachovani tirodnosti



pudy prostfednictvim degradace a mineralizace organické hmoty. Zmény v podminkéach
pro rist rostlin, jako jsou naptiklad provedena péstebni opatieni (vznik porostnich
mezer) zpusobi zmény v mikrobialnich spolecenstvech a ovlivni jejich biochemickou

aktivitu a tedy dostupnost zivin pro rostliny (Singh, 2005).

V pudnim ekosystému stoji na strané vstupu organické hmoty nejen opad rostlinného
materidlu, ale také fixace latek v rdmci symbiotickych interakci na kofenech rostlin
(hlizkové bakterie) a nesymbiotické vztahy (napf. fixace dusiku piidnimi nitrogenédzami)
v ramci pudniho prostiedi jako celku. Do procesu nasledného rozkladu organické hmoty
vstupuji jako prvni oxidoreduktazy (dehydrogenaza, DHA), které prvotni oxidaci
umozni jeji rozklad predevsim smérem k cyklu uhliku (ptfedevSim respirace pid) a
cyklu dusiku. V ramci dalSiho rozkladu organické hmoty vstupuje do procesu proteaza,
kterd rozklada proteiny a aminokyseliny, a zprostiedkovava tim ¢éastecné piimo dusik
pro kotfeny rostlin a ¢ast druhového spektra mikroorganismti (Kandeler et al. 1999).
Smérem k vystupu Zivin se poté projevuje aktivita uredz, zprosttedkovavajici amonny
dusik pro rostliny a ptdni biotu (Blonska a Lasota 2014). Zpétné ji pak ovliviigje i
mnozstvi amonné¢ho dusiku v prostfedi pochazejiciho z Cinnosti celkového spektra
rozkladacii organické hmoty a pidy jako kolektoru rGznych produktl rozkladu (napft.
vazané enzymy, aminokyseliny, ionty prvka). Na aktivitu ptidni bioty maji vliv také
fyzikalni faktory, jako jsou teplo a mnozstvi srazek, které se dostanou na povrch pudy, a

jsou pak pidou jimany.

VSechny zivé organismy vyzaduji pro svij zivot, rist a rozmnozovani témeét stejné
ziviny. To je zédkladem mezidruhové konkurence mezi rostlinami a mikroorganismy
V Zivinami omezeném pidnim prostiedi. Tato soutéZ o dostupné Ziviny je zvlasté silna
v rhizosféfe. Rostliny 1 mikroorganismy jsou v pudach omezeni dostupnosti uhliku,

dusiku, fosforu a n€kterych makro- a mikroelementi (Kuzyakov a Xu 2013).
1.1.2 Padni enzymy

Uloha ptidnich enzymd a jejich &innost jsou popisovany jako vztahy s ptidou a jinymi
faktory v zivotnim prostiedi, jako napf. kyselé desté, t€Zké kovy nebo tfeba zasoleni
(Hussain et al. 2009). Enzymy jsou medidtory a katalyzatory chemickych reakci
probihajicich v plidnim prostfedi, mezi néz lze zahrnout: dekompozice organickych
vstupil, pfeména nativni piidni organické hmoty, uvolnovani anorganickych Zivin pro
vyzivu rostlin, fixace plynného dusiku, nitrifikace a denitrifikace, detoxikace
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cizorodych latek (Dick, 1997). Pidni enzymy tedy maji kli¢ovou roli v kolob¢hu uhliku
(B-glukosidazy a B-galaktosiddzy), dusiku (proteazy, uredzy, nitrit- a nitratreduktazy),
fosforu (kyselé a zasadité fosfatazy) a siry (arylsulfatazy) (Karaca et al. 2011). Vyznam
pudnich enzymt je také vniman jako popisovani a tvorba piedpoveédi reakce
ekosystétmu a jeho funkci, kvalita a interakce mezi jednotlivymi subsystémy
v ekosystému a dale jako biologicky proces, ktery slouzi jako ukazatel dopadi

antropogenni ¢innosti na puidni prostiedi (Utobo a Tewari 2015).

Pro hodnoceni zmén v pudnim prostedi, at’ uz vlivem cinnosti ¢lovéka nebo zmény
klimatickych pomért, se Casto pouzivaji méfeni aktivity extracelularnich enzymud.
Z Casto pouzivanych enzymu jsou to alkalické a kyselé¢ fosfatazy, které katalyzuji
preménu organického fosforu na jeho anorganické formy a €ini je tak dostupnymi pro
mikroorganismy a rostliny. Proteazy, které hydrolyzuji peptidové vazby v proteinech
nebo pomdhaji rozklddat samotné aminokyseliny. Degradace peptidi je spojena
s uvoliovanim amoniakalniho dusiku slouziciho jako zdroj dusiku pro rostliny a
mikroorganismy (Alkorta et al. 2003; Olivera et al. 2014). Dale to jsou B-glukosidazy
rozkladajici celulozu a jiné polysacharidy z organické hmoty a produkujici glukézu jako
zdroj energie a uhliku pro rist mikrobu (Tabatabai, 1994). Pouzivaji se ale i aktivity
dehydrogenédz, které se naopak fadi mezi intracelularni enzymy. Podileji se na
oxidac¢nich procesech v zivych mikrobidlnich buiikach (Nannipieri et al. 2002).
Mnozstvi a typy organickych slouCenin ovliviluji produkci mikrobialnich
extracelularnich enzymt, vcetné regulace pfitomnosti enzymu, substratu a limitace

pfistupnych Zivin pro jejich syntézu (Hernandez a Hobbie 2010).

Rozklad rostlinného opadu je zakladni proces v kolobéhu Zivin. VétSina organickych
latek je uvolnovdna do padniho prostiedi po odumieni organismi a vyskytuji se
pfevazné jako nerozpustné polymery (celuldza, lignin, bilkoviny, chitin) a nemohou byt
rozlozeny piimo rozklada¢i organické hmoty (bakterie, houby) (Allison a Vitousek
2005). Extracelularni enzymy museji tyto polymery degradovat na rozpustné latky,
které¢ pak muze pladni biota dale vyuzit. Proto je aktivita extraceluldrnich enzymi
limitujicim krokem v rdmci mikrobidlné zprostiedkované dekompozice organické
hmoty (Schimel a Weintraub 2003). Rychlost rozkladu v zasad¢ koreluje s aktivitou
enzymul odpovédnych za degradaci (Sinsabaugh, 1994). Pfitomnost vhodného substratu
vyvolava syntézu odpovidajiciho extracelularniho enzymu (Duo-Chuan, 2006). Proto je

aktivita extracelularnich enzymt vhodna pro poskytnuti informace o dostupnosti
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organickych latek a tedy i dostupnosti uhliku a dusiku. Znalosti o enzymatické aktivité
mohou tedy pfispét k pochopeni interakci mezi dostupnosti uhliku a dusiku béhem
rozkladu organické hmoty a vysvétlit nékteré variability v rychlosti a dynamice
rozkladu dusiku u substrati podobného chemického slozeni (Geisseler a Horwath

2009).

Nekteré studie dokladaji, ze enzymy, které jsou spojené s hydrolyzou sacharidd, maji
tendenci zvySovat svou aktivitu po pfidani substratu obsahujiciho vyS$i mnozstvi
dusiku. Naopak aktivita oxidativnich enzymi katabolizujicich polyfenolické slouceniny
ma klesajici tendenci (Carreiro et al. 2000; Michel a Matzner 2003). Vztah mezi
aktivitou enzymu a rozkladem substratu mtize byt komplikovangjsi pfi¢inénim nekolika
faktort. Vyskyt vhodného substratu k degradaci neni jedinym faktorem regulujicim
aktivitu extracelularniho enzymu. Vysoké hladiny kone¢nych produktii nebo molekul,
které obsahuji cilovou zivinu, jako napiiklad dusik, mohou potlacit produkci enzymu.
Nizké hladiny konec¢nych produkti nebo cilovych zivin vyrobu enzyml nepotlacuji.
Extracelularni enzymy jsou produkovany i pii nizké trovni dostupnosti vhodného
substratu a jsou tedy konstitu¢né nezavislé na pritomnosti tohoto substratu. Tyto
mechanismy se podileji na regulaci produkce hlavnich enzyml ovliviiujici kolob&h
dusiku a uhliku, mezi néz patii proteazy (Kalisz, 1988), celulazy (Hanif et al. 2004), a
chitinazy (Duo-Chuan, 2006).

Indukce syntézy enzym a jejich sekrece tedy obvykle fidi mistni koncentrace substratu,
ackoliv sdm o sob& nemusi byt skute€nym induktorem. Pfedpokladem pro uspéSnou
katalyzu a naslednou mikrobidlni proliferaci je také odpovidajici hustota a sloZeni
mikrobidlnich degradéri (Burns et al. 2013). Mnoho, a moZznd také vSechny,
mikroorganismy produkuji a reaguji na signaly, které slouzi k informovani o jejich
bezprosttednim okoli (von Bodman et al. 2008). Bakterie uvoliiuji a vnimaji molekuly
(tzv. autoinduktory), pomoci kterych monitoruji hustotu bun¢k ve svém okoli (Redfield,
2002). Tento jev se nazyva ,,quorum senzing™ (Shank a Kolter 2009), a tyto
autoinduktory mohou také slouzit pro detekci rychlosti, kterou sekretované molekuly
difunduji pry¢ od buiiky (Ekschmitt et al. 2005). Toto naznacuje, Ze producenti
extracelularnich enzym mohou pouzit fadu autoinduktornich molekul pro snimani
polohy substratu, jeho kvality a mnozstvi a pak odpovidajicim zpisobem regulovat
vyrobu extracelularnich enzyma (Allison et al. 2007). Pokud je koncentrace

autoinduktoru vyssi, nez urcita prahova hodnota, tak to znamena, Ze substrat i hustota
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mikrobidlni populace je vhodnd a produkce enzymi, respektive exprese genll pro
produkci enzymil, muze byt indukovana. Naopak, pokud jsou difuzni ztraty vysoké,
anebo neni vhodné slozeni mikrobialni populace, pak je vyroba enzymii inhibovana.
Ptikladem miize byt produkce extracelularnich hydrolaz u rostlinnych patogennich
bakterii rodu Erwinia, které je regulovana koncentraci autoinduktoru (Barnard a
Salmond 2007). Jev ,,quorum senzing“ je dualezity jak v piidnim, tak ve vodnim
prostiedi a je povazovan za dulezity fidici proces pro vSechny mikrobidlni interakce.
Toto zahrnuje hydrolyzu organické hmoty (Hmelo et al. 2011), fosfatdzovou aktivitu
(Van Mooy et al. 2012) nebo bakteridlni predace a invazi do hostitelskych rostlin

patogennimi bakteriemi a mikrobi, ktefi vazou dusik (Bonkowski, 2004).

Vétsina extracelularnich enzymi je difundovéna pry¢ od jejich matefské buiky. Nékteré
Z téchto enzymil jsou odolnéjsi nez jejich intracelularni protéjsky. Byvaji glykosylované
a maji disulfidické vazby. Maji naptiklad rGzné strukturni modifikace, které jim
dodavaji tepelnou stabilitu, umoziuji aktivitu pfi Sirokém rozsahu pH, proptjcuji
odolnost proti protedzam a mohou modulovat bunécnou adhezi (Zhang a Ten Hagen

2011).

Mnoho extraceluldrnich enzymt je stabilizovdno pomoci jilovych minerald,
huminovych kyselin a ¢astic organické hmoty. Timto zpisobem je udrzovana vysoka
uroven jejich aktivity po delsi ¢asové obdobi (Dick a Tabatabai 1987; Burns et al.
2013). Vazané enzymy maji Casto sniZzenou aktivitu ve srovnani s jejich volnymi
protéjSky a pfi¢inou je omezeny piistup k substratu, snizeny pocet aktivnich mist a
konformac¢ni zmény (Nannipieri, 2006; Quiquampoix a Burns 2007). Pfesto enzymy,
imobilizované pudnimi koloidy, pfedstavuji vyznamnou zasobarnu potencialni aktivity
a mohou jako prvni katalyticky reagovat na zménénou dostupnost substratu v pidnim
prostiedi a také poslouzit jako generdtor signalnich molekul pro mikrobidlni
spolecenstvo. Koloidné¢ vazané enzymy také mohou pifedstavovat prvotni zdroj pro
degradaci substratu v obdobi, kdy stav mikrobidlni biomasy je nizky z diivodu pisobeni
stresu (Stursova a Sinsabaugh 2008). Urc€ité mnoZstvi vdzanych enzymdi, napf.

fosfataza, ureaza, mohou pochazet z lyzovanych matetskych bunek.

Cinnost enzymii je ovlivnéna faktory abiotickymi, nap¥. pH, teplota, vodni potenciél, a

biotickymi jako je syntéza a sekrece enzymi. Tyto zmény maji zavazné dusledky pro
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fungovani ekosystému, kolob&h zivin, interakci mezi mikroorganismy a rostlinou

(Burns et al. 2013).

Zmény v abiotickém prostfedi probihaji vlivem kratkodobé zmény pocasi nebo
dlouhodobé zmény klimatu a na enzymy muze to mit komplexni vliv, ktery je obtizné
predpovidat. Naptiklad aktivita enzymu se zvySuje spolu s teplotou az do urcitého
optima, které obvykle ptekracuje teploty zaznamenané v jejich pfirozeném prostiedi.
Oteplovani, pfinejmensim teoreticky, zvySuje rychlost enzymaticky katalyzované
reakce, ale mnozstvi enzymu v prostiedi zistdva konstantni (Wallenstein a Weintraub
2008). Mikroorganismy mohou naopak snizit syntézu a sekreci enzymu jako reakci na
vzrust teploty v zivotnim prostfedi (Wallenstein et al. 2012). Dale mira enzymové
denaturace a degradativnich aktivit extracelularnich protedz se muze také zvySovat
spolu s rostouci teplotou (Wallenstein et al. 2011). Obdobi sucha nebo Casté sttidani
suchych period a osmolyticky stres ovliviiuje slozeni mikrobialniho spolecenstva a
enzymové aktivity na coz mikrobi reaguji syntézou osmolytl a zménou intracelularni
enzymatické aktivity (Chowdhury et al. 2011). Po zvySeni vlhkosti v prostiedi dojde
K uvolnéni organickych latek v dusledku fyzikalniho naruseni ptdnich agregatl a lyzi
bunck zpiisobené osmotickym Sokem. Toto zpusobi kriatkodobé zvysSeni dispozice
uhliku a dusiku, dojde krychlému ristu mikroorganismi a tedy ke zrychleni
mineralizace organické hmoty (Fierer a Schimel 2003). Reakce pudnich

mikroorganismill na zmény v Zivotnim prostiedi jsou sloZité.
1.1.3 Proteazy v pudé

Protedzy hraji dalezitou roli pfi mineralizaci pidniho dusiku. Podileji se na Stépeni
polypeptida a olygopeptidii na aminokyseliny. Mikroorganismy jsou hlavnim zdrojem
proteaz v pudnim prostfedi a vzhledem k vysoké molekulové hmotnosti proteind, jsou
prvnim krokem pfi jejich degradaci (Rejsek et al. 2008). Proteolyza je dileZzity proces
V kolobéhu dusiku v mnoha ekosystémech a je povaZzovan za limitujici krok pfii
mineralizaci dusiku v pudé (Weintraub a Schimel 2005) sohledem na pomalejsi

primarni fazi mineralizace bilkovin v porovnani s mineralizaci aminokyselin (Jan et al.

2009).

Béhem procesu hydrolytické degradace polypeptidi z mrtvé biomasy je dusik
mobilizovan a vracen do globalniho kolobéhu dusiku. Bez tohoto procesu by organicky

dusik zustal vazan ve formé, ktera nemtze byt vyuzita ostatni biotou (Fuka et al. 2009).
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VétSina  pudnich mikroorganismi  produkuje proteolytické enzymy, s vyjimkou
nékterych termo-tolerantnich lignolytickych hub nalezenych v lesnich ptdach,
nekterych mykobakterii a klostridii (Heyndrickx, 2011; Cruz Ramirez et al. 2012).
Protedazy se déli podle mista svého plsobeni na intracelularni a extracelularni.
Intracelularni protedzy reguluji kolob¢h dusiku uvnitf mikrobidlni buiky, zatimco
extracelularni protedzy jsou zodpovédné za degradaci odumielé biomasy (Fuka et al.
2009).

Proteazy se rozd¢€luji do péti skupin:

Serinové proteazy-stépi peptidové vazby v proteinech, ve kterych je aminokyselina
Vv enzymoveé aktivnim misté. Serinové protedzy spadaji do dvou
Sirokych skupin na zédkladég jejich struktury, kterd je podobnéd bud’to
chymotrypsinu (podobnd trypsinu) nebo orsubtilisinu (Yang a Lee
2001; Nisha a Sumathy 2014). V pudach jsou produkovany bakteriemi
kmene Bacillus a Pseudomonas, a producenti z fad hub jsou: Pythium
sp., Cladosporium herbarum, Aspergillus sp., Penicillium sp., a
Trychophyton sp. Vcetné kofenovych symbiontd (Vranova et al.
2013).

Cysteinové proteazy nebo také thiol proteazy sdileji podobny katalyticky proces
(obsahuji cysteinovy zbytek), ktery zahrnuje nukleofilni thiolové
triady nebo dyady. Tyto proteazy se b&ézné vyskytuji v ovoci a jejich
podil je vyssi, pokud plody nejsou zralé. Celkove jsou cysteinové
proteazy znamy z mnoha rtznych rostlinnych druhtt (Kumar et al.
1999). V pudnim prostiedi je produkuji kmeny Clostridium sp.,
Micrococcus sp., Streptococcus sp. A Microsporum sp. A néktefi

prvoci (Wenig et al. 2004; Rudenskaya a Pupov 2008).

Threoninové proteazy jsou skupinou proteolytickych enzymi, které na svém aktivnim

misté maji zbytek threoninu (Paliwal et al. 1994).

Metalloproteazy nebo také metalloproteinazy jsou proteazy, jejiz katalyticky
mechanismus zahrnuje kov. VétSina metalloproteaz vyzaduje ke své
funkci zinek, ale ¢ast znich vyuziva i kobalt. Kovovy ion je

koordinovan na protein ptes tfi ligandy (Kumar et al. 2002). Ligandy

14



koordinujici kovovy ion se mohou liSit histidinem, glutamatem,
aspartatem, lysinem a argininem. Ctvrtd koordinaéni pozice je
obsazena labilni molekulou vody. Pfitomnost chelacnich latek, jako je
napiiklad EDTA, vede k uplné inaktivaci proteazy (Schickaneder,
1988). Podobn¢ vede kinhibici pfitomnost ortofenantrolinu.
Producenty v pidach jsou kmeny Bacillus sp., Aspergillus oryzae,
Proteus aeruginosa a Streptomyces sp. (Ladd a Jackson 1982;
Vranova et al. 2013).

Aspartatové proteazy je skupina protedzovych enzymu, které pouziva aspartatovy
zbytek pro katalyzu peptidovych vazeb. Maji dva, vysoce
zakonzervované aspartatové zbytky v aktivnim misté a jsou optimalné
ucinné pii kyselém pH. Prakticky vSechny aspartitové protedzy jsou
inhibovany pepstatinem (Gerze et al. 2005). V ptidéach je produkuji
kmeny Saccharomyces sp., Mucor sp., Aspergillus sp., Candida sp. A

Shewanella sp. (Yegin et al. 2011; Vranova et al. 2013).

Mikroorganismy mohou proteazy vyrabét i recyklaci pudni organické hmoty, ¢imz je
zajisténa jejich vyziva (Rahman et al. 2003). Protedzy hraji také roli v interakcich
ptdnich mikroorganismi prostiednictvim §tépeni proteinti bunéénych stén. Radi se zde
antihoubové proteazy bakteridlniho plivodu a alkalické serinové protedzy produkované
nematofagnimi nebo entomopatogennimi bakteriemi a plisnémi (Tian et al. 2007; Chang
et al. 2007). Proteazy mohou fungovat také jako prostiedek k preziti mikroorganismi
vV obdobi nepfiznivych zivotnich podminek. Serinové protedzy se déale podileji na
vyvoji, biokontrole a patogenezi mikroorganismti (Poll et al. 2009). Optimalni
katalytické pH mikrobialnich protedz je v rozsahu 3,0-12 (Singh et al. 2011). Vétsina
mikroorganismu, které byly izolovany z pudy, ma optimalni pH 8-9 a teplotu 40-60°C
(Shankar et al. 2011).

Produkce extracelularnich protedz mize byt inhibovana snadno vyuzitelnym uhlikem
v disledku katabolické represe (Shivanand a Jayaraman 2009). Podobné potlacuji
vysoké koncentrace aminokyselin syntézu protedz prostiednictvim represe mRNA
transkripce, ale nemaji vliv na jeji stabilitu (Glenn et al. 1973). Volné aminokyseliny
mohou pii koncentracich vysSich nez 150 mikromolti v pidnim prostiedi a 1-10

milimolu v kofenech zpusobit popraskani bunéénych stén (Rejsek et al. 2010). Kyselina
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salicylova se také podili na regulaci proteolytické genové exprese (Prithiviraj et al.
2005). Pfirozené se vyskytujici antibiotika, jako napf. chloramfenikol, také inhibuji
syntézu proteaz v pud¢ (Sims a Wander 2002). Naopak dodani proteinti syntézu proteaz
silné indukuje, ale také ptidavek glukozy, kdezto amoniakalni dusik nema na aktivitu
vliv (Geisseler a Horwath 2008). Syntéza proteaz u hub je potlaena piitomnosti jen
nékterych sacharidii (trehaldza, mannitol), zatimco glukoza, fruktdza, laktoza, dextroza

nebo sachar6za produkci proteaz stimuluje (Patil a Shastri 1985).

Aktivitu protedaz vyluCovanych do pidy méni mnoho faktorti, od koncentrace a
rozpustnosti substratu, teploty, pH, flavonoidu, tfislovin, iontd az po huminové latky
(Rejsek et al. 2008; Renella et al. 2011). Aktivita proteaz v zavislosti na teploté je
pomémé Sirokad a pohybuje se v rozmezi 3-60°C v lesnich a travnatych ekosystémech.
V disledku vysychani nastdva pokles proteolytické aktivity zejména u alkalickych
proteaz, které jsou denaturovany rychleji neZ neutralni proteazy (Sardans et al. 2008).
Proteolytickou aktivitu omezuje také dostupnost substratu v ncékterych obdobich
vegetacni sezony. Dale ovliviiuji aktivitu protedz taniny, coz jsou polyfenolické
slouceniny rostlinného ptivodu a mohou tvofit az 30% suché hmotnosti hrabanky
(Tharayil et al. 2011). Jsou schopny inhibovat jak proteolyzu, tak i jiné enzymatické
aktivity (napt. B-glukosidazy, peroxiddzy) v pudach, v zévislosti na koncentraci a
chemické struktufe taninti (Triebwasser et al. 2012). Inhibice je provadéna kondenzaci a
polymeraci enzymt a neenzymatickych proteinti kvtili vodikové vazbé mezi aminovymi

a hydroxylovymi skupinami, anebo hydrofobni interakci (Adamczyk et al. 2009).

Z environmentalnich faktord ovliviiujici protedzovou aktivitu jsou to napi. pudni typ,
mnozstvi oxidu uhli¢itétho nebo vyskyt zneciStujicich latek (Sidari et al. 2008).
Proteazy, podobné jako jakdkoliv enzymaticka aktivita zavisi na ptidnim typu a hloubce,
pricemz plati, Ze s rostouci hloubkou klesa enzymaticka aktivita. Diivodem je snizujici
se mikrobialni biomasa a také se sniZuje mnoZzstvi organického materiadlu (Bausenwein
et al. 2008). Knejvyssi prostorové heterogenité proteolytické aktivity dochdzi na
rozhrani pidy a rostlinného opadu (Kandeler et al. 1999). Z fyzikalnich vlastnosti ptd je
to puadni textura (zrnitost), porovitost a objemova hmotnost (Landi et al. 2011).
Projevuje se také orientace svahu (jestli je na jih nebo na sever), klima a sloZeni
vegetace (Sidari et al. 2008). Li et al. 2010 nebo Kim a Kang (2008) ve svych studiich
pozorovali, ze zvySené¢ mnozstvi oxidu uhli¢it¢tho mé stimulac¢ni vliv na mikrobialni

biomasu a aktivitu proteaz.
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Z dalsich faktort, jiz zminovanych, je to rostlinny pokryv, ktery ovliviiuje proteazovou
aktivitu pid skrze vyluhovani proteolytickych enzymut z opadu, vstupy z rostlinnych
kofent (vCetné vlivu jejich hustoty a architektury), vyskyt mezofauny a mykorrhiznich

hub (Adamczyk et al. 2010).
1.1.4 Proteinogenni a neproteinogenni aminokyseliny

Rhizosféra je bohaté zaplnéna mikroorganismy, kteti se zivi slouceninami uvolnénych
Z kotent rostlin. Tito mikrobi mohou naopak zvysit pfijem zivin kofeny rostlin
zptistupnénim jinak nedostupnych zivin z pidy (Lugtenberg a Kamilova 2009; Moe,
2013). Aminokyseliny se mohou v pid¢ vyskytovat v takzvané volné formé, ktera neni
kovalentné¢ véazédna nebo se mohou vyskytovat v proteinech a aminokyselinovych
konjugatech. Na aminokyseliny je ptidni organickd hmota degradovana pomoci pidnich
proteaz a jejich Cinnost pak urCuje procento organického dusiku v bilkovinach vs.

Rtzné formy aminokyselin (Moe, 2013).

Depolymerizace dusikatych sloucenin (napt. bilkovin) pomoci extraceluldrnich enzymu,
jako jsou protedzy, na mens$i peptidy a aminokyseliny je ¢asto limitujici krok Vv dalsi
mineralizaci pudni organické hmoty a celkové kolobéhu dusiku v padé (Jan et al. 2009;
Wilkinson et al. 2014). Mnozstvi aminokyselin v piddch se méni v priabéhu
vegetacniho obdobi a odrazi tak sezénni zmény, které probihaji v ptidé i v lesnim
ekosystému (Werdin-Pfisterer et al. 2009). Vsechny aminokyseliny se mohou
vyskytovat jako L- nebo D- formy (tzv. enantiomery). Obé formy aminokyselin se
Vv ptirodé pfirozené vyskytuji, ale castéji se v organismech a jejich metabolitech
vyskytuji jejich L-enantiomery. Z D-isomertt aminokyselin se nejcastéji vyskytuji D-
alanin a D-glutamova kyselina a ob¢ se, jako peptidoglykany, podileji na stavbé
bunéénych stén mikroorganismii (O‘Dowd a Hopkins 1998; Holik et al. 2016).
Z pohledu chemického slozeni jsou L- a D-isomery aminokyselin totozné. Rozdil mezi
L- a D-enantiomerem aminokyseliny spociva v prostorovém uspotadani substituentd na
chiralnim centru aminokyseliny, které tvoii opticky aktivni uhlik a. Podle toho, jak je
staCena rovina polarizovaného svétla, se urcuje, zda jde 0 L-isomer (stoCeni svétla
doleva) nebo D-isomer (stoceni svétla doprava) (Vodrazka, 1996; Holik, 2010). Veskeré
proteiny ve vSech zivych organismech jsou, az na malé vyjimky, slozeny z 21

aminokyselin.
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Patii mezi né:

1. Aminokyseliny s alifatickym postrannim fetézcem
» Alanin
» Glycin
» Isoleucin
> Leucin
» Valin
2. S karboxylovou nebo amidovou skupinou na postrannim fetézci (kysela skupina)
» Kyselina asparagova
» Kyselina glutamova
» Asparagin
» Glutamin
3. S aminovou skupinou na postrannim fetézci (bazicka skupina)
» Arginin
» Lysin
4. S aromatickym jadrem nebo hydroxylovou skupinou na postrannim fetézci
» Fenylalanin
Histidin
Threonin
Tryptofan

vV V VYV V

Tyrosin
> Serin
5. Se sirou v postrannim fetézci
» Cystein
> Methionin
6. Aminokyseliny obsahujici sekundarni amin (n¢kdy téZ tzv.iminokyseliny)

> Prolin

Jako 21 aminokyselina se uvadi Selenocystein, ktery nahrazuje cystein v lidském

enzymu glutathionperoxiddze a v enzymech nekterych bakterii.

L-aminokyseliny hraji dtlezitou roli v mnoha fyziologickych procesech, jako naptiklad

syntéza proteinii nebo tvorba fytohormond. U rostlin exogenni pfijem aminokyselin
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zlepsuje proces fotosyntézy a pomdha odolavat stresovym podminkam (napf.

dehydratace, zasoleni) (Sanchez-Hernandez et al. 2013).

D-enantiomery aminokyselin se vyskytuji v organické hmoté¢ v men$im mnozstvi nez L-
enantiomery. L-aminokyseliny mohou v padnim prostfedi podléhat abiotické a biotické
racemizaci na jejich D-enantiomery. K abiotické racemizaci dochazi v dusledku
pusobeni tepla, zmény pH, pfitomnosti soli nebo aldehydu. V pidé se D-aminokyseliny
rozpusti v pudnim roztoku, a poté se oznacuji jako volné aminokyseliny, nebo se
vymeéné navazi na pudni koloidy, popfipadé na ptidni organickou hmotu (Friedman,
1999; Vranova et al. 2012). D-aminokyseliny mohou mit vliv na biochemické procesy
v puad¢é. Mikroorganismy i rostliny jsou schopny metabolizovat D-enantiomery
aminokyselin, ale pouze v omezené miie a mohou inhibovat jejich rist (Svennerstam et
al. 2007).

Rozdily v mineralizaci mohou byt zplsobeny riznymi podily L- oproti D-
enantiomerim pouzitych pro anabolismus, katabolismus nebo kvili rizné adsorpci a
jejich dostupnosti v pudé. Padni vlastnosti, jako je nizké pH, mohou podpofit abiotickou
racemizaci. Napiiklad L-alanin je protonovan na karboxylovou skupinu. Snizeni pH
také vede k posunu slozeni mikrobioty smérem k vét§imu zastoupeni hub a pro ty, jsou
D-aminokyseliny horSim zdrojem pro vyzivu (Vranovad et al. 2012). Bioticka
racemizace aminokyselin ma své optimum v alkalickém pH (Ju et al. 2009). Vysoké pH
muze byt spojeno i s obsahem soli, které také mohou racemizaci stimulovat. Napiiklad
hot¢ik racemizaci stimuluje, zatimco chlorid sodny nema zadny vliv (Tokuyama, 2001).
Zatimco proteinogennich aminokyselin je 21 a jsou pifimo zapojeny do struktur
proteind, tak neproteinogenni aminokyseliny tuto Ulohu nemaji. Neproteinogennich
aminokyselin bylo nalezeno jiz nékolik tisic a pfimo v rostlinach asi 250 a plni v nich
rizné role, napf. ochrana proti stresu, antimikrobidlni a alelochemickou ¢innost nebo
skladovani dusiku (Bell, 2003).

Neproteinogenni aminokyseliny mohou vstoupit do pudy z riznych zdroji, a to skrz
nadzemni a podzemni rostlinnou biomasu, kofenové exudaty, mikroorganismy a vykaly
zvitat (Vivanco, 2009). V pude¢ se objevuji, podobné jako proteinogenni aminokyseliny,
jako volné, rozpusténé v pudnim roztoku nebo vyméné navazané na koloidni ¢astice a
pfipadn€¢ na organickou hmotu. Yu et al. 2002 zjistili, Ze neproteinogenni
aminokyseliny a alkylaminy mohou tvofit az 31% z celkového mnozstvi aminokyselin.

Rozklad rostlinného materidlu zvySuje mnoZstvi neproteinogennich aminokyselin,
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pficemz nejvyssi koncentrace je ve starych zlutych listech (Casagrande a Given 1980;
Vranova et al. 2011).

Nejveétsi pozornost ve vyzkumnych studiich je vénovéano kyselin€é gama-aminomaselné
a ornitinu. V puad¢ (ornice, listnaté lesy a borovicové lesy) pochazeji z zivocisnych a
mikrobialnich zdroji v hydrolyzovanych a nehydrolyzovanych formach (Schmidt a
Stewart 1997). Nejvyssi mnozstvi bylo nalezeno v podmécenych pidach (az 50%
celkovych volnych aminokyselin) a padé borovych lest, kde tvoii asi 13% z celkového
mnozstvi volnych aminokyselin (Németh et al. 1988; Vranova et al. 2011). Ornitin se
Casto vyskytuje v bakteriich a predstavuje vyznamné mnozstvi volnych
neproteinogennich aminokyselin v pidé a je zavisly na druhu vegetace. V raselin¢ a
raSelinnych hydrolyzatech byl zjiSténa aminokyselina citrulin, spolu se stopovymi
mnozstvimi ornitinu a kyseliny gama-aminomaselné (Casagrande a Given 1980).
V hydrolyzatech pid a ve frakcich huminovych latek byly zjistény také kyselina
cysteova, P-alanin, taurin, sarkosin, norvalin nebo norleucin (Szajdak a ésterberg
1996). Nejsirsi  spektrum neproteinogennich aminokyselin bylo nalezeno ve
fulvokyselinach, kde celkové mnozstvi téchto aminokyselin dosahovalo az k 46%
(Casagrande, 1974). V lu¢nich pudach bylo zjisténo vyznamé vyssi mnozstvi B-alaninu

a kyseliny a-aminoadipinikové (Szajdak a Osterberg 1996; Vranova et al. 2011).
1.1.5 Zasoleni pud

Do lesniho ekosystému se soli nejcastéji dostavaji z okraju silnic, které jsou v zimnim
obdobi oSetfovany posypovym materidlem pouzivanym pro zlepSeni bezpecnosti
silnicniho provozu. Nejcastéji (z celosvétového pohledu) se pouZzivaji soli na bazi
chloridl (Hintz a Relyea 2017), u nés nejcastéji NaCl. Snih, smichany s posypovou soli,
se pak dostava na okraje silnic a pfi jeho roztati se transportuje sl dale do ptilehlého
okraje lesniho porostu. Zde dochazi k jeji akumulaci a vyvolava stres, ktery negativné
ovliviiuje rostliny, pidni mikroorganismy, houby a naruSuje pidni strukturu. Pudni
mikroorganismy hraji dileZitou roli v udrZzovani a zvySovani kvality pudy tim, Ze

reguluji rozklad organické hmoty a zptistupniuji Ziviny.

Mikrobialni parametry jsou citlivymi indikatory zmén kvality plidy v reakci na pouzity
management nebo environmentalni stres (Wang et al. 2008; Egamberdieva et al. 2010).
Jednim zjeho predstavitelii je zasolovani pid. Zasoleni ovliviiuje mikroorganismy

predev$im snizenim osmotického potencialu, pfi¢emz nékteré znich se mohou
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pfizpusobit a mikrobi citlivi na snizeny osmoticky potencial zahynou (Chowdhury et al.
2011). Mikroorganismy se mohou ptizptsobit akumulaci osmolytti (Hagemann, 2011),
vcetné¢ aminokyselin v mikrobidlnich bunikach a houby se pfizpisobuji hromadénim
polyolt (Beales, 2004). Zvysujici se obsah soli ovliviiuje i ptidni strukturu a omezuje
tim pohyblivost zivin, coz vede k nedostatku zivin pro rostliny i pidni mikrobiotu
(Wong et al. 2010). Obecné plati, ze extracelularni enzymatickd aktivita je nizsi
v pidach, které jsou pfirozené zasolené, nez v pudach nezasolenych (Ghollarata a
Raiesi 2007). Testovani enzymatické aktivity obvykle vyjadiuje potencionalni aktivitu
pfi substratovém nasyceni (Burns et al. 2013). Vysledky pak jsou pravdépodobné

ovlivnény niz§im obsahem organické hmoty a mikrobidlni biomasy.

V pudach sriznym stupném zasoleni bylo zjisténo, Ze enzymova aktivita klesa
S rostoucim zasolenim, coz poukazuje na piimy negativni vliv soli na enzymovou
aktivitu (Saviozzi et al. 2011). Citlivost ptidnich enzymu, resp. VIiv na jejich aktivitu,
na zasoleni se liSi. Siln€ inhibovana je aktivita uredz, alkalickych fosfataz, B-glukosidaz
(Pan et al., 2013) a proteaz, zatimco dehydrogenazy a katalazy jsou ovlivnény méné
(Garcia a Hernandez 1996; Yan et al. 2015). V inkubac¢nich testech provedenych
Saviozzi et al. 2011 byl podobny vliv, pii aplikaci NaCl do pidy, zjistén u amylaz a
alkalickych fosfatdz. U protedz také klesala aktivita enzymu s pfibyvajicim mnoZstvim
NaCl, ale po 20-tém dni inkubace doSlo pii hodnoté elektrické konduktivity 2 ke
zotaveni a vysledek byl podobny, jako u kontrolnich vzorkd. Enzym mohl byt ochranén
pfed vlivem NaCl jeho imobilizaci v trojrozmérnych sitich jilovych a humusovych

komlext (Rietz a Haynes 2003; Khalili et al. 2011).

Pathak a Rao (1998) ve své praci uvadi, Ze mineralizace dusiku mize pokracovat 1 kdyz
je mikrobidlni aktivita potlacena ptitomnosti soli. Tato mineralizace mize pokraovat
pomoci enzymi, které se jesté nachdzeji v ptid¢, ale jejich samotna aktivita jesté nebyla
ovlivnéna vysokou slanosti a alkalitou ptidniho prostiedi. Kromé snizeného mnozstvi
biomasy se pro vysvétleni klesajici aktivity enzyml pouZiva i snizujici se osmoticky
potencial, se kterym se potykaji mikrobidlni spoleCenstva. Dochazi pii tom k nizsi
dostupnosti zdroju pro vyrobu bilkovin, které se pak ve snizeném mnoZzstvi uvoliuji do
pudy. Kromé& toho, vysoké koncentrace soli denaturuji proteiny a sniZuji jejich
rozpustnost, ¢imz se snizuje aktivita enzymu (Rath a Rousk 2015). Vysoka koncentrace
soli také muze vést k dispergaci pudnich koloidi, znich se uvolni navézané

extracelularni enzymy a ty jsou pak nachylné k rozkladu (Garcia a Hernandez 1996).
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Zasoleni pud snizuje aktivitu enzym, ale miize vést k vétsi rozmanitosti bakterialnich

druhi nez je v pudach nezasolenych (Yang et al. 2016).

Zmény ve slozeni mikrobidlniho spoleCenstva, pfi stresu vyvolaném solemi, jsou
zpusobeny odliSnou mezi tolerance v ramci mikrobialnich genotypt (Hasbullah a
Marschner 2015). Zvratit negativni vliv soli Ize aplikaci organickych hnojiv do pudy
(napf. hnlj, kompost nebo mul¢) (Guangming et al. 2017). Dokladaji to svymi vysledky
Liu et al. 2010, kdy kombinaci organickych a chemickych hnojiv dosahli zvyseni uhliku
1 dusiku v mikrobialni biomase. Zvysila se také aktivita enzymt (dehydrogenazy,
alkalické fosfatazy, B-glukosidazy a uredzy). Organicka hnojiva (zbytky) mohou zlepsit
dostupnost zivin pro rostliny (Alburquerque et al. 2007), objemovou hmotnost pid a

zvysit strukturalni stabilitu pudy (Tejada a Gonzalez 2005).
1.1.6 Fytohormony v padach

Rostlinné hormony jsou signalni molekuly, které ptsobi jako chemicti poslové ke
kontrole rastu a vyvoje rostlin. Kromé této role v reakci rostlin na zmény podminek
okolniho prostfedi jsou hormony také hlavnimi prostfedky, které reguluji genetickou
expresi Vv rostlinach. Fytohormony jsou organické latky, jejichz syntetizace probiha
Vv urcitych organech rostlin a mohou byt transportovany na jind mista v téle rostliny, kde
pak vyvolaji specifickou biochemickou, fyziologickou nebo morfologickou odezvu.
Piikladem vlivu téchto latek je napt. tvorba kotfentl, kveteni, vétveni a tvorba odnozi ¢i
regulace klidového stavu a kliceni semen. ZvySuji také odolnost rostlin vii¢i riznym
biotickym a abiotickym faktorim prostiedi. Nicméné, fytohormony jsou aktivni i

v tkanich, které je syntetizuji (Baca a Elmerich 2007).

Fytohormony se obvykle zatazuji do péti skupin, a jsou to: auxiny (pfedev§im kyselina
indol-3-octova), cytokininy, gibereliny, kyselina abcisova a etylen. Dale jsou jako k nim
Casto pfifazovany brassinosteroidy, jasmondty, kyselina salicylovd a polyaminy
(Kurepin et al. 2014). Kromé¢ rostlin jsou schopny produkovat fytohormony i pidni
bakterie a houby (Baca a Elmerich 2007). Fytohormony, které produkuji
mikroorganismy a houby, jsou vyuzivany jako prostiednici v komunikaci mezi rostlinou
a rhizosférou. Ptiznivé U€inky produkce fytohormont se projevuji stimulovanym rastem
kotentl, vytvafenim mist pro infekci a nodulaci na kotenech rostlin (Amara et al. 2015).

Mikrobialni syntetizace fytohormonut, ale také mutze znamenat jejich patogenitu,
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protoze mnohé patogeny produkuji riistové regulatory v mnoZzstvich, které presahuji

limity potfebné pro spravnou komunikaci s rostlinou (Tsavkelova et al. 2006).

Rozsah bakterialnich rodd, u kterych je znama produkce ristovych regulatorti a jsou
také schopny kontrolovat patogenitu u rostlin, je pomérné Siroky a jsou to napf.
Pseudomonas, Bacillus, Azospirillum, Azotobacter, Streptomyces, Klebsiella,
Enterobacter, Alcaligenes, Arthrobacter, Flavobacterium, Burkholderia,
Bradyrhizobium, Mesorhizobium, Rhodococcusnebo Serratia (Ahmad et al. 2008;
Soltani et al. 2010; Prashar et al. 2014). Schopnost mikroorganismi syntetizovat
rostlinné hormony jsou pokladany za jednu z hlavnich vlastnost rhizosférickych,
epifytickych a symbiotickych baktérii, které stimuluji a usnadiiuji riist rostlin (Suzuki et
al. 2003; Kravchenko et al. 2004). Nékteré volné zijici mikroorganismy (tj. ty, které
netvoii v pribéhu svého zivota asociace s rostlinami) jsou také schopny syntézy

fytohormontii.
1.1.7 Auxiny

Vymezeni pojmu rostlinny hormon auxin (z feétiny ,, Auxein ,,, coz znamena rist)
upravuje cely repertoar rostlinnych vyvojovych procest. V jejich interakci s rostlinami
mohou mikroorganismy rusit vyvoj rostlin tim, Ze ru$i auxinovou rovnovahu
v rostlinach (Mole et al. 2007). Nejvice produkovanym auxinem v rostlinach, ale je
produkovan i mikroorganismy a houbami, je indol-3-octova kyselina (indole-3-acetic
acid) a mén¢ zastoupena indol-3-maselna kyselina (indole-3-butyric acid) (Duca et al.
2014). Fytohormon auxin, resp. Indol-3-octova kyselina, ovlada v rostlinach témeéft
kazdy aspekt, ktery se tyka jejich ristu a vyvoje a je povazovan za zakladni slouc¢eninu
modulujici rostlinu (Halliday et al. 2009; Grossmann, 2010). Ustfedni roli hraje
V bunééném déleni, prodluzovéni, vyvoji plodu a stdrnuti. U dvoudéloznych rostlin
iniciuje rust kofend, listi a kveteni (Phillips et al. 2011), zatimco u jednodéloznych

rostlin hlavné rust postrannich a adventivnich kofentt (McSteen, 2010).

V jehli¢natych dfevinach koordinuje vaskuldrni vyvoj a kambidlni rist a
Vv krytosemennych rostlinach pak velikost xylémovych bun¢k (Duca et al. 2014). Ovlada
také schopnost rostlin vyhybat se stinu a naruSeni této funkce vede k nedostatecnému
rustu rostlin (Tao et al. 2008). Uvadi se, ze az 80% mikroorganismii obyvajicich oblast
rhizosféry ma schopnost syntetizovat a uvolilovat auxiny, pfedev§im indol-3-octovou

kyselinu, a to jako sekundarni metabolity (Patten a Glick 1996). Rhizobakteriemi
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vylu€ovany auxin interferuje s mnoha vyvojovymi procesy rostlin zménou jeho
endogenniho mnozstvi v rhizosféfe (Glick, 2012; Spaepen et al. 2007). Na bakterie pak
pusobi jako recipro¢ni signalni molekula, kterd ovlivituje genovou expresi. V disledku
toho ma indol-3-octova kyselina diilezitou roli v interakcich na urovni rhizosféra-
rostlina (Spaepen a Vanderleyden 2011). Signalizace pomoci indole-3-octové kyseliny
je spojena také s obrannymi mechanismy rostlin proti patogennim bakteriim. Svéd¢i o
tom veétSi citlivost rostlin vi¢i exogenni aplikaci auxinu a je jedno, jestli jej

vyprodukovala rhizosféra nebo patogenni mikroorganismus (Ahemad a Kibret 2014).

K rozsédhlé komunikaci mezi rostlinou a bakteriemi dochéazi v riiznych vyvojovych
fazich rostliny a signalizacni molekuly tedy hojné pouzivaji oba partneti. Bakterie jsou
schopné detekovat hostitelskou rostlinu a iniciovat jeji kolonizaci, upravit svou strategii
a pomoci latek, jako je kyselina indole-3-octova regulovat riist. Na druhé strané jsou
rostliny schopny rozpoznat slouceniny, které produkuji mikroorganismy, nastavit podle
toho své obranné mechanismy a ristové odpovédi v zavislosti na typu mikroorganismu,
se kterym se setkaly. Kone¢ny vysledek tohoto dialogu je v rozsahu od symbidzy po
patogenezi. Jde tedy o vysoce koordinované procesy (Bais et al. 2004; Etesami et al.
2015). Auxiny stimuluji kofenovy systém rostlin, ¢imz zvétsuji jeho velikost, hmotnost
a kofenovou architekturu. Pfi inokulaci rostlin mikroorganismy, které produkuji auxiny,
dochdzi také k silné stimulaci ristu adventivnich kofent (Solano et al. 2008), ale miize
dochdzet i k inhibici ristu primérnich kofenit (Schlindwein et al. 2008). Rostliny
s rozsahlejSim kofenovym systémem lépe piijimaji Ziviny z pidy (Maiero et al. 1996).
Auxiny, ale mohou mit i1 inhibujici vliv. Pokud se vSak koncentrace auxinli dostane
mimo specifikované rozmezi, dojde bud’to k zablokovani ristu kofenti anebo auxiny
nebudou mit vliv na jejich rist. Celkov€ pozitivni vliv auxiny produkujicich
mikroorganismi je mozné demonstrovat na vyrovnavani negativniho ucinku stresu
napiiklad zasoleni pid nebo kontaminaci pid téZkymi kovy (Brigido a Glick 2015).
Z mikroorganismu, které ziji v pud¢, produkuji auxiny predevsim rody Pseudomonas,
Rhizobium, Azospirillum, Enterobacter, Azotobacter, Klebsiella, Alcaligenes, Pantoea a
Streptomyces (Apine a Jadhav 2011). Kromé ptdnich bakterii produkuji auxiny i sinice,
epifytické, endofytické, metanotrofni a motské bakterie (Sergeeva et al. 2002).

Hlavnim prekurzorem k syntéze auxind, resp. Kyseliny indol-3-octové, u rostlin i
mikroorganismi je aminokyselina L-tryptofan. Biosyntetické drahy, které vedou

k vyrobé kyseliny indol-3-octové, bylo identifikovano celkem pét. Rozdily mezi
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syntézou auxind v rostlindich a mikroorganismech jsou malé¢ a li§i se pouze
meziprodukty biosyntézy (Spaepen a Vanderleyden 2011). Mikroorganismy syntetizuji
indol-3-octovou kyselinu né€kolika cestami. Nejcastéji se tvoii pomoci kyseliny indol-3-
pyrohroznové a aldehydu indol-3-octové kyseliny, dale pieménou L-tryptofanu na
indol-3-octovy aldehyd a u fytopatogennich bakterii biosyntézou pomoci indol-3-
acetamidu (Costacurta a Vanderleyden 1995; Kameneva a Muronets 1999; Tsavkelova
et al. 2006). Neékteré meziprodukty syntézy indol-3-octové kyseliny mohou byt
reverzibilné ulozeny v bunikach, jako napf. indol-3-mlécna kyselina, i kdyz ptesna
funkce neni zndma. Auxiny Casto tvofi konjugaty, kdy jsou kovalentn¢ navazany na
cukry nebo aminokyseliny (Woodward a Bartel 2005). Tyto slouc¢eniny maji riznorodé
role. NejcCastéji se takto chrani pfed degradaci a usnadiuji dopravu do cilovych mist
pusobeni, ale néktefi autofi poukazuji také moznost, Ze konjugace je prvnim krokem

k jejich degradaci (Seidel et al. 2006).

Syntéza auxini mikroorganismy je rozdilna v ramci jednotlivych druhd, ale i kmeni
stejné¢ho druhu a ovliviuji ji podminky, ve kterych se nachazi, ristova faze a dostupnost
substratu pro rist a syntézu izolatt (Shokri a Emtiazi 2010). Samotnd syntéza je jemné
vyladénd a ptizpisobena ristovym podminkam. Mezi faktory, které ovliviiuji syntézu
auxinl, a jeji regulaci lze zafadit: pfitomnost aminokyseliny L-tryptofanu, soli,
vitamint, déle teplota a hodnota pH. Zésadni je samoziejmé dostupnost zdrojti uhliku a
dusiku (Apine a Jadhav 2011). Faktory v Zivotnim prostiedi, které ovliviiuji biosyntézu
kyseliny indole-3-octové, jsou tedy rozmanité a souviseji hlavné se stresem a na
rostlinné signalizaci (Spaepenet al. 2007). Mezi vlivy lze tedy zafadit acidifikaci,
osmoticky stres (suchem nebo zasolenim), omezeni zdroji uhliku a dale chemické
efektory a molekuly produkované samotnymi rostlinami (Ona et al. 2005; Cassan et al.
2014). Produkci kyseliny indole-3-octové zvySuje omezené mnozstvi dostupného
uhliku, kyselé pH a sniZovani rastové rychlosti bakterii a tedy fyziologickému stavu
bakteridlnich bunék. Syntéza auxinu probiha ve vSech rustovych fazich mikrobti, ale
vyrazn¢ se zvySuje pii piechodu do stacionarni faze (Malhotra a Srivastava 2009).
Kyselé pH zvysuje vyrobu kyseliny indole-3-octové zvySenim exprese genu ipdC. Dalsi
faktory zvySujici produkci je osmoticky stres (vliv sucha), kyselina abcisova,
fytopatogenni houbové efektory a nékteré L-aminokyseliny. Naproti tomu oxidacni

stres, zasoleni a metyl jasmonaty syntézu auxinu snizuji (Cassan et al. 2014).

25



Mnoho bakterii je schopno produkovat auxiny, ale aktivné je degradovat uméji jen
nékteré druhy (Scott et al. 2013; Zuaniga et al., 2013). Auxin, resp. Kyselina indole-3-
octova, je ideadlnim zdrojem potravy pro mikroby, protoze poskytuje uhlik 1 dusik
potfebny pro pieziti. Schopnost degradace auxini mize byt pro nékteré
mikroorganismy selektivni vyhodou v prostiedi, které je jimi bohaté nasyceno.
Degradace auxinii mize nastat také z divodu jejich toxicity pro bakteridlni buiiky,
protoze kyselina indole-3-octova je slaba kyselina a jeji deprotonaci v pH neutralni
cytoplazmé miize jejim okyselenim inhibovat bunécny rast (Tromas a Perrot-
Rechenmann 2010). Pomoci degradace mohou také mikroorganismy manipulovat
s fyziologii rostlin a vytvafet si tak pro sebe vhodné prostfedi pro pieziti nebo
kolonizaci (Scott et al. 2013). Kromé kyseliny indole-3-octové kyseliny se piirozené
vyskytuje jesté jeden auxin, a to kyselina indole-3-méselnd (indole-3-butyric acid). Jeji
ptirozeny vyskyt byl zjistén u rostlin a byla prokdzana produkce u nékolika druht
mikroorganismi. Vyskyt tohoto auxinu byl zji§tén v semenaccich, listech, ale
pfedevs§im v kofenech rostlin a vyvolava rist sekundarnich kotfena (Bartel et al. 2001).
Zdroj, ze kterého je tento auxin syntetizovan je prozatim neznamy, ma ale vyssi stabilitu
vaci degradaci nez indole-3-octova kyselina. Jsou také nazory, Ze indole-3-maselna
kyselina je ve skute¢nosti jednoduchy konjugat kyseliny indole-3-octové a na tento
auxin je prevadeén oxidaci (Ludwig-Miiller, 2000). Tento auxin je vyuzivan ke stimulaci
zakofenovani u jehli¢nanu a fizkt, které zakofenuji pomérné obtizné (Hunt et al. 2011).
Jeho produkce byla zaznamenana v bakteridlnich kulturach u druhtt Azospirillum
brasilense (Martinez-Morales et al. 2003), Agrobacteruim rubi a Bacillus subtilis
(Goswami et al. 2015). Indole-3-maselna kyselina byla také pozorovana pti inokulaci
kotenit arbuskularnimi mykorrhiznimi houbami a stimulovan byl rist jemnych
postrannich kotfent (Ludwig-Miiller, 2000). Vliv auxint na enzymovou aktivitu plidnich

bakterii, kromé této prace, dosud nebyl zkouman.
1.1.8 Cytokininy

Cytokininy se fadi, podobné jako auxiny, mezi fytohormony. V rostlinach #idi déleni
bun€k, bunéény cyklus, ovliviuji diferenciaci a stimuluji vyvojové procesy rostlin
(Srivastava, 2002). Strukturalné se cytokininy déli do dvou podskupin, a to na
adeninovy a fenylmocovinovy (fenylurea) typ. Cytokininy adeninového typu

pfedstavuji pfirodni a syntetické slouceniny, jako je naptiklad kinetin, zeatin nebo 6-
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benzylaminopurin. Cytokininy ze skupiny fenylurea jsou zastoupeny syntetickymi

molekulami difenylurea a thidiazuron (Gupta et al. 2016).

Po chemické strance tvofi cytokininy adeninového typu vétSinou puriny a latky
odvozené od adeninu a modifikované substituci na N6 substituenty, které obsahuji také
nekolik ribosidl, ribotidd a glykosidy. Stimula¢ni nebo inhibi¢ni vliv cytokininl je
vétSinou spojen s nékolika fyziologickymi a biologickymi procesy, véetné zpozd'ovani
starnuti chlorofylu, tvorby organt v celé tad¢ tkani, rozvoji kofend, kontrola apikalni
dominance (Sakakibara, 2006). Cytokininy indukuji bunééné déleni, pokud jsou
v kombinaci s optimalni koncentraci auxinu. Biologicka aktivita cytokinini a jim
podobnym sloucenin, neni jednotnd a normalné zavisi na mnoha strukturalnich
aspektech. Napiiklad ptirodni i umélé molekuly adeninového typu cytokinini (zeatin,
isopentenyl adenin, kinetin a 6-benzylaminopurin) maji dvoji alkylovy mustek na N6

pozici.

Rostliny maji velky povrch, kterym jsou v kontaktu se svym okolim s cilem
maximalizovat dostupnost vody a Zzivin pro jejich absorpci kofeny a mohly
maximalizovat proces fotosyntézy a vymeénu plynt prostfednictvim svych nadzemnich
casti. Toto velké rozhrani umozniuje pohyb cytokinini mezi rostlinou a jejim
prosttedim. Kofeny jsou hlavnim mistem biosyntézy cytokininli v krytosemennych
rostlinach. V kotenech jsou vysoké koncentrace cytokinint a jejich pohyb mezi plidou a
kotfeny mutize potenciondlné ovlivnit syntézu a metabolismus endogennich cytokinint
Vv kotenech, a potazmo 1 fyziologické procesy v rostlin€. Existuji také dikazy o tom, ze
rostliny jsou schopny absorbovat cytokininy prostiednictvim svych kotfenti (Stirk a
Staden 2010). Dostupnost cytokininli pro rostliny zavisi na typu spojeni mezi

mikroorganismem a rostlinou.

ey

Mnoho bakteridlnich kmend Zijicich v oblasti rhizosféry je schopno produkce
cytokinind a jejich spektrum je podobné jako u auxind. Z bakteriadlnich kment jsou to
naptiklad Agrobacterium, Arthrobacter, Bacillus, Burkholderia, Erwinia, Pantoea
agglomerans, Pseudomonas, Rhodospirillum rubrum, Serratia, a Xanthomonas (Garcia
de Salome et al. 2001; Lugtenberg et al. 2013).

V pade existuji dvé skupiny mikroorganismi, a to volné Zijici v rhizosféfe a mikrobi,
ktefi jsou v izkém vztahu s rostlinou od symbi6zy po parazitismus. V mnoha piipadech

je vztah mezi mikroorganismem a rostlinou patogenni, coZ ma za nasledek tvorbu halek
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a nadort. Tyto Gtvary obsahuji zvySené hladiny cytokinind, které pak mohou difundovat
do mezibunéénych prostor v kiife kofenti (Bashan a Holguin 1997). Naproti tomu
vétSina volné zijicich mikroorganismi ma na rostliny pozitivni vliv, jako naptiklad
stimulace rustu kofentl, zvySeny piijem zivin, potlaCovani chorob (Patten a Glick 1996).
Cytokininy produkované témito mikroorganismy maji na rust rostlin mensi vliv, protoze
difunduji do rhizosféry a mohou byt degradovany dfive, nez dosahnou své cilové

destinace (Patten a Glick 1996; Bashan a Holguin 1997).

Ptikladem pozitivniho vlivu bakterii, které jsou schopny syntetizovat cytokininy, mohou
byt bakterialni fixatofi dusiku. Tyto mikroorganismy maji specificky vztah s rostlinami.
Jsou schopni vstoupit do kotenii rostlin, stimulovat Vv nich déleni zralych kortikalnich
bun¢k a vytvofit tak kofenovou uzlinu se specifickou morfologii. Fixaci dusiku a jeho
redistribuci se zlepSuje rist rostliny. Cast tohoto piiznivého uginku je pfi¢itan
hormontim, respektive zvySenym hodnotdm cytokininti v kofenovych halkach (Stirk a
Staden 2010). Lohar et al. 2004 ve své praci poukazuje, ze vysledky inokulaci poskytuji

nepiimé diikazy, ze rostliny jsou schopny vyuzivat cytokininy mikrobidlniho ptvodu.

U patogennich pudnich bakterii, napiiklad Agrobacterium tumefaciens a Pseudomonas
sp. Bylo pozorovano, ze jsou schopny manipulovat s koncentraci cytokininu
V hostitelskych rostlindch (Greene 1980). Pfi porovnani patogennich a nepatogennich
kmeni bakterii se ukazalo, ze aktivita cytokininl v patogennich kmenech bakterii byla
vysokd, zatimco u nepatogennich bakterii byla zanedbatelnd (Lichter et al. 1995).
Naproti tomu Sakakibara et al. 2005 srovnaval biosyntézu infikovanych a
neinfikovanych rostlin, a doSel k zavéru, ze bakteridlni infekce nema vliv na biosyntézu

cytokininl v hostitelské rostling.

Bakterie tedy jsou dulezitym zdrojem cytokinint. Podileji se na degradaci organické
hmoty a pfi této ¢innosti se cytokininy mohou uvoliiovat do ptidniho prostfedi. Podobné
k velké plose, kterou jsou rostliny uzce spojeny se svym okolim, se neda opomenout
moznost, ze ke kofenim rostlin je doddvano velké mnoZzstvi exogennich cytokinini.
Bakterie, které produkuji cytokininy, mohou plsobit na endogenni hladiny cytokininti

Vv kotenech a nepiimo tak ovlivnit rtst a vyvoj celé rostliny.
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1.1.9 Fenolické latky

Fenolické latky patii mezi nejrozsifené;si skupinu sekundarnich metabolitt a maji velky
vyznam pii interakci mezi rostlinou a pidnim prosttedim. Jsou nedilnou soucasti
rostlinné¢ho téla, slouzi jako pigment v kvétech, poskytuji ochranu pted invazivnimi
organismy, funguji jako signalni molekuly, plsobi jako alelopatické slouCeniny a
ovlivituji rostlinny rast (Lynn a Chang 1990). Fenolické latky je mozno rozdélit na

hydrofilni a hydrofobni kyseliny (Qualls a Haines 1991; Suominen et al. 2003).

Do pidniho prostfedi se dostdvaji prostfednictvim vyluhti a vyméska anebo
z rozpadajicich se zbytkl rostlin a vykaly zvitat. Rostlinny opad a kofeny jsou tedy
zapojeny do pidni fytotoxicity, pficemz kofeny nejvice ovliviiuji hladiny fenoll
V pudnim prostiedi (Siqueira et al. 1991). Koncentrace fenolickych kyselin v plidni
organické hmoté se pohybuje na povrchu pudy od 2,11% do 4,39% a v kofenech
dvoudéloznych rostlin v rozmezi 0,09% az 0,61% (Hartley a Whitehead 1985).
V travach jsou fenolické slouceniny soucasti bunécnych stén a obsahuje 1-3 %
fenolickych kyselin. V bunéénych sténach jsou zabudovany jako cukerné konjugaty a
z rostlinného materidlu se uvoliluji pfi napadeni mikroorganismy, které degraduji
celulézu pomoci enzymu celuldza (Chesson et al. 1982). V pudnim prosttedi se uvoliuji
1 rozkladem huminovych latek, které pro nékteré pidni mikroorganismy ptedstavuji
zdroj uhliku. V pidé€ spolupiisobi pii rozpousténi a vyluhovani plidnich minerald, tvorbé
humusu, alelopatii a v parazitalni asociaci mezi rostlinou a mikroorganismy (Beier,
1990). V pudach fenolové slouceniny, zvlasté pak taniny, ovliviiuji mineralizaci uhliku
a dusiku, vcetné degradace komplexnich proteinli, a mohou mit negativni dopad na
¢innost extracelularnich enzymt (Nierop a kol. 2006; Kanerva et al. 2008). Pro lesni
porosty mohou fenolické latky zptisobit i problémy s obnovou a to vzhledem k tomu, ze
V lesnich ptdéach je rychlost chemické oxidace pomala. Bylo také zjiSténo, ze
koncentrace fenolickych monomertt koreluje s pidni podzolizaci (Mallik, 1997).
V piscitych piadach, které maji nizkou adsorpcni kapacitu, podléhaji fenolické latky
rychlému rozkladu. Fenolické latky se tedy uchovavaji v piidni organické hmoté a

predstavuji az 50% z celkové piidni fenolové kapacity (Siqueira et al. 1991).

Dilezitou roli hraje také pH ptidy pfi adsorpci fenolii. Ve vétSin€ pid se tyto slouceniny
vyskytuji v ionizovaném stavu se zapornym nabojem. V ptudach s vy$sim pH muze dojit

k nevratné adsorpci (Read a Jensen, 1989). Mikroorganismy jsou schopny polymerovat
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fenolické kyseliny prostfednictvim enzymu polyfenoloxidazy a peroxiddzy na velmi
stabilni a odolné latky. Volné fenolické latky v ptidnim roztoku mohou mikroorganismy
také vyuzit jako zdroj uhliku (Rahouti et al. 1989). Tyto dva procesy jsou dulezité

mechanismy pii detoxikaci ptidniho prosttedi.

Degradace fenolickych latek mutze byt provedena nékolika odliSnymi skupinami
mikroorganismu a to prostfednictvim riznych mechanisma. VétSina bakterii degraduje
fenolické kyseliny a vyslednym produktem S$tépeni je kyselina maleylpyruvikova.

Obecn¢ se rozklad fenolickych latek realizuje konkrétnimi biochemickymi cestami.

1.1.10 Porostni mezery (,,Gaps*)

Hlavnim nastrojem cileného vyuzivani pfirodnich procesti je v lesnim hospodafstvi
prirozena obnova lesa, kdy se vyuziva predevsim ekologicko-stabiliza¢ni efekt lesa
Vv kontextu adaptacnich schopnosti jednotlivych dfevin ¢i jejich smési. Soucasti tohoto
zpusobu hospodateni je tvorba porostnich mezer. Jejich velikost, tvar, nebo tfeba
orientace ¢asové a prostoroveé ovliviiuje distribuci srazek, tepla a svétla a kromé vlivu
na samotné rostliny mé piimy dopad na pudni mikroklima. Zménou mikroklimatu
dochazi ke zméndm v pidni biochemii a v pfipad€é exponovanych stanovist’ i ¢astecné
vpudni fyzice. Vrdmci biochemie dochidzi ke zméndm v systému kofen -
mikroorganismy a houby — pida, ktery ma vliv na rozklad organické hmoty s dopadem
na vyzivu rostlin (dfevin) a na ztraty vzniklé zménou aktivity pidni bioty. Tento systém
ma také zpétnou vazbu k samotnym rostlinam, kdy dochazi k ovlivnéni jejich

adaptacnich schopnosti.

Postupy Vv obhospodafovani lesa, jako jsou profezavky, probirky, tvorba porostnich
mezer (kotliky — ,,Gaps®) nebo holoseci, tedy ovliviiuje stanovistni klima zménami
teploty a vlhkosti pidy, dostupnosti zivin a produktivity vegetace. Vytvareni porostnich
mezer v dospélych porostech mliZe zlepsit vlastnosti v obnovovaném porostu a piipadné
pfispét k biologické rozmanitosti v pfirozené¢ obhospodatfovanych lesich (Bolton a
D‘Amato 2011; Pang et al. 2013; Pang et al. 2016). Vytvoifeni porostni mezery ovlivni
vlastnosti kofenové biomasy (Peng a Thomas 2006), piidni mikroklima (Galhidy et al.
2006), rozlozeni uhliku v pid¢ (Tian et al. 2010) a strukturu mikrobialniho spolecenstva
(Zu et al. 2009). Dale se snizi rychlost respirace z kofeni stromil a v disledku zlepSeni
mikroklimatu (zvySeni dostupnosti Zzivin, tepla, svétla a vlhkosti) ke zvySeni

heterotrofni respirace (Pang et al. 2016). Zména v biotickych a abiotickych faktorech se
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muze liSit podle velikosti porostni mezery (Marthews et al. 2008). Ve velkych
porostnich mezerach nebo na holose¢ich je sorpce vody pomoci okolnich stromi
zanedbatelnd, dochéazi k odpafovani vody z povrchu plidy a pfipadné je transpirovana
pritomnou vegetaci (nejcastéji travami). Teplotni rezim pak zavisi na mnozstvi ptimého
slune¢niho zafeni a intenzité odpafovani vody, které stanovisté naopak ochlazuje.
V malych porostnich mezerach naopak dochazi k vysouseni pudy sorpci vody koteny
okolnich stromii. Teplotni rezim je pak, podobné¢ jako u velkych porostnich mezer, fizen
mnozstvim pfimého slunecniho zafeni a intenzitou odpafovani vody. Tyto rozdily
V pohybu ptidni vody a teplotnim rezimu mohou mit za nasledek zménu v aktivité¢ ptidni

biomasy (Tang et al. 2005; Pang et al. 2016).

Vytvofeni porostni mezery muze byt hlavnim faktorem zvySeni strukturalni a
prostorové heterogenity. ZvySenim dostupnosti zdroji a uvolnénim potlac¢enych stinu

tolerantnich dfevin se také podpoti druhova diverzita porostu (Spies, 1991).

U holoseci bylo prokazéano, Ze zvySuji dostupnost dusiku a dochazi zde k jeho ztratdm
prosttednictvim vyluhovani (Frazer et al. 1990; Thiel a Perakis 2009). Naproti tomu
mezery vytvofené v porostu odumienim nebo odstranénim i jednoho stromu ma maly
vliv na zvySeni mineralizace dusiku, respektive N-NOs (Prescott et al. 2003).
Dostupnost dusiku se zvySuje, pokud je odstranéno vice sousednich stromti. Naptiklad
Parsons et al. 1994 zaznamenali zvySeni dostupnosti dusiku odstranénim 30 stromui
Vv borovém lese, Prescott et al. 2003 ve smrkovém lese v porostni mezete o velikosti 0,1
ha a nebo Scharenbroch a Bockheim (2007) v listnatém lese s plochou porostni mezery
300 a7 2000 m”.

V nékterych studiich byla zjisténa riznd dostupnost dusiku v zavislosti na poloze dle
svétovych stran. Bauhus (1996) nebo Hope et al. 2003 zjistili zvySenou dostupnost
dusiku na severni stran€ porostni mezery a také podél okrajii porostli na této svétové
stran¢. Na holosecich zjistil Hayes (2002) vyznamny ndrGst mnozstvi anorganického
dusiku smérem k jiZznim okrajim pasek, ale nezjistil Zadné vyznamné zvySeni

dostupnosti dusiku na severnim okraji paseky.

Zvysena dostupnost dusiku v porostnich mezerach a na holinach je pfi¢itdna snizenym
pfijmem dusiku rostlinami a rychlej$i mineralizaci organické hmoty v disledku
teplejSich a vlh¢ich pldnich podminek (Parsons et al. 1994; Thiel a Perakis 2009).

Zbytkova organicka hmota, jako je naptiklad biomasa z odumielych kofend stromi,
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také poskytuje labilni zdroj dusiku pro mineralizaci ptidni mikrobiotou (Fahey et al.
1988; Chen et al. 2002). Jak uvadi Hope et al. 2003 muize byt zvySena dostupnost
dusiku v porostnich mezerach duasledkem omezeni dostupnosti uhliku pro phdni

mikroorganismy snizenym mnozstvim rostlinného opadu.

Zvysené mnozstvi dostupného dusiku muize zménit sloZzeni podrostni vegetace
(Verheyen et al. 2012), zvysit Cetnost nitrofilnich druhd rostlin (Fenn et al. 2007),
okyselit podpovrchové vody (Hogberg et al. 2013) a samoziejmé i zménit pudni
chemické vlastnosti (Breiner et al. 2007). Tyto zmény mohou mit negativni vliv na
stabilitu lesnich ekosystémii a piipadné ztizit obnovu lesa. Vysledky jsou nicméné
vazané na druhové slozeni porostu, zptisob obhospodatrovani lesa a i na mistni poméry
(Lin et al. 2015).

32



Publikace |

Vliv enantiomeru Kyseliny vinné na

proteolytickou aktivitu pud.

Holik, L., Vranova, V., Kocvarova, S., Rejsek, K. (2016).

Chemické listy, 110, 651-654.

33



VLIV ENANTIOMERU KYSELINY VINNE NA PROTEOLYTICKOU AKTIVITU
PUD

LADISLAV HOLIK, VALERIE VRANOVA, SONA KOCVAROVA, KLEMENT
REJSEK

Ustav geologie a pedologie, Lesnické a dfevaiské fakulta
Mendelova univerzita v Brn¢
Zemédelska 3, 613 00, Brno

e-mail: ladislav.holik@mendelu.cz

Klicova slova: enantiomery kyseliny vinné; piidni proteaza; mineralizace dusiku; lesni

ekosystém

Keywords: tartaric acid enantiomers; soil protease; nitrogen mineralization; forest

ecosystem

34


mailto:ladislav.holik@mendelu.cz

Uvod

Pidni enzymy jsou zapojeny do vétSiny biochemickych reakci v pudée a citlivé reaguji
na zmeény, které v piid¢ probihaji 12 Proteasy maji dilezitou roli v mineralizaci pidniho
dusiku. Jejich vysoka aktivita byla pozorovana v puidach s vysokym obsahem humusu,
velkou vlhkosti, vysokym pH a jsou vysoce aktivni i za relativnd vysokych teplot °.
Proteolyza je dulezity proces v kolobé¢hu dusiku a je povazovana za krok, ktery omezuje
rychlost mineralizace dusiku v ptidach 4 Zhlediska inhibice/stimulace spojené se
slouCeninami s nizkou molekulovou hmotnosti je proteolyza a jeji regulace
nedostate¢né¢ prozkoumana. Predpoklada se, ze tyto slouCeniny maji stimulacni nebo
inhibi¢ni efekt na padni proteolyzu. Ptikladem sloucenin s nizkou molekulovou
hmotnosti jsou flavonoidy, isokumariny, prekurzory kyseliny indolyloctové nebo
syntézy ethylenu a kyselina salicylova >". U flavonoidi nebyl prokazan vliv na aktivitu
pidnich protedz ®. Nizkomolekularni organické sloudeniny se pfirozend vyskytuji ve
form¢ L- a D- enantiomert, které jsou syntetizovany v rostlindich a mikroorganismech.
Do ptidniho prostfedi se dostavaji kofenovou exsudaci rostlin a sekreci mikrobidlnich
spoleCenstvi a tak se stavaji soucasti pudni organické hmoty. Z hlediska zastoupeni
jednotlivych enantiomert, pfevazuji vySsi koncentrace L- enantiomerd oproti D-
enantimerdm °. Kyselina vinna (L- a D- enantiomery) se také fadi mezi
nizkomolekuldrni organické slouCeniny a je jednou 2z dominantnich pidnich

organickych sloucenin vyskytujicich se v plidnim prostredi 1011

Cilem studie bylo zjistit, zda kyselina vinna, resp. Jeji enantiomery, maji stimulacni ¢i
inhibi¢ni vliv na proteolytickou aktivitu pid. Vliv stimulace/inhibice byl studovan pfi
nékolika odstupnovanych koncentracich enantiomerd kyseliny vinné. Méfeni byla
provadéna na trvalych vyzkumnych plochach, v lesnich porostech dubu, ve smiSeném

porostu buku a dubu a v horském luénim a lesnim stanovisti S porostem smrku.
Experimentalni ¢ast
Odbér pudnich vzorki

Vzorky byly odebirany ze dvou lokalit, a to na Experimentdlnim ekologickém
pracovisti Bily K¥iz a v lesich Skolniho lesniho podniku Masarykuv les Kitiny (SLP Ml
Kitiny). Experimentalni pracovisté Bily Kiiz se nachazi v Moravskoslezskych

Beskydech (N 49°30°17"", E 18°32'28"") v nadmoiské vysce 825 — 860 m. n. m,,
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primérnou ro¢ni teplotou 4,9°C a ro¢nim uhrnem srazek okolo 1 100 mm. Padni vzorky
byly odebirany na luénim stanovisti z organomineralniho horizontu (Ad horizont, pidni
typ pseudoglej kambicky) a z organického (humusového) horizontu (Oe horizont, padni
typ podzol) experimentalniho lesniho porostu smrku ztepilého (vék 35 let) bez
provedeného zasahu a s Groviiovym profedénim. Na tizemi SLP M| Kitiny byly vzorky
odebirany ze dvou ploch, a to Méachiv paméatnik (N 49°192.4"", E 16°40'19"") se
miSenym porostem buku lesniho a dubu zimniho (BK-DB, vék 70 let) a s pdnim typem
rendzina melanicka. Zde byl odebran organicky, organomineralni a mineralni horizont
(horizonty Oe, Ahk a Bwk). Druha plocha Utéchov (N 49°18°1°", E 16°37°31")
s porostem dubu letniho (DB, vék 35 let) a ptidnim typem kambizem modalni. Odebiral
se zde organomineralni a mineralni horizont (Ah a Bw horizont). Porosty Skolniho
lesniho podniku se rozprostiraji v nadmoiské vysce 210 — 575 m. n. m., primérné ro¢ni
teplota je 7,5°C a ro¢ni thrn srazek 610 mm. Vzorky byly odebirany jako smésné
vzorky ze tfi dil¢ich odbéri z jednotlivych pidnich horizontl a po pievozu z terénu
byly pfesety pfes sito s velikosti oka 2 mm a uskladnény v chladnu a temnu. Vzorky
byly odebirany na podzim roku 2013. Tab. | udava vybrané fyzikalni a chemické
vlastnosti testovanych pid. Plochy byly vybrany tak, aby zachytily heterogenitu
pudniho prostiedi ve vazb¢ jak na vlastni pdni typ, tak na riznou dfevinnou skladbu,
pfiemz plati, Ze zastoupené pudni typy i porosty jsou typické pro uzemi Ceské

republiky.
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Tabulka I. Vybrané fyzikalni a chemické vlastnosti zkoumanych ptd.

Stanovisté Cot Nwt C/N pH pH jil  prach pisek
0.01M

[%]  [%] HO cacl, [%] [%]  [%]

Louka, Ad horizont 48 0,29 164 41 33 18,6 26,0 554

Smrk (kontrola), Oe horizont 23,1 101 228 41 34 - - -
Smrk (Grov. Zasah), Oe 27,3 121 225 41 34 - - -
List. Porost, BK-DB, Oe 26,2 2,00 131 7,7 7.2 - - -
List. Porost, BK-DB, Ahk 111 097 114 75 7.1 125 650 225
List. Porost, BK-DB, Bwk 22 021 105 71 6,6 23,2 60,3 16,5
List. Porost, DB, Ah horizont 4,3 0,29 148 51 38 6,8 50,0 432

List. Porost, DB, Bw horizont 1,1 0,07 15,7 4,7 3,7 265 36,0 374

Stanoveni proteolytické aktivity pad

Stanoveni proteolytické aktivity pad probéhlo dle upravené metodiky 2" Do
Erlenmeyerovy bariky byl navazen 1g vlhké jemnozemé a inkubovan s 2 ml 0,05 M
Tris-HCI pufru (pH 8,55) a 2 ml 1% roztoku kaseinu (sodna stl) pii teploté 50°C po
dobu 2 hodin. Kontrolni vzorky byly pfipraveny stejnym zptsobem, s tim rozdilem, Ze
roztok kaseinu byl pfidan az na konci inkubace. Reakce (inkubace) byla zastavena
pfidanim 1 ml 7,5% kyseliny trichloroctové (TCA). Poté byly vzorky centrifugovany pfi
4 000 ot/min., 1 ml supernatantu byl odebran, smichan se 7 ml 3,7% roztoku Na,CO3 a
poté byl ptfidan 1 ml 0,06% roztoku CuSO4. Vzorky byly inkubovany 30 min pfi
pokojové teploté a poté se piidal 1 ml C¢inidla Folin-Ciocalteu (smichan
s demineralizovanou vodou Vv poméru 1:3) a tato smés byla inkubovana 5 min pti
teploté 37 °C a pak ponechana 15 min pii pokojové teploté. Proteolyticka aktivita byla
méfena na zaklad¢é produkce aminokyseliny L-tyrosinu spektrofotometricky pii vinové
délce 578 nm (Specol 1300) a je vyjadiena v pg g™ suché pidy za 1 hodinu. Kalibra¢ni
kiivka byla pfipravena z roztoku L-tyrosinu v demineralizované vodé a roztoku 0,05 M
Tris-HCI / 7,5% TCA (v poméru 3:1).
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Kyselina vinna byla pfidana rozpusténd v demineralizované vodé pied inkubacemi
v mnozstvi 0, 5, 50 a 100 pg na gram suché pudy, pipetovany objem byl 100 pl.
Koncentrace 5 pg na gram suché pidy odpovidad pfirozenému mnozstvi, které uvadi

literatura®®.

Statisticka analyza
Statistick¢é zhodnoceni vysledki proteolytické aktivity jednotlivych vzorki bylo
provedeno pomoci modulu jednofaktorovda ANOVA a vicendsobné porovnani pomoci

LSD Fischerovym testem. Pouzit byl statisticky program Statistica 12.0.

Vysledky a diskuse

Piidani L- nebo D- enantiomerti kyseliny vinné vyznamné (P <0,05) inhibovalo
proteolytickou aktivitu u vSech koncentraci v organickém horizontu buko-dubového
listnatého porostu, pfi¢emz D- enantiomer mél mensi inhibi¢ni ucinek (tab. Il). Dalsi
inhibice se projevila u L- enantiomeru v organomineralnim horizontu (Ahk horizont)
Vtomtéz porostu. Naopak byla zaznamendna stimulace proteolytické aktivity u
mineralniho horizontu a to o 20-25 % u mnozstvi 5 ug a 50 ug (tab. Il). Naopak u
stejného horizontu v dubovém listnatém porostu nebyl vliv kyseliny vinné zaznamenan.
U organomineralniho horizontu byla naméfena stimulace proteolytické aktivity u obou
enantiomert, ale u rozdilnych koncentraci. L- enantiomer stimuloval pfi mnoZstvi 5 ug
a D- enantiomer u mnozstvi 50 ug. Poté, ale dochazi opét ke snizeni proteolytické
aktivity pod hranici statistické vyznamnosti (P <0,05). U horskych stanovist' s porosty
smrku do$lo ke stimulaci proteolytické aktivity, a to Vv kontrolnim porostu, tak i
V porostu s provedenym uroviovym zasahem (tab. Il). Ksilngjsi stimulaci doSlo u
kontrolniho porostu a to u obou enantiomerti. Na stanovisti s horskou loukou byla
zaznamenana také stimulace proteolytické aktivity a to u D- enantiomeru. Naopak L-

enantiomer nevykazal statistickou vyznamnost (P <0,05).

Pridavek enantiomert kyseliny vinné m¢l efekt na pudni proteolytickou aktivitu spise
stimula¢ni. Piidavek organickych kyselin zvySuje dostupnost huminovych latek a
riznych forem dusiku v piids, jako jsou napiiklad aminokyseliny™* a ty jsou schopny
ovlivnit (stimulang/inhibi¢ng) proteolytickou aktivitu *°
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s ptidavkem organické kyseliny, vSak mize zpisobit vétsi dostupnost amonného dusiku
(NH,") *°. Piikladem mohou byt ndmi studovana horska stanovisté, kde dominantni

formou biologicky piistupného dusiku je amonny dusik o

Tabulka Il. Proteolyticka aktivita po pfidavku L- and D- enantiomerd kyseliny vinné

v mnozstvi 0, 5, 50 a 100 pg g'1 suché pudy.

Stanovisté 0 5 50 100 SE +
Louka, Ad horizont

L-kyselina vinna 129,26 136,37 128,66 121,96 4,29
D- kyselina vinna 129,26 132,92 147,33*  158,69* 3,68
Smrk (kontrola), Oe horizont

L-kyselina vinna 91,74 98,86* 90,68 93,06 2,46
D- kyselina vinna 91,74 106,24*  106,50* 119,68* 4,82
Smrk (Groviiovy zéasah), Oe horizont

L-kyselina vinna 76,02 83,81 90,39* 83,51 5,36
D- kyselina vinna 76,02 107,45*  95,78* 90,69* 5,32
Listnaty porost, BK-DB, Oe horizont

L-kyselina vinna 688,72 617,04* 566,71*  553,04* 8,63
D- kyselina vinna 688,72 661,38* 647,05* 617,38* 6,40
Listnaty porost, BK-DB , Ahk horizont

L-kyselina vinna 290,89 278,42 260,37*  266,13* 8,19
D- kyselina vinna 290,89 285,68 311,36 280,47 9,33
Listnaty porost, BK-DB , Bwk horizont

L-kyselina vinna 58,58 75,06* 72,01* 60,37 3,47
D- kyselina vinna 58,58 82,58* 72,37* 65,38 4,70
Listnaty porost, DB, Ah horizont

L-kyselina vinna 292,60 310,49* 288,32 289,88 4,48
D- kyselina vinna 292,60 301,16 303,49* 287,35 4,88
Listnaty porost, DB, Bw horizont

L-kyselina vinna 23,69 23,54 27,92 27,61 2,49
D- kyselina vinna 23,24 21,88 22,03 25,35 2,82

Vysledky piedstavuji mnozstvi produkovaného L-tyrosinu v pg /h™ /g™ suché pady,
* jsou statisticky vyznamné (P < 0,05, n = 3). Standardni chyba, SE + pro Fisherav LSD
test.
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Zaveér

Cilem prace bylo prozkoumat vliv enantiomert kyseliny vinné na proteolytickou
aktivitu pad. Kyselina vinna se pfirozené vyskytuje v pidnim prostfedi a podili se na
kolobéhu dusiku jakozto soucast pudni organické hmoty. Vysledky ukazuji, ze L- a D-
enantiomery kyseliny vinné mohou stimulovat i inhibovat mineralizaci dusiku, kterou

zprostiedkovavaji ptidni proteasy.

Prispévek vznikl za podpory grantu IGA 13/2013 MENDELU (Interni grantova
agentura Mendelovy univerzity v Brng) a TACR ¢&. projektu TA04020888.
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Effects of tartaric acid enantiomers on proteolytic  ktivity of soils

The aim of this work was to investigate the role of naturally occurring soil L- and D-
enantiomers of tartaric acid in regulation of key processes of nitrogen mineralization
and nitrogen cycling in terrestrial ecosystems. Soil samples taken from dense forest,
thinned forest and meadow treated with L- or D- tartaric acid and casein-protease

ktivity was measured. Results of this work indicate significant role of natural
concentrations of L- and D-tartaric acid in the regulation of key processes of soil N

mineralization in different terrestrial ecosystems.
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Uvod

Rhizosféra se ¢asto popisuje jako oblast ptidy obklopujici koteny rostlin, ktera je ptimo
ovlivnéna kofeny rostlin a s nimi souvisejici biotou. Tato oblast je bohaté zaplnéna
mikroorganismy, ktefi se zivi slouCeninami uvoliovanymi z kofent rostlin a mohou
zvySovat piijem Zivin rostlinnych kofeni a  také umoZiovat vyzivu z jinak
nedostupnych zdrojii Zivin v pidé % Jednou skupinou téchto latek jsou fenolové
kyseliny, které jsou produkovany jemnymi kofeny, jez se zapojuji do ectomycorrhiz a
jejich tikolem je chranit kofeny pied Gtoky parazitickych hub *°. Fenolové kyseliny
ovlivituji fyziologické procesy, jako je rast bunck, propustnost membran, syntéza

chlorofylu a bilkovin v&etné enzymatické aktivity a dychani *°°.

Cilem této studie je zjistit, do jaké miry je proteolyticka aktivita pud stimulovana anebo

inhibovana fenolickymi latkami.
Experimentalni ¢ast
Odbér ptudnich vzorki

Vzorky byly odebirany na lokalitach Bily Kiiz (Experimentalni ekologické pracovisté
Bily Kiiz) a na tzemi Skolniho lesniho podniku Masarykiv les Kitiny nedaleko od
Brna. Bily K#iz se nachazi v Moravskoslezskych Beskydech v severovychodni ¢asti
Ceské republiky (N 49°30°17", E 18°32°28 ") s nadmoiskou vyskou 825 — 860 m. n.
m., prumérnou ro¢ni teplotou 4,9°C a ro¢nim thrnem srazek okolo 1 100 mm. Padni
vzorky byly odebirany na lu¢nim stanoviSti z organomineralniho horizontu (Ah
horizont, pidni typ pseudoglej kambicky) a z organického (humusového) horizontu (Oe
horizont, ptidni typ podzol) experimentalniho lesniho porostu smrku. Na uzemi SLP ML
Kitiny byla vybrana dvé stanovisté, a to Utéchov (N 49°18°1”", E 16°37°31"") se stiedné
starym porostem dubu a pudnim typem kambizem luvicka. Odebiral se zde
organomineralni a minerdlni horizont (Ah a Bw horizont). Druhym vybranym
stanovi§tém je Machliv pamatnik (N 49°19°2.4"", E 16°40°19"") se starym smiSenym
porostem buku a dubu a spadnim typem rendzina melanicka. Zde byl odebran
organicky, organomineralni a mineralni horizont (horizonty Oe, Ahk a Bwk). Porosty
Skolniho lesniho podniku se rozprostiraji v nadmoiské vysce 210 — 575 m. n. m.,
primé&rna rocni teplota je 7,5°C a ro¢ni thrn srazek 610 mm. Vzorky byly odebirany

jako smésné vzorky ze tfi dil¢ich odbérii z jednotlivych pliidnich horizontl a po pfevozu
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z terénu byly presety pies sito s velikosti oka 2 mm a uskladnény v chladnu a temnu.
Vzorky byly odebirany na podzim roku 2012. Tab | udava vybrané fyzikalni a chemické

vlastnosti testovanych ptd.

Tabulka I. Vybrané fyzikalni a chemické vlastnosti zkoumanych puad.

Stanovi§té Cot Nwt C/N pH pH jil prach pisek
0.01M
[%] [%] H:0  cacl, [%] [%]  [%]
Louka, Ad horizont 48 029 164 41 3,3 186 26,0 554
Smrk, Oe horizont 23,1 101 228 41 34 - - -

List. Porost, BK-DB, Oe hor. 26,2 200 13,1 7,7 7.2 - - -
List. Porost, BK-DB, Ahk hor. 11,1 0,97 114 75 71 125 65,0 225
List. Porost, BK-DB, Bwk 22 0,21 105 71 6,6 23,2 60,3 16,5
hor.

List. Porost, DB, Ah horizont 43 0,29 148 51 38 6,8 50,0 4372

List. Porost, DB, Bw horizont 1,1 0,07 15,7 4,7 3,7 265 36,0 374

Oe horizont — organicky horizont; Ad, Ah, Ahk — organomineralni horizont; Bw, Bwk —
mineralni horizont; DB — dubovy listnaty porost; BK — DB bukodubovy listnaty porost.
Ciot — celkovy uhlik; Ny — celkovy dusik; C/N — pomér celkového uhliku a dusiku; pH —

pudni reakce.

Stanoveni proteolytické aktivity pud

Stanoveni proteasové aktivity pad probéhlo dle upravené metodiky 1 Do
Erlenmeyerovy baiky byl navazen lg vlhké jemnozemé a inkubovan s 2 ml 0,05 M
Tris-HCI pufru (pH 8,55) a 2 ml 1% roztoku kaseinu (sodna stl) pfi teploté 50°C po
dobu 2 hodin. Kontrolni vzorky byly pfipraveny stejnym zptisobem, jen s tim rozdilem,
ze roztok kaseinu byl pfidan az na konci inkubace. Reakce (inkubace) byla zastavena
pfidanim 1 ml 7,5% kyseliny trichloroctové (TCA). Poté byly vzorky centrifugovany pii
4 000 ot/min., 1 ml supernatantu byl odebran, smichan se 7 ml 3,7% roztoku Na,CO3 a
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poté byl ptidan 1 ml 0,06% roztoku CuSO4. Vzorky inkubovany 30 min pii pokojové
teploté a pak se piidal 1 ml ¢inidla Folin-Ciocalteu (smichan s demineralizovanou
vodou v poméru 1:3) a tato smés byla inkubovana 5 min pii teploté 37 °C a pak
ponechdana na 15 min pii pokojové teploté. Proteolyticka aktivita byla méfena na
zaklad¢ produkce aminokyseliny L-tyrosinu spektrofotometricky pii vinové délce 578
nm (Specol 1300) a je vyjadiena v pg’g™ suché pudy zal hodinu. Kalibraéni kiivka
byla pfipravena z roztoku L-tyrosinu v demineralizované vodé a roztoku 0,05 M Tris-
HCI/7,5% TCA (v poméru 3:1).

Kyselina ferulova (ferulic acid) a 4-hydroxybenzoova (4-Hydroxybenzoic acid) byly
pfidany rozpusténé v demineralizované vodé pred inkubacemi o koncentracich 0, 5, 50

a 100 pg na gram suché pidy, pficemz pipetovany objem byl 100 pl.

Statisticka analyza
Statistické zhodnoceni vysledkli proteasové aktivity jednotlivych vzorki bylo
provedeno pomoci modulu jednofaktorovd ANOVA a vicendsobné porovnani pomoci

LSD Fischertiv test. Pouzit byl statisticky program Statistica 12.0.

Vysledky a diskuse

Vliv fenolli na proteolytickou aktivitu zkoumanych pid byl pfevazné inhibic¢ni.
Organické horizonty reagovaly inhibi¢né na pfitomnost fenolickych latek (Tab Il), jen
kyselina 4-hydroxybenzoova (4-Hydroxybenzoic acid) nevykazala statistickou
vyznamnost (P<0,05). Organomineralni horizonty reagovaly naopak spiSe stimula¢né,
pti¢emz kyselina ferulova (ferulic acid) pusobila stimula¢né ve vSech méfenich, zatimco
kyselina 4-hydroxybenzoova (4-Hydroxybenzoic acid) pusobila stimulaéné jen u
starého listnatého porostu (Tab Il). Mineralni horizonty reagovaly podobné jako
organické horizonty, a to inhibi¢né (Tab I1). Vyjimkou byla kyselina ferulova (ferulic
acid) v mladém listnatém porostu, ktera nevykazala statistickou vyznamnost (P<0,05).
Fenolové kyseliny mohou byt zapojeny do tvorby humusu, alelopatie a mit vliv na
dostupnost Zivin '2. U rostlin plni funkci obrany pied bylozravci a patogeny ' a mohou

14,1 1 ’
A5 16 taKé

mit silny negativni vliv na kvalitu pidni organické hmoty a kolob¢h dusiku
naptiklad uvadi, Ze fenolové kyseliny mohou inhibovat rozklad organické hmoty

vazbou na reaktivni mista extracelularnich enzymt. Vysledky ukazuji, Ze fenolické
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kyseliny maji inhibi¢ni u¢inek na pidni protedsy. V ojedinélych ptipadech sice byla
zjiSténa 1 zvySend aktivita proteds, mohlo se vSak jednat o specifickou odpovéd

odliSného spektra mikroorganismii zZijicich v daném horizontu.

Tabulka Il. Proteolyticka aktivita ptid  po pfidavku fenolickych kyselin v mnozstvi 0, 5,
50 a 100 pg g™ suché pady.

Stanovisté © 0 5 50 100 SE +°
Louka, Ad horizont

4-Hydroxybenzoic acid 122,16  132,92* 117,09 55,60* 3,56
Ferulic acid 122,16 132,71 137,38* 146,11* 4,59
Smrk, Oe horizont

4-Hydroxybenzoic acid 129,96 122,06 122,32 123,64 4,57
Ferulic acid 129,96 128,12 112,56* 103,34* 6,03
Listnaty porost, BK-DB, Oe horizont

4-Hydroxybenzoic acid 476,75  419,18* 417,73* 428,13* 10,80
Ferulic acid 476,75  482.07 474,81 437,80* 8,33
Listnaty porost, BK-DB, Ahk horizont

4-Hydroxybenzoic acid 238,07  318,03* 301,01* 293,49* 4,80
Ferulic acid 238,07  299,42* 299,23*  264,39* 8,11
Listnaty porost, BK-DB, Bwk horizont

4-Hydroxybenzoic acid 77,57 56,25* 56,25* 50,34* 2,06
Ferulic acid 77,57 56,43* 65,92* 62,70* 3,62
Listnaty porost, DB, Ah horizont

4-Hydroxybenzoic acid 221,01 22941 209,58 139,01* 6,62
Ferulic acid 221,01  255,27* 241.27*  24147* 7,14
Listnaty porost, DB, Bw horizont

4-Hydroxybenzoic acid 23,69 15,39* 11,77* 14,63* 2,03
Ferulic acid 23,69 20,22 17,05 19,01 2,65

*Vysledky piedstavuji mnoZstvi produkovaného L-tyrosinu v ug /h™ /g™ suché pady, *
jsou statisticky vyznamné (P < 0,05, n = 3). Standardni chyba, °SE + pro Fisheriv LSD
test. “Oe horizont — organicky horizont; Ad, Ah, Ahk — organomineralni horizont; Bw,
Bwk — mineralni horizont; DB — dubovy listnaty porost; BK — DB bukodubovy listnaty
porost.
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Zavér

Cilem bylo zjistit reakci pldnich proteas na piitomnost fenolickych latek
Vv odstupiiovanych koncentracich. Vysledky ukazuji, ze v organickych a mineralnich
horizontech je vliv inhibi¢ni, zatimco v organomineralnich horizontech je spiSe
stimulacni. Negativni vliv fenolii na enzymatickou aktivitu (proteasy) miize mit vliv na
ztraty dusiku v pidach a jeho vyplavovani do Casti ptidniho horizontu, kde jiz neni

pfistupny a vyuZzitelny pro rostliny.

Prispévek vznikl za podpory grantu IGA 13/2013 MENDELU (Interni grantova

agentura Mendelovy univerzity v Brng).
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L. Holik, V. Vranova, K. Rejsek (Department of Geology nad Soil Science, Faculty of
Forestry and Wood Technology, Mendel University in Brno);

Protease ktivity of forest soils and their responses to the of phenolic compounds

in soil

Soil proteolytic complex plays an important role in nutrient cycling in the  ktivity .
Interaction of this enzyme complex with phenolic acids were studied on selected soils.
The aim was to determine how soil protease reacts to the presence of phenolic
compounds, ie. Substances released during the decomposition of organic matter and
reach the soil environment. Phenolic compounds in organic soil horizon caused
inhibition of proteases, 4-hydroxybenzoic acid showed no statistical ~ ktivity  ce (P
<0.05) in the spruce stand.Organomineral horizons responded stimulant, with ferulic
acid acted as a stimulant in all measurements, while the 4-hydroxybenzoic acid
stimulates acted only with old deciduous stands. Mineral horizons reacted like organic
horizons, namely inhibitory. The exception was ferulic acid at a young deciduous forest

which did not show statistical ktivity  ce.
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Uvod

Lesni ekosystém je jednim ze zékladnich suchozemskych ekosystémil a pida v lesnim
prostiedi kliGovym prvkem pro existenci Zivych organismii “2. V lesnim ekosystému je
rozklad organického materidlu z velké Casti vysledkem Cinnosti ptidnich enzymi, které
produkuji komunity baktérii a hub %4 Padni enzymy maji klicové biochemické funkce
v celkovém procesu rozkladu organické hmoty v piidnim prostiedi >’. Maji dilezitou
roli pro zivotni procesy mikroorganismii v pidé, stabilizaci pidni struktury, rozklad

organickych zbytkli, pfeménu organickych latek a kolobéh zivin 810

. Hydrolyza
bilkovin je prvni fazi mineralizace pidniho organického dusiku a je zavisla na
proteolytickych enzymech, které jsou syntetizovany rostlinami a pudnimi

mikroorganismy 12,

Pidni dusik obsazeny v aminokyselinach ptredstavuje snadno dostupny zdroj dusiku a
uhliku pro vyZivu rostlin a pro padni mikroorganismy *°. Aminokyseliny se do pady
dostavaji zrlznych zdroji, at uz zbiomasy rostlin, kofenovych exudatl,

YA Viechny biogenni (proteinogenni)

mikroorganismt  ¢i vykall zvifat
aminokyseliny, se mohou, vyjma glycinu, vyskytovat jako tzv. enantiomery (tedy L-
nebo D- formy). Obé formy aminokyselin se v pfirodé¢ vyskytuji, ale v zivych
organismech a jejich metabolitech se Castéji vyskytuji L- izomery. Z D- enantiomert
aminokyselin se nejéastéji vyskytuji D-alanin a D-glutamova kyselina, které se podileji
na stavb& bun&énych stén mikroorganismi jako peptidoglykany ***°. Neproteinogenni
aminokyseliny se vyskytuji v hydrolyzatech ptid a humusovych latkach. Koncentrace
soucasné 1 nejvetsi podil téchto aminokyselin se nachazi ve fulvokyselindch. Ve
vyluzich zlesnich pid byly zjistény relativné vysoké koncentrace L-ornithinu a

Vv zaplavovanych pidach a pod porosty borovice byly naméfeny vysoké koncentrace

neproteinogenni aminokyseliny y-aminomaselné 2

Prace je zaméfena na vliv vybranych proteinogennich a neproteinogennich
aminokyselin na aktivitu tzv. nativni pidni proteasy. Jejich stimulace/inhibice byla
studovana v nékolika  odstuptiovanych  koncentracich  proteinogennich  a
neproteinogennich aminokyselin a méfeni byla provedena na vyzkumnych plochach

Vv lesnich porostech buku, dubu a smrku.
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Experimentalni ¢ast
Odbér pudnich vzorki

Ke studiu proteazové aktivity byly zvoleny porosty na Skolnim lesnim podniku
Masarykav les Kitiny (SLP MI Kitiny), které se rozkladaji v nadmoiské vysce 210 —
575 m n. m., rocni primérna teplota je 7,5°C a pramérné ro¢ni srazky jsou 610 mm.
Vybrany byly ctyfi plochy, tfi s listnatym porostem (2 x buk a 1x dub) a jedna
s jehli¢natym porostem (smrk). Prvni lokalitou byl Machtv pamatnik (N 49°192.4"", E
16°40°19""), kde se nachazi porost buku lesniho (BK, vék 70 let) s pidnim typem
rendzina melanickd. Zde byly odebrany organicky (Oe) a organomineralni (Ahk)
horizont. Druhou lokalitou byl Utéchov (N 49°18°1"", E 16°37°31"") s porostem dubu
letniho (DB, vek 35 let) a ptidnim typem kambizem modalni. Odebirany byly organicky
(Oe) a organominerdlni (Ah) horizont. Posledni lokalita byly Jedovnice se dvéma
zkoumanymi porosty (BK, N 49°19'19"" E 16°47°48°"; SM, N 49°19'21"", E
16°47°38""), a to bukovy porost (BK, vék 90 let) a porost smrku (SM, vék 100 let).
V obou porostech je pudni typ kambizem modéalni a odebiraly se organicky a
organomineralni horizont (Oe a Ah). Byly odebirany smésné vzorky ze tfi ndhodnych
odbérti z jednotlivych pldnich horizontl. Nasledné byly vzorky piesety pies sito
s velikosti oka 2 mm a uskladnény v chladnu a temnu. Vzorky byly odebrany na konci
¢ervna roku 2016. Tab. I udava vybrané fyzikalni a chemické vlastnosti testovanych
pud. Plochy byly vybrany tak, aby zachytily heterogenitu piidniho prostiedi ve vazbé
jak na vlastni plidni typ, tak na rliznou dfevinnou skladbu, pfi¢emz plati, Ze zastoupené

pidni typy i porosty jsou typické pro tizemi Ceské republiky.
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Tabulka I Vybrané fyzikalni a chemické vlastnosti zkoumanych pid *

Stanovisté Ciot Nt C/N pH pH jil Prach pisek
1M
] [%] HO kol %61 [%] (%

BK, Oe horizont (rendzina) 10,26 0,94 109 7,13 655 - - -

BK, Ahk horizont (rendzina) 1,99 0,22 9,0 7,31 6,47 12,47 65,04 22,49

BK, Oe horizont (kambizem) 13,20 0,70 189 4,26 3,38 - - -

BK, Ah horizont (kambizem) 4,49 0,30 150 4,01 3,29 6,40 48,80 44,70

DB, Oe horizont (kambizem) 20,58 1,36 151 6,63 6,16 - - -

DB, Ah horizont (kambizem) 17,75 1,17 152 565 514 6,81 50,03 43,15

SM, Oe horizont (kambizem) 26,10 1,37 19,1 4,13 3,06 - - -

SM, Ah horizont (kambizem) 9,45 054 17,5 4,42 332 10,40 50,90 38,60

#Oe horizont — organicky horizont; Ah, Ahk — organomineralni horizont; DB — dubovy
listnaty porost; BK — bukovy listnaty porost, SM — smrkovy jehli¢naty porost. Ciot —
celkovy uhlik; Nyt — celkovy dusik; C/N — pomér celkového uhliku a dusiku; pH —

pudni reakce.

Stanoveni proteolytické aktivity ptd

Stanoveni nativni proteasové aktivity pid prob&hlo dle metodiky 21V této metodice je
TRIS-HCI pufr (pH 8,55) nahrazen demineralizovanou vodou (DEMI H;0) s cilem
mefit proteasovou aktivitu pii hodnotach pH, které jsou blizké skute¢nému pH pidy ve
zkoumaném plidnim vzorku. Do Erlenmeyerovy banky byl navdzen 1g vlhké ptdy,
pfidano 2 ml DEMI H,O a 100 pl DEMI H,0 srozpusténou aminokyselinou
Vv koncentracich 5, 50 a 100 pg na gram suché pudy. Dale byly pfidany 2 ml 1% roztoku
kaseinu (sodna sul) a vzorky byly inkubovany pii teploté¢ 50°C po dobu 2 hodin.
Kontrolni vzorky byly pfipraveny stejnym zplsobem, jen s tim rozdilem, Ze roztok
kaseinu byl pfidan az na konci inkubace. Zastaveni reakce (inkubace) probéhlo
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pfidanim 1 ml 7,5% kyseliny trichloroctové (TCA) a vzorky poté centrifugovany pfi
4 000 ot/min. Po centrifugaci byl odebran 1 ml supernantantu a smichan se 7 ml 3,7%
roztoku Na,COs3 a poté byl ptidan 1 ml 0,06% roztoku CuSO,. Vzorky byly ponechany
30 min pfi pokojové teploté, nasledné se pfidal 1 ml Folin-Ciocalteu reagentu (smichan
s demineralizovanou vodou Vv poméru 1:3) a tato smés se inkubovala 5 min pfi
teploté 37°C a nasledné byla ponechdna 15 min pifi pokojové teploté. Proteolyticka
aktivita byla méfena na =zakladé produkce aminokyseliny L-tyrosinu pomoci
spektrofotometrie pti vinové délce 578 nm (Biochrom Libra S22). Kalibra¢ni kiivka
byla ptipravena z roztoku L-tyrosinu v demineralizované vodé a roztoku DEMI H,0 /
7,5% TCA (v poméru 3:1).

Studovany byly proteinogenni aminokyseliny L- a D-alanin (L- a D-Alanine), L- a D-
glutamova kyselina (L- a D-glutamic acid) a neproteinogenni aminokyseliny Kyselina
gama-aminomaselna (y-aminobutyric acid), L-Ornitin (L-Ornithine), L-Citrulin (L-

Citrulline) a beta-alanin (B-Alanine).

Statisticka analyza
Statistické zhodnoceni vysledkli proteolytické aktivity jednotlivych vzorkti bylo
provedeno pomoci modulu jednofaktorovd ANOVA a vicendsobné porovnani pomoci

LSD Fischerovym testem. Pouzit byl statisticky program Statistica 12.0.

VysledKky a diskuse

Ptidéni proteinogennich aminokyselin alaninu a kyseliny glutamové (jejich L- a D-
enantiomerll) mélo pfevazné stimulacni vliv na aktivitu nativni proteasové aktivity. PIné
stimulacni vliv se projevil v organickém horizontu (Oe horizont) bukového porostu
s pudnim typem kambizem (Tab Il) a v organomineralnim horizontu (Ah horizont)
dubového a smrkového porostu (Tab II) se shodnym pldnim typem (kambizem).
Shodnou opovéd’ na piidavek proteinogennich aminokyselin ukédzalo méteni proteasové
aktivity v bukovém porostu s pudnim typem rendzina, kdy shodné doslo ke statisticky
nevyznamné reakci (P<0,05) u D-alaninu a to v organickém i organomineralnim

horizontu (Tab II). Velmi slaby vliv proteinogennich aminokyselin se ukazal
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Vv organomineralnim horizontu bukového porostu s pudnim typem kambizem, kdy se
stimulacni efekt projevil jen u L-alaninu v koncentraci 100 pg a u ostanich nebyla
zaznamenana statistickd vyzmnanost (P<0,05). Stimula¢ni vliv nebyl zjistén u
organického horizontu smrkového porostu, kdy se aktivita nativni pudni proteasy
nedostala nad hranici statistické vyznamnosti (P<0,05), ale naopak doslo k inhibici u D-
enantiomeru kyseliny glutamové u koncentraci 50 pg a 100 pg (Tab II). Vliv L- i D-
alaninu na nativni proteasovou aktivitu byl stimula¢ni stejné jako v praci 22 kdy se
méfila potencionalni proteasova aktivita (byl pouzit TRIS-HCI puft, pH 8,55), a celkové
stejna byla i velikost stimulace (cca 10 %) i rozdily mezi L- a D- enantiomerem alaninu.
Rozdil byl vsak u kyseliny glutamové, kdy autofi zjistili silnou inhibici proteas (cca 40
%), zatimco v nasich méfenich doslo k inhibici pouze v jednom piipadé, a to u D-
enantiomeru Vv organickém horizontu smrkového porostu. U D- enatiomeri vSak
dochazelo castéji k vyskytu statisticky nevyznamnych méteni. Stimulujici vliv alaninu a
kyseliny glutamové se prokazal na mikrobialni biomasu jako celek, kdy ve studii %,
doslo po jejich ptfidani do pldniho vzorku k nérGstu mikrobidlni biomasy i respiracni

24

aktivity. Stejné¢ pozitivni vliv mély 1 alanin ve studii na mnozstvi pudniho

organického uhliku.

Na pfitomnost neproteinogennich aminokyselin reagovala proteasa podobn¢ jako na
proteinogenni aminokyseliny (Tab III). Statisticky nevyznamny vliv (P<0,05) se ukazal
u dubového porostu v organickém horizontu (Oe horizont), v organomineralnim
horizontu (Ah horizont) pak byly statisticky vyznamné zmény (stimulace) u
aminokyseliny L-Citrulin a B-alanin a statisticky nevyznamné u Kkyseliny gama-
aminomaselné a L-Ornitinu (Tab III). Zjisténa byla také inhibice proteasové aktivity a
to v organomineralnim horizontu (Ah horizont) smrkového porostu u aminokyselin L-
Ornitin a L-Citrulin (Tab III), stimulacni vliv méla naopak kyselina gama-
aminomaselna  (y-aminobutyric  acid). Neproteinogenni  aminokyseliny  jsou
vyznamnymi zdroji organického dusiku v mnoha ekosystémech. Vyzkumy naznacuji, Ze
hraji dulezitou roli ve formé metabolit, ¢i jako signalni latky pfi akvizici zivin, nebo
jako odpovéd na stres 2°. Vysledky studie naznaluji, 7e zvySend mineralizace
neproteinogennich aminokyselin by mohla byt odpovédi mikroorganismi na stresujici
podminky na stanovisti (vodni deficit v ptidnim prostiedi). Krom& mozného stresu miize

hrat roli jak kvantita a kvalita organické hmoty, vstupujici do mineraliza¢niho procesu
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(v zévislosti na dfevin¢), tak rozdilné pH jednotlivych stanovist, které je vhodné pro

, : P o 47 26
dané druhy mikroorganismu zijicich v tomto prostiedi .

Tabulka II. Nativni proteolyticka aktivita ® po piidavku proteinogennich aminokyselin

v mnozstvi 0, 5, 50 a 100 pg g'1 suché pudy.

Stanoviste © 0 5 50 100 SE +°
Bukovy porost, Oe horizont (rendzina)

L-Alanine 553,15 565,07* 565,37* 563,58* 2,70
D-Alanine 553,15 555,54 557,62 558,52 3,35
L-Glutamic acid 553,15 558,52 563,28* 564,48* 2,80
D-Glutamic acid 553,15 555,83 562,09* 563,29* 2,98
Bukovy porost, Ahk horizont (rendzina)

L-Alanine 255,67 259,15 264,86* 268,33* 2,52
D-Alanine 255,67 258,41 256,17 255,67 2,51
L-Glutamic acid 255,67 261,88* 268,83* 274,54* 2,51
D-Glutamic acid 255,67 260,64 262,62* 260,64 2,32
Bukovy porost, Oe horizont (kambizem)

L-Alanine 30,26 40,61* 41,03* 46,00* 4,01
D-Alanine 30,26 35,64 41,85* 51,80* 3,90
L-Glutamic acid 30,26 43,10* 43,93* 40,20* 3,84
D-Glutamic acid 30,26 31,25 49,32* 42,68* 4,82
Bukovy porost, Ah horizont (kambizem)

L-Alanine 30,32 29,84 33,43 37,96* 1,70
D-Alanine 30,32 29,84 31,52 31,52 1,72
L-Glutamic acid 30,32 30,32 31,76 31,99 1,68
D-Glutamic acid 30,32 33,67 28,41 29,61 1,60
Dubovy porost, Oe horizont (kambizem)

L-Alanine 317,40 316,64 331,87* 327,55* 3,23
D-Alanine 317,40 313,60 315,63 312,08 2,60
L-Glutamic acid 317,40 326,28* 334,66* 341,51* 2,36
D-Glutamic acid 317,40 312,40 320,96 314,87 2,59
Dubovy porost, Ah horizont (kambizem)

L-Alanine 104,98 113,65* 118,52* 112,60* 0,89
D-Alanine 104,98 113,87* 122,97* 124,24* 1,07
L-Glutamic acid 104,98 109,84* 125,51* 122,12* 1,37
D-Glutamic acid 104,98 106,03 109,21* 125,72* 1,35
Smrkovy porost, Oe horizont (kambizem)

L-Alanine 38,58 35,99 40,91 41,17 1,61
D-Alanine 38,58 37,03 40,91 37,03 1,83
L-Glutamic acid 38,58 44,02 35,47 38,32 2,35
D-Glutamic acid 38,58 39,61 34,18* 29,77* 1,69
Smrkovy porost, Ah horizont (kambizem)

L-Alanine 37,60 58,17* 46,74* 47,78* 1,50
D-Alanine 37,60 38,85 41,96* 43,62* 1,19
L-Glutamic acid 37,60 42,17 42,58* 41,75 2,03
D-Glutamic acid 37,60 43,00* 41,34 40,71 1,66

57



Tabulka III. Nativni proteolytickd aktivita ® po piidavku neproteinogennich
aminokyselin v mnozstvi 0, 5, 50 a 100 pg g™ suché pady.

Stanovigts © 0 5 50 100 SE +°
Bukovy porost, Oe horizont (rendzina)

y-aminobutyric acid 557,03 572,23* 573,42* 568,65* 1,83
L-Ornithine 557,03 561,37 561,20 560,91 2,22
L-Citrulline 557,03 569,84* 573,72* 567,16* 2,77
B-alanine 557,03 576,70* 579,38* 582,96* 2,33
Bukovy porost, Ahk horizont (rendzina)

y-aminobutyric acid 257,42 271,56* 262,13* 264,86* 2,12
L-Ornithine 257,42 271,56* 269,08* 269,08* 2,28
L-Citrulline 257,42 271,35* 271,35* 271,35* 1,72
[-alanine 257,42 270,32* 271,56* 269,08* 1,48
Bukovy porost, Oe horizont (kambizem)

y-aminobutyric acid 30,25 43,10* 55,12* 60,51* 3,26
L-Ornithine 30,25 33,57 40,61 56,36* 5,98
L-Citrulline 30,25 63,41* 64,65* 65,06* 4,91
B-alanine 30,25 47,66* 58,02* 50,14* 4,43
Bukovy porost, Ah horizont (kambizem)

y-aminobutyric acid 33,19 41,31* 37,49* 39,40* 1,77
L-Ornithine 33,19 35,81 35,81 38,20* 2,16
L-Citrulline 33,19 35,10 34,14 34,14 1,82
B-alanine 33,19 34,62 36,29 38,20* 1,66
Dubovy porost, Oe horizont (kambizem)

y-aminobutyric acid 320,45 320,70 322,73 320,96 2,14
L-Ornithine 320,45 319,94 323,75 322,48 1,52
L-Citrulline 320,45 322,48 316,64 317,91 1,95
B-alanine 320,45 318,93 318,17 319,69 1,89
Dubovy porost, Ah horizont (kambizem)

y-aminobutyric acid 104,55 111,11* 114,08* 115,14* 2,04
L-Ornithine 104,55 109,21* 108,57* 104,98 1,52
L-Citrulline 104,55 103,92 105,61 102,65 1,94
B-alanine 104,55 105,61 105,82 104,76 0,82
Smrkovy porost, Oe horizont (kambizem)

y-aminobutyric acid 36,77 46,87* 47,90* 53,60* 2,00
L-Ornithine 36,77 46,35* 44,02* 49,71* 2,26
L-Citrulline 36,77 42,49* 50,49* 53,60* 1,78
B-alanine 36,77 38,58 38,06 47,38* 1,92
Smrkovy porost, Ah horizont (kambizem)

y-aminobutyric acid 37,18 42,58* 44,04* 35,31 1,71
L-Ornithine 37,18 28,25* 29,29* 31,78* 1,28
L-Citrulline 37,18 28,25* 32,61* 28,25* 1,46
B-alanine 37,18 39,47 36,56 35,94 1,11
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*Vysledky piedstavuji mnozstvi produkovaného L-tyrosinu v pg /h™ /g™ suché pudy, *
jsou statisticky vyznamné (P < 0,05, n = 3). Standardni chyba, °SE + pro Fisheriv LSD
test. “Oe horizont — organicky horizont; Ah, Ahk — organomineralni horizont.

Zavér

Cilem této prace bylo zjistit, jak reaguji nativni pudni proteasy na proteinogenni a
neproteinogenni aminokyseliny. Dusik a uhlik obsazeny v aminokyselindch pfedstavuje
zdroj vyzivy a proteazy zprosttedkovavaji jeho dostupnost pro pudni prostredi.
Vysledky ukazuji, ze vliv na nativni proteasovou aktivitu je pfevazné stimulacni a

vyskytly se pouze tii piipady, kdy doslo k jejich inhibici.

Prispévek vznikl za podpory grantu IGA 13/2013 MENDELU (Interni grantova

agentura Mendelovy univerzity v Brng).
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L. Holik, V. Vranova, K. RejSek (Department of Geology nad Soil Science, Faculty of
Forestry and Wood Technology, Mendel University in Brno);

Effect of proteinogenic and non-proteinogenic amino acids of the native protease

ktivity of forest soils

Soil proteolytic complex plays an important role in nutrient cycling in the  ktivity .
Interaction of this enzyme complex with proteinogenic and non-proteinogenic amino
acids were studied on soil types cambisol (stands of beech, oak and spruce) and rendzic
(beech stand). The aim of the study was to determine how it reacts native soil protease
for the presence amino acids, ie. Substances released during the decomposition of
organic matter and get into the soil and the environment are important sources of
nitrogen and carbon. Overall  ktivity was stimulated by the native soil protease
proteinogenic and non-proteinogenic amino acids. In three cases there was inhibition.
One has shown to have an inhibitory effect on proteinogenic amino acids (D-glutamic
acid) in an organic horizon of a spruce stand and twice with non-proteinogenic amino

acids (L-Ornithine and L-Citrulline) in organomineral horizon of a spruce stand.
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Abstract:

Salinization of soil has a negative impact on activity of microorganisms and thus leads
to disturbances in the cycling of nutrients in the soil environment. Our goal was to find
out, what amount of salt has some measurable negative effect on enzymatic activity of
soils, namely on native proteases. Inhibition of proteases was detected at as little as 0.5
mg of chloride salts in organomineral horizon from an oak stand, but in most cases,
some inhibitory effect appeared from 1 — 2 mg of salt added to soil. Stimulatory effect
of salt were also observed, however, in those cases it probably was not associated with
activity of the microbial community. Our results indicate the levels, from which the
activity of microorganisms will probably decrease and organic matter decomposition

will be slowed down.

Keywords: enzymes, forest soil, salinity, soil environment, soil protease
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Introduction

Application of road salt is a common practice in winter road maintenance with the
objective to ensure safe driving conditions; the most widely used salt is NaCl [1].
However, extensive application of road salt presents a serious problem for the
environment [2-3]. The applied salt enters the soil environment in the form of direct
runoff, in splashing water or as aerosol deposition [4]. Soil salinization is a major factor
leading to degradation [5-6] and decrease of soil fertility [7]. Biological activity often
concentrates in the upper few centimetres of soil [8] and changes in this layer may
strongly affect its biological properties. From the aspect of ecological function, soil
biological activity is essential and its reduction has a significant impact on

decomposition of organic matter in soil [9-10].

Salinization of soil causes alkaline reaction, high osmotic pressure and toxic effect of
easily-soluble salts (sodium and magnesium chlorides, nitrates, sulphates and
carbonates); besides, it also negatively affects hydro-physical properties of soils.
Influence of sodium in the presence of chlorides dramatically restricts uptake of
nutrients from the salinized soil, especially of nitrogen, phosphorus and magnesium.
This leads to unbalanced mineral nutrition or even starvation of plants and also to lower
chance of their survival upon exposition to extreme natural and anthropogenic

influences [11].

In our work we investigated the impact of salts on native protease activity of soils.
Natrium chloride (NaCl) was selected for the experiments as it constitutes 96 — 98% of
road salt (the rest is anticaking agents). One chloride salt (KCI) and one sulphate salt
(K2S0,) were also tested. The salts were applied into soil in graded amounts in order to
find out how much salt (in mg) in the soil environment leads to inhibition of native
proteases. The presumption of the negative effect of salts was based on the work of

Saviozziet al. [9].
Experimental

Study area and soil sampling
The research of protease activity was carried out in the stands of the Training Forest
Enterprise Masaryk Forest Kitiny (TFE Kitiny), with altitudes between 210 — 575 m

a.s.l.,, mean annual temperature of 7.5°C and mean annual precipitation of 610 mm.
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Four experimental plots were selected, three of them with a broadleaved stand (2 beech
stands and one oak stand) and one with a coniferous stand (spruce).

The first locality was Macha’s memorial (N 49°192.4"", E 16°40'19"") with a stand of
European beech (Fagus sylvatica L., aged 70 years), soil type rendzic Leptosol.
Samples were collected from organic (Oe), organomineral (Ahk) and mineral horizon
(Bwk). The second locality was Utéchov (N 49°18°1”", E 16°37°31"") with a stand of
Pedunculate oak (Quercus robur L., aged 35 years), soil type haplic Cambisol. Samples
were collected from organomineral (Ah) horizon and mineral horizon (Bw). At the third
locality, Jedovnice, two stands were investigated: a beech stand (Fagus sylvatica L.,
aged 90 years, N 49°19719"" E 16°47°48"") and a spruce stand (Picea abies /L./ Karst.,
aged 100 years, N 49°1921"", E 16°47°38""). In both stands, the soil type is haplic
Cambisol; samples were collected from organic (Oe), organomineral (Ah) and mineral
horizon (Bw).

Sampling was performed in the middle of the vegetation season (end of June) when the
highest biological activity is to be expected. Composite samples of three samplings
from the individual horizons were sieved through a 2-mm sieve. Selected physical and
chemical characteristics of the tested soils are shown in Table 1. The plots were chosen
with the aim to reflect the heterogeneity of the soil environment, both with regard to the
soil type and the tree species composition; the represented soil types and stands are

typical for the territory of the Czech Republic.

Determination of soil proteolytic activity

Native protease activity of soils was determined according to Rejsek et al. [12]. 2 g of
soil were mixed with 100 pl demineralized H,O with dissolved salt at the concentrations
of 0.5, 1, 2 and 4 mg per gram of dry soil. The tested salts were natrium chloride
(NaCl), potassium chloride (KCI) and potassium sulfate (K,SQOy).

Statistical analysis

Statistical evaluation of the values of proteolytic activity detected in the individual
samples was performed by one-way ANOVA and Fischer's LSD test (multiple
comparison) with the use of the Statistica 12.0 software.
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Results and Discussion

In beech stands, native protease was the most sensitive to potassium sulfate as inhibition
of protease activity appeared already at the 0.5 mg and 1 mg of salt applied (Table 2);
response to chloride salts (NaCl, KCI) was generally lower and inhibition occurred at 2
or 4 mg of salt (Table 2). Stimulation of native proteases was also observed in one
measurement, after application of NaCl and K,SO,to samples from the beech stand, soil
type haplic Cambisol (Table 2). Influence of natrium chloride was not statistically
significant (P<0.05) in organic and organomineral horizon on rendzic Leptosol (Table
2). In the oak stand, inhibitory response of native protease to presence of salts in the
organomineral horizon appeared at as little as 0.5 mg. In the mineral horizon, inhibition
occurred with 1 mg NaCl and 4 mg K,SO,. Statistically significant effect (P<0.05) was

not observed in KCI.

In spruce stand, salts inhibited native protease activity from the amount of 0.5 mg in the
organomineral horizon, while in the organic and mineralhorizon it was at 1 — 2 mg of
salt (Table 2). Similarly to the beech stand, 0.5 mg of salt had a stimulatory effect on
the native proteolytic activity in the organic horizon; higher amounts of salt lead to
inhibition. An exception from this was found in the organomineral horizon after
addition of KCI, in which case stimulation of proteases was observed in all amounts of
salt tested.

Excessive amount of salt has a negative impact on physical and chemical properties of
soil [4]. In saline soils, microorganisms suffer from osmotic stress [14], which affects
mineralization of carbon and nitrogen as well as enzymatic activity, which is crucial for
the decomposition of organic matter [15]. Our objective was to find out, from what
amount (mg) salts induce inhibition of native soil proteases. Generally speaking, the
level from which inhibition appears is rather varied, both from the aspect of enzymatic
response to individual salts as such, and in comparison of different sites and their soil
horizons. Besides proteases, there are other enzymes sensitive to presence of salts in
soil, for example, ureases and catalases [16]. Many authors, such as Saviozzi et al. [9],
[17] or [18], report that salts reduce the activity of enzymes. Inhibition was detected in
ureases or dehydrogenases, while amylases and phosphatases did not correlate with
increasing salinity and catalases were actually slightly stimulated [9,19]. Zheng et al.
[20] observed a slight stimulation of catalases as well, however, only in combination
with addition of lead. In other enzymes — ureases and invertases — they also found
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inhibited activity. Similar results were reported by Wei et al. [21] in nitrite reductases
and nitrate reductases which are, just like proteases, directly linked to nitrogen
mineralization. Inhibition may be partially caused by the tendency of salts to reduce
solubility and denaturation of enzymes by disturbing their tertiary structure, necessary
for enzymatic activity [20]. Salinity also reduces the production, solubility and
denaturation of proteins and thus further reduces the enzymatic  ktivity [19].

However, stimulatory effect of salts on proteolytic activity has been observed as well. It
was found out that increased salinity may also support mineralization of nitrogen
(NH,-N a NOsz'N) in soils [22-23]. Pathak and Rao [13] report that nitrogen
mineralization may continue despite the microbial activity being supressed by the
presence of salts. This is possible thanks to the enzymes that are still present in soil, but
their activity has not yet been affected by high salinity and alkalinity of the soil
environment. It is probable that the same response appeared in our experiment, i.e. the
activity of enzymes was not affected by alkalinity/salinity of the soil environment. This
presumption is based on the fact that sorption capacity of the organic and organomineral
horizons in forest environment is high and presence of enzymes bound by sorption is

therefore to be expected here.
Conclusions

In the presented study we aimed to find out, what amount of salt is sufficient to induce
inhibition of native proteases in soils of forest stands. In our experiments, inhibition
appeared at as little as 0.5 to 1 mg of salt depending on soil horizon. These results may
help to determine the level of salinity from which the microbial community activity will

probably be disturbed, with consequences for decomposition of organic matter in soil.
Acknowledgements

This output was based on the project IGA 13/2013. | thank the Internal Grant Agency of
Mendel University in Brno (MENDELU) for their support in its implementation.

Conflict of Interest

The authors declare no conflict of interest.

67



References and Notes

10.

GUESDON G., DE SANTIAGO-MARTIN A., GALVEZ-CLOUTIER R.
Phytodesalinization potential of Typha angustifolia, Juncus maritimus, and
Eleocharis palustris for removal of de-icing salts from runoff water. Environ.
Sci. Pollut. Res. 23, 19634, 2016.

KIM SY., KORETSKY C. Effects of road salt deicers on sediment
biogeochemistry. Biogeochemistry 112, 343, 2013.

LI F., ZHANG Y., FAN Z., OH K. Accumulation of De-icing Salts and Its
Short-Term Effect on Metal Mobility in Urban Roadside Soils. Bull. Environ.
Contam. Toxicol. 94, 525, 2015.

GREEN S.M., MACHIN R., CRESSER M.S. Effect of long-term changes in soil
chemistry induced by roadsalt applications on N-transformations in roadside
soils. Environ. Poll. 152, 20, 2008.

VAN ANTWERPEN R., MEYER J.H. Soil degradation under sugarcane
cultivation in northern Kwa Zulu-Natal. Proc. S. Afr. Sug. Technol. Assoc. 70,
29, 1996.

HAYNES R.J., HAMILTON C.S. Effects of sugarcane production on soil
quality: A synthesis of world literature. Proc. S. Afr. Sug. Technol. Assoc. 73,
45, 1999.

. FERNANDEZ-LUQUENO F., CABRERA-LAZARO G., CORLAY-CHEE L.,

LOPEZ-VALDEZ F., DENDOOVEN L. Dissipation of Phenanthrene and
Anthracene from Soil with Increasing Salt Content Amended with Wastewater
Sludge. Pol. J. Environ. Stud. 26 (1), 29, 2017.

MURPHY D.V., SPARLING G.P., FILLERY I.R.P. Stratification of microbial
biomass C and N and gross N mineralization with soil depth in two contrasting
western Australian agricultural soils. Austral. J. Soil Res. 36, 45, 1998.
SAVIOZZI A., CARDELLI R., DI PUCCIO R. Impact of Salinity on Soil
Biological Activities: A Laboratory Experiment. Comm. Soil Sci. Plant. Anal.
42, 358, 2011.

ELMAJDOUB B., MARSCHNER P. Responses of soil microbial activity and
biomass to salinity after repeated additions of plant residues. Pedosphere 25,
177, 2015.

68



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

ARTAMONOVA V.S, DITS L.Y. ELIZAROVA T.N., LYUTYKH
I.V.Technogenic salinization of soils and their microbiological characterization.
Contem. Probl. Ecol. 3, 323, 2010.

REJSEK K., FORMANEK P., PAVELKA M. Estimation of protease ktivity in
soil satlow temperatures by casein amendment and with substitution of buffer by
demineralized water. Amino Acids 35, 411, 2008.

PATHAK H., RAO D.L.N. Carbon and nitrogen mineralization from added
organic matter in saline and alkali soils. Soil Biol. Biochem. 30, 695, 1998.
YAN N., MARSCHNER P., CAO W., ZUO C., QIN W. Influence of salinity
and water content on soil microorganisms. Int. Soil and Water Cons. Res. 3(4),
316, 2015.

DENDOOVEN L., ALCANTARA-HERNANDEZ R.J., VALENZUELA-
ENCINAS C., LUNA-GUIDO M., PEREZ-GUEVARA F., MARSCH R.
Dynamics of carbon and nitrogen in an extreme alkaline saline soil: a
review. Soil Biol. Biochem. 42 (6), 865, 2010.

GUANGMING L., XUECHEN Z., XIUPING W., HONGBO S., JINGSONG
Y., XIANGPING W. Soil enzymes as indicators of saline soil fertility under
various soil amendments. Agric. Ecosys. Environ. 237, 274, 2017.

PAN C., LIU C., ZHAO H., WANG Y. Changes of soil physico-chemical
properties and enzyme activities in relation to grassland salinization. Eur. J. Soil
Biol. 55, 13, 2013.

SINGH K. Microbial and enzyme activities of saline and sodic soils. Land Degr.
Develop. 27 (3), 706, 2016.

RATH K.M., ROUSK J. Salt effects on the soil microbial decomposer
community and their role in organic carbon cycling: a review. Soil Biol.
Biochem. 81, 108, 2015.

ZHENG L., ZHANG M., XIAO R., CHEN J., YU F. Impact of salinity and Pb
on enzyme activities of a saline soil from the Yellow River delta: A microcosm
study. Phys. And Chem. Of the Earth 97, 77, 2017.

WEI M.LN., GUO H.J., ZHANG W., ZHOU G.W., JUN Y.E., HOU ZA.
Irrigation water salinity and N fertilization: Effects on ammonia oxidizer
abundance, enzyme  ktivity and cotton growth in a drip irrigated cotton field. J.
Integr. Agric. 15 (5), 1121, 2016.

69



22. GAO H., BAI J., HE X., ZHAO Q., LU Q., WANG J. High temperature and
salinity enhance soil nitrogen mineralization in a tidal freshwater marsh. PloS
one 9 (4), 95011, 2014.

23.JIA J., BAl J,, GAO H., WEN X., ZHANG G., CUI B., LIU X. In situ soil net
nitrogen mineralization in coastal salt marshes (Suaeda salsa) with different
flooding periods in a Chinese estuary. Ecol. Indic. 73, 559, 2017.

70



List of Tables

Table 1.Selected physical and chemical properties of the tested soils.

Table 2. Protease activity after addition of the salts in an amount of 0, 0.5, 1, 2 and 4 mg

g™ dry soil.

71



Table 1. Selected physical and chemical properties of the tested soils.

Plot C, N¢ C/N pH pH clay silt sand
(%) (%) H,0 1M (%) (%) (%)

Beech, Oe horizon (rendzic Leptosol) 19.68 1.60 123 7.00 6.59 - - -
Beech, Ahk horizon (rendzic Leptosol) 13.70 1.07 12.8 7.18 6.91 1247 65.04 2249
Beech, Bwk horizon (rendzic Leptosol) 2.45 0.19 12.8 6.80 6.44 23.20 60.30 16.50

Beech, Oe horizon (Cambisol) 1193 0.66 18.1 429 398 - - -
Beech, Ah horizon (Cambisol) 598 042 142 479 4.09 6.40 48.80 44.70
Beech,Bw horizon (Cambisol) 3.16 0.16 19.8 454 398 18.7 56.60 24.70
Oak, Ah horizon (Cambisol) 854 0.59 145 512 446 6.81 50.03 43.15
Oak, Bw horizon (Cambisol) 1.22  0.08 153 431 3.42 26.50 36.00 37.40
Spruce, Oe horizon (Cambisol) 26.76 134 20.0 4.07 3.35 - - -
Spruce, Ah horizon (Cambisol) 8.16 046 17.7 422 3.26 10.40 50.90 38.60
Spruce, Bw horizon (Cambisol) .22 0.08 153 450 3.60 21.60 52.50 25.80
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Table 2. Protease ktivity after addition of the salts in an amount of 0, 0.5, 1, 2 and
4mg g dry soil. Results are reported as the average value of the amount of produced
g L-tyrosine h g dry soil, values marked with * are statistically significant (P < 0.05,
n = 3). Results for Standard error (SE=) of Fisher‘s LSD tests.

Plot 0 0.5 1 2 4 SE +
Beech, Oe horizon (rendzic Leptosol)

NaCl 557.67 557.67  561.43 563.13 558.02 5.74
KCI 557.67 569.96  560.06 540.95* 528.32* 7.10
K,SO, 557.67 546.07* 533.78* 524.23* 528.66* 2.85
Beech, Ahk horizon (rendzic Leptosol)

NaCl 378.11 37049  376.84 382.93 384.20 5.81
KCI 378.11 400.45* 379.63 373.85 385.72 4.11
K,SO4 378.11 366.42*  366.96* 362.11* 358.55* 4.97
Beech, Bwk horizon (rendzic Leptosol)

NaCl 82.27 77.18 71.03* 68.06* 68.27* 3.38
KCI 82.27 74.50 74.00 67.43* 63.40* 4.89
K,SO4 82.27 76.12 72.09* 71.24* 59.79* 2.99
Beech, Oe horizon (Cambisol)

NaCl 109.93 112.57  85.75* 58.48* 42.65* 6.19
KCI 109.93 138.08* 131.48* 108.61 97.62* 4.15
K>SO, 109.93 124.45*% 121.37* 106.42 100.70* 2.73
Beech, Ah horizon (Cambisol)

NaCl 73.42 84.58*  75.93 67.56 60.58* 2.72
KCI 73.42 84.86*  67.28 66.16 55.55* 3.87
K>SO, 73.42 74.53 65.32* 63.37* 61.97* 2.74
Beech, Bw horizon (Cambisol)

NaCl 18.76 17.98 15.44* 16.02 12.70* 1.25
KCI 18.76 11.33* 13.29* 11.14* 8.79* 152
K>SO, 18.76 11.33*  13.29* 12.11* 8.99* 1.69
Oak, Ah horizon (Cambisol)

NaCl 120.54 113.11* 113.91* 112.21* 109.73* 2.61
KCI 120.54 112.66* 113.79* 112.43* 114.69* 2.10
K,SO4 120.54 118.70  111.76* 112.21* 107.03* 2.82
Oak, Bw horizon (Cambisol)

NaCl 11.18 8.52 6.74* 5.50* 5.50* 1.88
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KCI 11.18

K,SO, 11.18
Spruce, Oe horizon (Cambisol)
NaCl 93.54
KCI 93.54
K,SO4 93.54
Spruce, Ah horizon (Cambisol)
NaCl 62.68
KCI 62.68
K,SO4 62.68
Spruce, Bw horizon (Cambisol)
NaCl 21.23
KCI 21.23
K,SO4 21.23

10.12
10.12

86.19
120.50*
105.39*

36.85*
77.05*
33.31*

20.63
18.42
22.63

10.83
10.29

84.96
89.05
81.29*

36.23*
71.22*
27.48*

22.83
13.42*
19.83

10.47
10.29

79.24*
71.07*
74.34*

31.02*
78.09*
21.86*

20.63
9.81*
14.82*

11.36
7.27*

80.88*
56.78*
47.38*

30.61*
83.29*
20.82*

17.42*
7.61*
15.82*

0.99
0.84

4.61
4.50
5.30

3.44
2.80
2.80

1.50
1.79
1.74
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Abstract

The soil proteolytic complex displays an important role within mineral nutrient cycling
in ecosystems. Both auxins and proteases are produced by soil microbiota, and
reciprocally, their activities effect the metabolic role of biota in soil. The results
presented here demonstrate the positive effect of auxins on the native proteolytic forest
soil activity. Comparing organic and organomineral horizons, auxins promote a higher
stimulation of protease activity in the organic horizons. Comparing the different forest
stands, auxins promote a high stimulation of protease activity in European beech stands.
In the organomineral soil horizons, auxins promote a high stimulation of protease
activity in Leptosols in European beech stands and Cambisols in  ktivity ted oak
stands. The results confirmed the interrelationships between auxins and the native
proteolytic forest soil activity from the viewpoint of dead organic matter decomposition.
Furthermore, the general importance of substances produced by the rhizosphere for

nitrogen cycling was supported.

Keywords: soil protease, auxins, forest soil, indole-3-acetic acid

1. Introduction

Syntheses of phytohormones, auxins and cytokinins in particular, make a symbiotic
association between a plant and a microbial soil coenosis (Mishke, 1988; Kamneva and
Muronets, 1999; Tsavkelova et al., 2005). Being concerned with auxins and plants, they
affect vegetative growth, flowering, the photosynthetic assimilation of carbon dioxide
and resilience against environmental stress (Dorffing, 1982; Merzaeva and Shirokikh,
2010). However, not only plants are capable of producing phytohormones, but
rhizospheral microorganisms can also do the same (Arkhipova et al., 2005; Basharat et
al., 2010). Phytohormones have been studied for decades, and auxins are some of the
best known, which is especially valid because of indole-3-acetic acid and its
physiological, biochemical and genetic effects on plants (Costacurta and van Derleyden,
1995; Sergeeva et al., 2002). Indole-3-acetic acid belongs to the most commonly
produced, and the most active, auxins (Mohite, 2013). Its production has been
monitored in a great range of phototrophic, heterotrophic, pathogenic and symbiotic
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microorganisms, including non-rhizosphere microorganisms (Mishke, 1988; Kamneva
and Muronets, 1999; Ahemad and Kibret, 2014).

Indole-3-acetic acid has been synthesized by soil microorganisms in different
ways. First, indol-3-pyroracemic acid has been synthesized jointly with indole-3-acetic
acid aldehyde. Second, L-tryptofan has been converted into indole-3-acetic acid
aldehyde, and third, the biosynthesis of indole-3-acetamide, which is typical of
phytopatogenic bacteria (Costacurta and Vanderleyden, 1995; Kameneva and Muronets,
1999; Tsavkelova et al.,, 2006). The formation of such phytohormones by soil
microorganisms influences plants and their microbial producers; both of them can be
either stimulated in their growth and activities or inhibited. Such ambiguity determines
the interrelationship between a plant and a microbial coenoses (Tsavkelova et al., 2006).

The synthesis of auxins depends on a source of available nitrogen (Merzaeva
and Shirokikh, 2010). Nitrogen, which limits the growth of both plants (Chapin 11 et
al., 2004) and microorganisms (Demoling et al., 2007; Stavros et al., 2012), can be
predominantly found in soil in the form of organic compounds that are not directly
bioavailable (Foth andEllis, 1997). In living tissues, most nitrogen forms proteins and
peptides (Kogel-Knaber, 2006): Sowden et al. (1977), Schulten and Schnitzer (1998),
Geisseler and Horwath (2008) and Kieloaho et al. (2013) have shown that 40% of total
soil nitrogen is formed by proteins, glycoproteins, peptides and amino acids. Proteolytic
enzymes, which split polypeptides, are present in plants, animals and microorganisms
(Holik et al., 2016a). The intracellular proteases regulate the inner nitrogen cell cycling,
and the extracellular proteases aid in soil organic matter decomposition (Wanatabe and
Hayano, 1994; Fuka et al., 2009). The proteases are produced by a large number of
bacteria, actinomycetes and fungi (Glenn, 1976; Kumar and Takagi, 1999; Vranova et
al., 2013), which show high substrate specificity (Kalisz, 1988; Geisseler and Horwath,
2008). The role of proteases in an ecosystem is immense, and a great deal of

bioavailable nitrogen originates from their activities (Geisseler and Horwath, 2008).

This paper aims to evaluate the interrelationships between auxins and the native
proteolytic forest soil activity. Currently, the artificial production of auxins leads to
routine applications focused on a higher rate of success in both young plant rooting and
the stimulation of young plant vitality. This investigation of interrelationships between
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auxins and the native proteolytic forest soil activity reinforces the role of proteases in
dead organic matter decomposition (Holik et al., 2016b).

2. Materials and methods
2.1. Study area

The analysed soil samples were collected from Training Forest Enterprise Masaryk
Forest Kitiny (TFE Kitiny) owned by Mendel University in Brno, Czech Rep. The
study area was located at a mean altitude of 350 m above sea level, with a mean annual
temperature of 7.5°C and a mean annual precipitation of 610 mm. The study plots
chosen for this research represent both typical forest stands and soil units of Central
Europe. Soils of four forest stands were sampled: i) Macha Memorial, N 49°19'2.4"", E
16°40°19"", a 70-year-old European beech (Fagus sylvatica L.) stand on Rendzic
Leptosol (WRB, 2015), with organic Oe and organomineral Ahk horizons, ii) Utechov,
N 49°18°1"", E 16°37°31"", a 35-year-old ktivity ted oak (Quercus robur L.) stand on
Haplic Cambisol, with organic Oe and organomineral Ah horizons, iii) Jedovnice I, N
49°19°19"" E 16°47°48"", a 90-year-European beech stand on Haplic Cambisol, with
organic Oe and organomineral Ah horizons, and iv) Jedovnice II, N 49°19'21"", E
16°47°38"", a 100-year Norway spruce (Picea abies /L./ Karst.) stand on Haplic
Cambisol, with organic Oe and organomineral Ah horizons. Each of the horizons were
sampled by three individual samples from which one representative sample was brought
to the laboratory. The samples were air-dried and sieved through a 2-mm mesh. Table 1

summarises the basic physical and chemical soil properties of the soils studied.
2.2. Native proteolytic soil activity determination

The activity of native soil proteases was determined spectrophotometrically. The
analysis comes from a hydrolysis of casein as the substrate, followed by the
measurement of the L-tyrosine produced (Rejsek et al., 2008). Two grams of soil were
mixed with 100 pl demineralized H20 with a dissolved auxin at the concentrations of 0,
5, 50 and 100 pg per gram of dry soil. The following auxins were used: 1) the naturally
occurring indole-3-acetic acid (IAA) and indole-3-butyric acid (IBA), and ii)
synthetically prepared the 1-naphthalene acetic acid (NAA) and 2-naphthoxy acetic acid
(NOA).
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2.3. Statistical analyses

A statistical evaluation of the values of proteolytic activity detected in the individual
samples was performed by a one-way ANOVA and Fischer's LSD test (multiple
comparison) with the use of the Statistica 12.0 software. In Tables 2-5, the Pearson

coefficients that come from the RegAnalysis of the obtained results are presented.

3. Results

Naturally occurring auxins determined at organic Oe horizons stimulated native
proteolytic soil activity, even when two experiments proved their inhibition as well.
Synthetically produced auxins stimulated proteolytic activity in the European beech
forest stands (Tables 2, 3), where NOA led to the highest increase in L-tyrosine
production (from 564.02 pg at 0 ug auxin to 645.19 pg at the auxin dose of 100 pg). In
the ktivity ted oak forest stand, the synthetically produced auxins stimulated native
proteolytic activity slightly (Table 4), and higher the L-tyrosine production was
determined for NAA (398.30 pg) in comparison with NOA (387.61 pg, only). In the
Norway spruce forest stand, the inhibition of proteolytic activity was shown (Table 5)
when NAA displayed a stronger inhibitive effect (a decrease of the L-tyrosine
production from 96.29 pg at 0 pg auxin to 73.82 pg at the auxin dose of 100 pg) in
comparison with NOA (a decrease of the L-tyrosine production from 96.29 ug at 0 pg
auxin to 82.91 pg at the auxin dose of 100 pg).

The IAA and IBA auxins stimulated native proteolytic soil activity in all study
plots. In the European beech forest stands, IBA led to higher production of the L-
tyrosine (Table 2, 3). In both  ktivity ted oak and Norway spruce forest stands, IAA
caused stronger stimulation of a native proteolytic soil activity, but the difference in
stimulation caused by IBA was negligible. For organic Oe horizons, there were no

statistically significant differences at P<0.05.

At organomineral horizons, there were milder interrelationships between native
proteolytic soil activity and the presence of auxins compared to organic horizons. All
the added auxins stimulated proteolytic activity in the European beech forest stand on
Rendzic Leptosol (Table 2) and in the ktivity ted oak forest stand on Haplic
Cambisol (Table 4). In the European beech forest stand on Rendzic Leptosol, the
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highest production of L-tyrosine followed the auxin dose of 50 pg, and the strongest
effect was shown for IBA. In the ktivity ted oak forest stand, the synthetically
produced auxins caused higher stimulation of a native proteolytic soil activity, with IAA
stimulated the least (Table 4). In the Norway spruce forest stand, a marginal effect of
auxins on a native proteolytic soil activity was determined, and NAA caused the highest
production of L-tyrosine (Table 5). The effect of IAA on native proteolytic soil activity

was not statistically significant at P<0.05.

The lowest effect of auxins on L-tyrosine production was found in the European
beech forest stand on Haplic Cambisol (Table 3). Stimulations of native proteolytic soil
activity referred to IBA and NAA, but only for auxin doses of 100 pg. No statistically
significant effects at P<0.05 for native proteolytic soil activity were found for the
addition of NOA and IAA (Table 3).

4. Discussion

The synthetically produced auxins tested, 1-naphthalene acetic acid (NAA) and 2-
naphthoxy acetic acid (NOA), are naphthalene derivatives applied as plant growth
regulators in agriculture. Furthermore, NAA has been used as a biocide and a substance
that stimulates plant roots, while NOA has been used as a substance to stimulate fruit
tree flowering. The routine application of them led to their occurrence in soils,
groundwater and fruits (Pulgarin et al. 2012). Synthetically produced auxins are also
used in research involved in root morphology (Hocking and Jeffery, 2012) and root
exudation (Gémez and Carpena, 2014). This paper presented a stronger influence of
NAA and NOA at organic horizons in the European beech forest stands and
organomineral horizons in the ktivity ted oak forest stand. Both synthetically
produced auxins showed a positive effect on native proteolytic forest soil activity,
which is in agreement with the results obtained for root exudation and root growth in

the literature.

Indole-3-butyric acid has an ambiguous position in which it is recognised as
either a naturally occurring or synthetically prepared auxin, although some take it as a
precursor for indole-3-acetic acid. Kim et al. (2007) regarded it as a synthetically

prepared auxin and applied it for in vivo experiments with tissue cultures; Bideshki et al.
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(2013) studied its effect on a root growth. Strader and Bartel (2011) recognised IBA as
the precursor for 1AA and studied its transport and metabolism in plants. The main
difference between 1AA and IBA lies in the number of side carbons, of which IBA has
four and 1AA has two. IBA is naturally found in plants: maize (Zea mays L.) (Ludwig-
Miiller et al., 1997), pea (Pisum sativum /L./ Merr.) (Rashotte et al., 2003), poplars
(Populus ssp.) (Ludwig-Miiller, 2000), etc. Liu et al. (2013) and Goswami et al. (2015)
showed production of IBA by plant growth-promoting rhizobacteria (PGPB) even when
there was not much information about the function of IBA in the rhizosphere. The
presented paper can be compared with other ones focused on a root growth in an
environment with added synthetically produced IBA or with inoculation by PGPB. The
same conclusions were given by Trueman and Richardson (2008), reinforcing both the
summer period and higher root growth stimulation by weaker concentrations of auxin.
Kaldorf and Ludwig-Miiller (2000) worked with IAA and IBA and incubated a root
environment using a mycorrhizal fungus, Glomus intraradices, and obtained the same
results for soils in the ktivity ted oak and the Norway spruce forest stands. Similarly,
Davies et al. (2002) presented the same conclusions in European beech and

ktivity ted oak forest stands, where IBA showed stronger stimulation for European
beech than ktivity ted oak.

Eighty percent of the bacteria in the rhizosphere produce IAA (Naveed et al.
2015). Bacterial 1AA stimulates fine root growth while also promoting longer primary
and lateral roots (Duca et al. 2014). In addition, Duca et al. (2014) and Sivasankari et al.
(2014) confirmed the most prominent reaction of plants to the occurrence of IAA at it’s
the highest concentration — 100 pug. Yaqoob et al. (2013) stated that the IAA dose of 50
ug led to 28% longer roots and 16% heavier roots at a fresh state and 80% heavier in
dry mass. Tsavkelova et al. (2007) studied the growth of bacterial biomass after adding
auxins. For Mycobacterium sp. And Sphingomona ssp. They showed the highest growth
stimulation at the IAA dose of 100 pg, for Rhizobium sp. The highest growth was at the
IAA dose of 10 pg.

The interrelationships between auxins and the soil enzymatic activity refer to the
concentration of auxins in an environment, the effect of auxins on soil bacteria
(Tsavkelova et al. 2007) and the bioavailability of nutrients for a phytohormone
synthesis (Sivasankari et al. 2014). The interrelationships between auxins and the native
proteolytic forest soil activity have not yet been studied. The knowledge of these
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interrelationships contributes to the understanding of soil organic matter transformation

and nitrogen cycling.

5. Conclusions

The primary aim of the paper was to increase the understanding of interrelationships
between auxins and the native proteolytic forest soil activity. The results presented
showed a positive effect of auxins on soil proteolytic activity. Higher stimulation was
measured in organic horizons than that in organomineral horizons. The
interrelationships between auxins and the native proteolytic forest soil activity has not
yet been studied, and thus, the data can be effectively used for a deeper understanding
of soil organic matter transformation, the role of auxins on soil microorganisms and the

process of making organic nitrogen compounds available to plants.
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Table 1.Selected physical and chemical properties of the tested soils.

Plot C, N C/N pH pH clay silt sand
(%) (%) H,0 1M (%) () (%)
KCl

Beech, Oe horizon (rendzic Leptosol) 19.68 1.60 12.3 7.00 6.59 - - -
Beech, Ahk horizon (rendzic Leptosol) 13.70 1.07 12.8 7.18 6.91 12.47 65.04 2249
Beech, Oe horizon (Cambisol) 11.93 0.66 18.1 429 3.98 - - -
Beech, Ah horizon (Cambisol) 598 042 142 479 4.09 6.40 48.80 44.70
0ak, Oe horizon (Cambisol) 17.57 1.01 152 550 5.14 - - -
0ak, Ah horizon (Cambisol) 854 059 145 512 446 6.81 50.03 43.15
Spruce, Oe horizon (Cambisol) 26.76 134 20.0 4.07 3.35 - - -
Spruce, Ah horizon (Cambisol) 816 046 17.7 422 3.26 10.40 50.90 38.60
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Table 2. The native proteolytic ktivity after addition of auxins in amounts from 0, 5,
50 and 100 pg g™ dry soil in beech stand with soil type rendzic leptosol.

50 100 SD SE +

Plot 0 5
Beech, Oe horizon (rendzic Leptosol)
1-naphthaleneacetic 564.02 561.92
acid

2-naphthoxyaceticacid  564.02 634.70*
Indole-3-butyric acid 564.02 613.35*
Indole-3-acetic acid 564.02 574.51*
Beech, Ahk horizon (rendzic Leptosol)
1-naphthaleneacetic 379.94 398.88*
acid

2-naphthoxyacetic acid  379.94 385.88*
Indole-3-butyric acid 379.94 396.34*
Indole-3-acetic acid 379.94 393.23*

579.41* 573.81 9.97 6.34

633.65* 645.19* 34.07 4.66
629.45* 639.59* 3047 3.04
591.31* 602.86* 16.20 4.09

407.36* 407.08* 12.17 3.43
391.53* 391.81* 5.58 2.22

412.45* 401.42* 1256 2.74
401.71* 386.44 8.95 2.87

Correlation coefficients (p)

Beech, Oe horizon (rendzic Leptosol)
1-naphthaleneacetic

. 1.000000
acid

2-naphthoxyacetic acid  0.325971 1.000000
Indole-3-butyric acid 0.516288 0.957937**
Indole-3-acetic acid 0.555318 0.779757**

Beech, Ahk horizon (rendzic Leptosol)
1-naphthaleneacetic

. 1.000000
acid
2-naphthoxyacetic acid  0.845912** 1.000000
Indole-3-butyric acid 0.855436** 0.768119**
Indole-3-acetic acid 0.611541* 0.616061**

1.000000
0.893315* 1.000000

1.000000
0.808292** 1.000000

Results represent the amount of produced L-tyrosine in pug /h™ /g™ dry soil, * are
statistically significant (P <0.05; n = 3). SD standard deviation and standard error = SE
for Fishers LSD test. A statistically significant correlation (P <0.05; n = 12) are

designated **

89



Table 3. The native proteolytic  ktivity after addition of auxins in amounts from 0, 5,

50 and 100 pg g™ dry soil in beech stand with soil type haplic Cambisol.

Plot 0 5 50 100 SD SE +
Beech, Oe horizon (Cambisol)

1-naphthaleneacetic 109.64 141.57* 142.99* 131.64* 14.01 1.42
acid

2-naphthoxyaceticacid  109.64 155.06* 162.51* 137.32* 21.68 4.06
Indole-3-butyric acid 109.64 137.67* 133.06* 134.12* 11.88 2.54
Indole-3-acetic acid 109.64 119.57* 119.93* 121.70* 5.34 1.94
Beech, Ah horizon (Cambisol)

1-naphthaleneacetic 68.57 71.52 68.84 76.07* 4.05 2.46
acid

2-naphthoxyaceticacid  68.57 71.25 65.62 64.02 3.49 1.87
Indole-3-butyric acid 68.57 75.00* 73.66* 74.73* 3.06 1.35
Indole-3-acetic acid 68.57 68.57 73.39 69.11 4.32 3.61
Correlation coefficients (p)

Beech, Oe horizon (Cambisol)

1-r.1aphthaleneacet|c 1.000000

acid

2-naphthoxyacetic acid  0.954964** 1.000000

Indole-3-butyric acid 0.919278** 0.817891** 1.000000

Indole-3-acetic acid 0.800622** 0.757881** 0.858605** 1.000000

Beech, Ah horizon (Cambisol)

1-r'1aphthaleneacet|c 1.000000

acid

2-naphthoxyacetic acid  -0.325846  1.000000

Indole-3-butyric acid 0.398379 -0.051256  1.000000

Indole-3-acetic acid -0.204184 -0.136198 0.288465 1.000000

Results represent the amount of produced L-tyrosine in pg /h™ /g™ dry soil, * are
statistically significant (P <0.05; n = 3). SD standard deviation and standard error = SE
for Fisher‘s LSD test. A statistically significant correlation (P <0.05; n = 12) are

designated **
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Table 4. The native proteolytic  ktivity after addition of auxins in amounts from 0, 5,
50 and 100 pg g™ dry soil in oak forest.

Plot 0 5 50 100 SD SE +
Oak, Oe horizon (Cambisol)

1-naphthaleneacetic 377.25 398.30* 384.93 380.59 9.12 3.49
acid

2-naphthoxyaceticacid  377.25 387.61* 370.57 371.57 8.05 3.69
Indole-3-butyric acid 377.25 413.67* 398.63* 389.61* 14.31 3.35
Indole-3-acetic acid 377.25 415.01* 416.34* 418.02* 18.19 3.76
Oak, Ah horizon (Cambisol)

1-naphthaleneacetic 123.19 139.03* 144.22%* 144.72* 9.21 1.34
acid

2-naphthoxyaceticacid  123.19 131.60* 139.03* 137.54* 6.78 1.86
Indole-3-butyric acid 123.19 127.15 129.13* 129.63* 3.65 241
Indole-3-acetic acid 123.19 126.90* 122.20 124.43 2.47 1.59

Correlation coefficients (p)

Oak, Oe horizon (Cambisol)
1-naphthaleneacetic
acid
2-naphthoxyacetic acid  0.579253** 1.000000

Indole-3-butyric acid 0.869740** 0.516669 1.000000
Indole-3-acetic acid 0.485095 -0.024109 0.717187* 1.000000
Oak, Ah horizon (Cambisol)

1-naphthaleneacetic

1.000000

. 1.000000
acid
2-naphthoxyacetic acid  0.929814** 1.000000
Indole-3-butyric acid 0.712095** 0.746538** 1.000000
Indole-3-acetic acid 0.108202  -0.011907 0.027628 1.000000

Results represent the amount of produced L-tyrosine in pg /h™ /g™ dry soil, * are
statistically significant (P <0.05; n = 3). SD standard deviation and standard error = SE
for Fisher‘s LSD test. A statistically significant correlation (P <0.05; n = 12) are
designated **
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Table 5. The native proteolytic  ktivity after addition of auxins in amounts from 0, 5,

50 and 100 pg g™ dry soil in spruce forest.

Plot 0 5 50 100 SD SE +
Spruce, Oe horizon (Cambisol)

1-naphthaleneacetic acid 96.29 82.18* 78.05* 73.67* 6.25 2.81
2-naphthoxyacetic acid 96.29 88.75* 84.37* 82.91* 3.53 2.06
Indole-3-butyric acid 96.29 108.20* 109.41* 109.41* 4.87 1.82
Indole-3-acetic acid 96.29 107.23* 107.47* 115.74* 3.01 1.80
Spruce, Ah horizon (Cambisol)

1-naphthaleneacetic acid 57.98 61.20 71.22* 68.00* 9.33 2.86
2-naphthoxyacetic acid 57.98 64.07* 63.36 61.92 584 242
Indole-3-butyric acid 57.98 61.56 62.63 69.08* 6.08 2.40
Indole-3-acetic acid 57.98 62.25 57.98 59.77 7.45  2.29
Correlation coefficients (p)

Spruce, Oe horizon (Cambisol)

1-naphthaleneacetic acid 1.000000

2-naphthoxyacetic acid 0.378722  1.000000

Indole-3-butyric acid 0.508167 0.069994 1.000000

Indole-3-acetic acid -0.276520 0.148363 0.366642 1.000000

Spruce, Ah horizon (Cambisol)

1-naphthaleneacetic acid 1.000000

2-naphthoxyacetic acid 0.888726**  1.000000

Indole-3-butyric acid -0.848570** -0.783335** 1.000000

Indole-3-acetic acid -0.811700% -0.821302* 0.834488*  1.000000

Results represent the amount of produced L-tyrosine in pug /h™ /g™ dry soil, * are
statistically significant (P <0.05; n = 3). SD standard deviation and standard error = SE
for Fisher‘s LSD test. A statistically significant correlation (P <0.05; n = 12) are

designated **
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Abstract

Proteases play an important role in nitrogen cycling and the transformation of soil
organic matter. Cytokinins are produced by both plants and soil microorganisms that
live in the rhizosphere. The present paper shows that both the cytokinin etephone and
the plant growth regulator (PGR) chlorocholine chloride negatively affect the native
proteolytic activity of forest soils except the organic and organomineral horizons of
European beech (Fagus sylvatica L.) on a Rendzic Leptosol. In addition, 6-
benzylaminopurine stimulates the native proteolytic activity of the organic horizon of
pedunculate oak (Quercus robur L.). The authors offer no explanation for cases not
supported by publications on the topic. A negative effect of cytokinins on the soil
proteolytic activity can decrease the rate of organic matter decomposition. The results
submitted will provide soil biochemists with data describing the roles of rhizospheric

substances on soil microbial activity.

Keywords: soil proteases, etephone, chlorocholine chloride, cytokinin, forest soil.

1. Introduction

The rhizosphere is a highly complex ecosystem densely inhabited by microorganisms,
including bacteria, fungi, protozoa, nematodes and invertebrates (Venturi and Keel,
2016). Biological processes in the rhizosphere are strongly affected by the microbial
degradation of organic acids, sugars and amino acids exuded by plant roots. The root
exudation of these compounds stimulates microbial growth (Holik et al., 2017), leading
towards an interrelationship between plants productivity and microbial coenoses
(Kudoyarova et al. 2014). Microorganisms in the rhizosphere suppress plant pathogens
and stimulate plant growth directly and indirectly by mechanisms such as a hormone
production and a mycoparasitism (Ortiz-Castro et al. 2009).

Cytokinins are naturally occurring substances that regulate many physiological
processes in plants (GroBkinsky et al., 2016). Cytokinins affect cell replication, apical
dominance and nutrient signalling (Stirk and Staden, 2010). The ability to produce
cytokinins was proved in bacteria (Maheshwari et al., 2015; Goswami et al., 2016).
Agrobacterium, Arthrobacter, Bacillus, Erwinia, and Pseudomonas, among other

genera, can produce cytokinins similar to those of plants (Lugtenberg et al. 2013). With
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respect to their configuration, cytokinins form either isoprenoid or aromatic shapes. (2-
Isopentenyl) adenine, trans-zeatine, cis-zeatine and dihydrozeatine belong to isoprenoid
cytokinins (Zahajska et al., 2017), whereas benzyladenine and topoline belong to
aromatic cytokinins (Stirk and Staden, 2010). Rhizospheric microorganisms are capable

of producing more than 30 types of cytokinins (Umara et al. 2015).

The present investigation aimed at understanding the role of cytokinins and plant
growth regulators (PGRs) in the native proteolytic activity of forest soils. Two
cytokinins, aminopurine and adenine hemisulfate, were tested. Furthermore, etephon,
which produces ethylene (Khan et al. 2008), and chlorocholine chloride, a PGR (Cycon

et al. 2012), were also used on the objects of this study.

2. Materials and Methods
2.1. Study area

Studied soil samples were collected from the Training Forest Enterprise Masaryk Forest
Kitiny (TFE Kitiny) owned by Mendel University in Brno, Czech Republic. The study
area was located at a mean altitude of 350 m above sea level; the mean annual
temperature was 7.5°C, and the mean annual precipitation was 610 mm. The particular
study plots were chosen to represent both typical forest stands and soil units of Central
Europe. Soils of four forest stands were sampled: i) Macha Memorial, N 49°19'2.4"" E
16°40°19"", the 70-year-old European beech (Fagus sylvatica L.) stand on a Rendzic
Leptosol (WRB, 2015), with organic (Oe) and organomineral (Ahk) horizons; ii)
Utechov, N 49°18°1"", E 16°37°31"", the 35-year-old pedunculate oak (Quercus robur
L.) stand on a Haplic Cambisol, with organic (Oe) and organomineral (Ah) horizons; iii)
Jedovnice I, N 49°19719"", E 16°47°48"", the 90-year-old European beech stand on a
Haplic Cambisol, with organic (Oe) and organomineral (Ah) horizons; and iv)
Jedovnice II, N 49°19°21"", E 16°47°38"", the 100-year-old Norway spruce (Picea abies
L. Karst.) stand on a Haplic Cambisol, with organic (Oe) and organomineral (Ah)
horizons. Each of the horizons were sampled by three individual samples from which
one representative sample was brought to the laboratory. The samples were air-dried
and sieved with a 2-mm mesh. Table 1 summarises the basic physical and chemical soil

properties of the soils studied.
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2.2. Determination of native proteolytic soil activity

The native soil proteolytic activity was determined spectrophotometrically. The analysis
occurred via the hydrolysis of casein as an enzymatic substrate followed by
measurement of the L-tyrosine produced (Rejsek et al., 2008). Two grams of soil were
added to 100 ul of demineralised water containing the PGR chosen in the amount of 0,
5, 50 or 100 pg per gram of dried soil. The PGRs included 6-benzyl aminopurine (BA),
adenine hemisulfate (AH), etephone (ET) and chlorocholine chloride (CCC).

2.3. Statistical analyses

Statistical evaluation of the values of proteolytic activity detected in the individual
samples was performed by one-way ANOVA and Fischer’s LSD test (multiple
comparison) with the use of the Statistica 12.0 software. Tables 2-5 show the Pearson

coefficients originating from the RegAnalysis of the obtained results.

3. Results

In general, addition of a PGR led to inhibition of the native proteolytic activity of the
forest soils. Two exceptions were found — the organic horizon of the Haplic Cambisol in
the pedunculate oak forest stand and the same soil unit in the European beach forest

stand.

For the organic horizon in the European beach forest stands, BA, Ah and ET stimulated
the native proteolytic activity of forest soils; the strongest stimulation was observed
after doses of ET. CCC stimulated the native proteolytic activity of forest soils only at a
dose of 5 pug of CCC. For the organomineral horizons, all PGRs stimulated the native
proteolytic activity of forest soils. The most marked production of L-tyrosine was
caused by AH (an increase of L-tyrosine production from 379.94 ug of L-tyrosine with
0 pg of AH to 413.86 png of L-tyrosine with an AH dose of 50 png) and BA (the
maximum L-tyrosine production occurred with a BA dose of 50 pg). As mentioned
above, PGRs inhibited the native soil proteolytic activity in the European beech forest
stands. The most marked inhibition of the activity was proved i) for organic horizons
following CCC applications, where the production of the L-tyrosine decreased from
109.64 pg (0 pg of PGR) to 87.28 pg of L-tyrosine (100 pg of PGR), and ii) for
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organomineral horizons following AH applications, where the production of L-tyrosine
decreased from 68.57 ug (0 pg of PGR) to 57.16 pg of L-tyrosine (100 pg of PGR).

In the pedunculate oak forest stand, the native soil proteolytic activity was stimulated
only in the organic horizon by BA; both ET and CCC inhibited the native proteolytic
activity, and AH did not elicit a significant effect at P<0.05. Regarding the
organomineral horizons, all PGRs inhibited the native proteolytic activity: the strongest
inhibition was caused by CCC (a decrease in L-tyrosine production from 123.19 pg of
L-tyrosine with a dose of 0 pg of CCC to 92.27 ug of L-tyrosine with a CCC dose of
100 ug) and AH (a decrease in L-tyrosine production to 95.24 pug with an AH dose of

100 pg).

In the Norway spruce forest stand, PGRs substantially inhibited the native soil
proteolytic activity. BA showed the strongest inhibition in the organic horizon, and ET

showed the strongest in the organomineral horizon.

4. Discussion

Applications of etephone are used as stimulating agents for the growth of adventive
roots (Mori et al., 2011) due to the release of ethylene after autohydrolysis; therefore,
etephone is recognised as an effective plant growth regulator (Buhrig et al., 2015). The
results showed that ET decreases the native proteolytic activity of forest soils except for
Rendzic Leptosols in the European beech forest stand. Similarly, Khan et al. (2008)
presented data regarding the roles of ET and low soil nitrogen levels when both led to
the inhibition of plant growth and lower nitrogen content in plant tissues. Thus, in
compliance with the amount of nitrogen in the soil, ET applications affected the
formation of ethylene. Rupp et al. (1989) studied mycorrhizal associations with the
dwarf pine (Pinus mugo Turra) and reported that doses of ET inhibit mycorrhizae and
stimulate a dichotomic shape of rooting of the pine. In contrast, Mori et al. (2011) stated
that adventive root development in Japanese black pine (Pinus thunbergii Parl.) is not
affected by ET applications. Therefore, the data in the literature point to both negative
and positive effects on root growth.

Chlorocholine chloride (chlormequat) inhibits a gibberellin synthesis, increases a water
stress tolerance and leads to increased root growth (Cycon et al. 2012). The data
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presented showed a similar effect of CCC doses as was measured for ET: we proved the
inhibition of the native proteolytic activity of all forest soils except for Rendzic
Leptosols in the European beech forest stand. Catska and Vrany (1976) studied
mycorrhizal associations and determined that an inhibitory effect of CCC on
rhizospheric fungi such as Fusarium and Penicillium exists. In contrast, Farooq and
Bano (2006) presented a positive effect of CCC application on the genus Rhizobium.
Anosheh et al. (2012) studied the effect of CCC application on the production of plant
enzymes and presented data on the stimulating effect of CCC on the soil catalytic
activity and similarly on the activity of peroxidase; these authors also studied

superoxide dismutase, but it was unaffected by CCC application.

Cytokinins, including 6-benzyl aminopurine and adenine hemisulfate, are produced by
many bacteria (Glick 2012). In general, the data showed an inhibitory effect of the
studied cytokinins on the native proteolytic activity of forest soils. Similar results were
published by Laplaze et al. (2007) and Chi et al. (2016) studying the influence of
cytokinins on root growth and development. In contrast, Kudoyarova et al. (2014) and
Chang et al. (2016) published data about the stimulating effects of cytokinins on
enzymes in plant roots that leads towards a higher activity of nitrate reductase, and
Veselov et al. (2017) reported stimulating effects of cytokinins towards the catalytic

activity of nitrate reductase by doses of the 6-benzyl aminopurine.

The authors do not offer any explanation for that which is not supported by publications
on the topic. The topic itself has been studied from other viewpoints, such as the role of
cytokinins in germination (Aka and Babalola, 2016), the growth of plants on saline soils
(Zhu et al., 2016; Veselov et al., 2017) and root nodulation and symbiotic associations
between plants and fungi (Miri et al., 2016; Cosme et al., 2016; Chanclud and Morel,
2016).

5. Conclusions

The present paper aimed at studying effects of cytokinins, etephon and chlorocholine
chloride on the native proteolytic activity of forest soils. The results presented showed
an inhibitory effect of cytokinins on the native soil proteolytic activity except for a

European beech forest stand on a Rendzic Leptosol. The authors did not offer any
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explanation for such a case due to the lack of publications on the topic. The results
submitted will provide soil biochemists with data describing the roles of rhizospheric

substances on soil microbial activity.
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Table 1.Selected physical and chemical properties of the tested soils.

Plot C; N; C/N pH pH clay silt sand
(%) (%) H,0 1M (%) () (%)
KCl

Beech, Oe horizon (rendzic Leptosol) 19.68 1.60 123 7.00 6.59 - - -
Beech, Ahk horizon (rendzic Leptosol) 13.70 1.07 12.8 7.18 6.91 12.47 65.04 2249
Beech, Oe horizon (Cambisol) 11.93 0.66 18.1 4.29 3.98 - - -
Beech, Ah horizon (Cambisol) 598 042 142 479 4.09 6.40 48.80 44.70
0ak, Oe horizon (Cambisol) 17.57 1.01 152 550 5.14 - - -
Oak, Ah horizon (Cambisol) 854 059 145 512 446 6.81 50.03 43.15
Spruce, Oe horizon (Cambisol) 26.76 134 20.0 4.07 3.35 - - -
Spruce, Ah horizon (Cambisol) 8.16 046 177 422 326 10.40 50.90 38.60
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Table 2. The native soil proteolytic activity after the cytokinine, etephone and
chlorocholine chloride doses of 0, 5, 50 and 100 pg g™ dry soil, the European beech
forest stand on Rendzic Leptosol.

Plot 0 5 50 100 SD SE +
Beech, Oe horizon (rendzic Leptosol)

6-benzylaminopurine 564.02 575.92 591.31*  580.47*  11.64 5.33
Adenine hemisulfate 564.02 599.71*  599.01*  574.52*  16.69 3.91
Ethephon 564.02 591.66*  613.01*  608.10*  20.65 4.99
Chlorocholine chloride 564.02 581.16*  564.02 552.82*  11.21 3.56
Beech, Ahk horizon (rendzic Leptosol)

6-benzylaminopurine 379.94 403.12*  411.32*  407.08* 1299 2.68
Adenine hemisulfate 379.94 402.84*  413.86*  408.77*  13.78 2.44
Ethephon 379.94 395.49*  398.60*  407.08*  11.10 4.07
Chlorocholine chloride 379.94 404.25* 396.34* 391.53* 9.74 3.07

Correlation coefficients (p)

Beech, Oe horizon (rendzic Leptosol)

6-benzylaminopurine 1.000000

Adenine hemisulfate 0.604721* 1.000000

Ethephon 0.754212* 0.582224** 1.000000
Chlorocholine chloride -0.089937 0.565336 -0.215623 1.000000
Beech, Ahk horizon (rendzic Leptosol)

6-benzylaminopurine 1.000000

Adenine hemisulfate 0.958337** 1.000000

Ethephon 0.868647** 0.832046** 1.000000
Chlorocholine chloride 0.733084** 0.690667** 0.536343  1.000000

Results represent the amount of produced L-tyrosine in pg /h™ /g™ dry soil, * are
statistically significant (P <0.05; n = 3). SD standard deviation and standard error + SE
for Fisher's LSD test. A statistically significant correlation (P <0.05; n = 12) are
designated **
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Table 3. The native proteolytic activity after addition of cytoinins in amounts from 0, 5,

50 and 100 pg g™ dry soil in beech stand with soil type haplic Cambisol.

Plot 0 5 50 100 SD SE +
Beech, Oe horizon (Cambisol)

6-benzylaminopurine 109.64 111.41 106.80 102.19* 4.13 1.87
Adenine hemisulfate 109.64 108.57 103.96 105.02 3.75 2.70
Ethephon 109.64 111.06 96.51* 95.80* 8.41 3.78
Chlorocholine chloride 109.64 103.96 96.51* 87.28* 9.53 3.62
Beech, Ah horizon (Cambisol)

6-benzylaminopurine 68.57 65.89 64.28 59.73* 4.35 2.65
Adenine hemisulfate 68.57 58.12* 58.39* 51.16* 6.86 2.15
Ethephon 68.57 67.23 65.09 61.60* 3.63 2.27
Chlorocholine chloride 68.57 67.23 72.05 68.03 3.15 2.39
Correlation coefficients (p)

Beech, Oe horizon (Cambisol)

6-benzylaminopurine 1.000000

Adenine hemisulfate 0.351877 1.000000

Ethephon 0.585891** 0.583751** 1.000000

Chlorocholine chloride 0.726260** 0.514415 0.689099 1.000000

Beech, Ah horizon (Cambisol)

6-benzylaminopurine 1.000000

Adenine hemisulfate 0.680456** 1.000000

Ethephon 0.822973** (0.652158** 1.000000

Chlorocholine chloride 0.413696 0.086695 0.124633 1.000000

Results represent the amount of produced L-tyrosine in pg /h™ /g™ dry soil, * are
statistically significant (P <0.05; n = 3). SD standard deviation and standard error + SE
for Fisher's LSD test. A statistically significant correlation (P <0.05; n = 12) are

designated **
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Table 4. The native proteolytic activity after addition of cytokinins in amounts from 0,
5,50 and 100 pg g™ dry soil in oak forest.

Plot 0 5 50 100 SD SE +
Oak, Oe horizon (Cambisol)

6-benzylaminopurine 377.25 399.30* 408.66* 394.29* 12.49 3.59
Adenine hemisulfate 377.25 372.57 372.57 378.25 5.18 4.22
Ethephon 377.25 378.25 362.55* 361.21* 9.33 4.05
Chlorocholine chloride 377.25 372.24 370.57* 361.21* 6.72 2.78
Oak, Ah horizon (Cambisol)

6-Benzylaminopurine 123.19 107.36* 96.72* 96.48* 11.83 3.14
Adenine hemisulfate 123.19 99.94* 95.98* 95.24* 12.15 2.05
Ethephon 123.19 102.41* 100.43* 99.44* 10.37 1.80
Chlorocholine chloride 123.19 101.92* 96.48* 92.27% 12.52 1.56

Correlation coefficients (p)

Oak, Oe horizon (Cambisol)

6-benzylaminopurine 1.000000
Adenine hemisulfate -0.266176  1.000000
Ethephon -0.375425 -0.039186 1.000000

Chlorocholine chloride -0.286610 0.156572 0.683542** 1.000000
Oak, Ah horizon (Cambisol)

6-Benzylaminopurine 1.000000
Adenine hemisulfate 0.885967** 1.000000
Ethephon 0.893126** 0.979207** 1.000000

Chlorocholine chloride 0.957271* 0.958761** 0.954850** 1.000000

Results represent the amount of produced L-tyrosine in pg /h™ /g™ dry soil, * are
statistically significant (P <0.05; n = 3). SD standard deviation and standard error = SE
for Fisher's LSD test. A statistically significant correlation (P <0.05; n = 12) are
designated **
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Table 5. The native proteolytic activity after addition of cytokinis in amounts from 0, 5,
50 and 100 pg g™ dry soil in spruce forest.

Plot 0 5 50 100 SD SE +
Spruce, Oe horizon (Cambisol)

6-benzylaminopurine 96.29 93.61 87.77* 83.88* 5.76 1.35
Adenine hemisulfate 96.29 92.15* 86.56* 89.48* 1039 1.51
Ethephon 96.29 94.58 88.75* 87.77% 12.71  1.39
Chlorocholine chloride 96.29 91.42* 90.45* 86.56* 7.08 1.35
Spruce, Ah horizon (Cambisol)

6-benzylaminopurine 57.98 47.60* 47.24* 44 .38* 5.26 1.94
Adenine hemisulfate 57.98 39.01* 36.15* 33.64* 4.06 2.66
Ethephon 57.98 36.86* 28.99* 29.35%* 4.08 3.02
Chlorocholine chloride 57.98 54.40 44.38* 44.02* 3.88 2.89
Correlation coefficients (p)

Spruce, Oe horizon (Cambisol)

6-benzylaminopurine 1.000000

Adenine hemisulfate 0.938852** 1.000000

Ethephon 0.870504** 0.934033** 1.000000

Chlorocholine chloride 0.736552* 0.723925** 0.731133** 1.000000

Spruce, Ah horizon (Cambisol)

6-benzylaminopurine 1.000000

Adenine hemisulfate 0.726143* 1.000000

Ethephon 0.917632** 0.854207** 1.000000

Chlorocholine chloride 0.922447* 0.619370** 0.801717** 1.000000

Results represent the amount of produced L-tyrosine in pg /h™ /g™ dry soil, * are
statistically significant (P <0.05; n = 3). SD standard deviation and standard error = SE
for Fisher's LSD test. A statistically significant correlation (P <0.05; n = 12) are

designated **
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Abstract

Three forest types — beech, mixed and spruce — were cut to create artificial gaps of
two sizes (small, big)to investigate effect of gaps on soil properties. The six gaps were
sampled in positions centre and parental neighbouring stand to investigate magnitude of
the microclimate change for mineral nitrogen form (ammonium N-NH," and nitrate N-
NOj3) concentration depending on simultaneously assessed soil properties such as soil
reaction, base and acid cation contents, oxidative and microbial carbon, total nitrogen
and enzymatic activity (catalase, protease, urease). The aim of the study was to
investigate interrelation of the soil properties in each forest type and treatment and to
determine independent variables, which influence abundance of mineral nitrogen forms
in soil organomineral A horizon. Soil environment was found as distinctive when
compared selected soil properties within forest types, gap sizes and gap centre versus
parental stand. The spruce forest type exhibits significant nitrogen storage in both
mineral forms: ammonium as well as nitrates. Moreover, significant linear dependence
was determined between N-NOj™ concentration versus base cation content (S-CEC) and
potential ureolytic activity (UreasePot), as well as between N-NH," concentration versus
hydrolytic acidity (Ha-CEC) and UreasePot, which is distinctive for each ForType, Gap
size and Position. The dependence of the nitrate nitrogen concentration on S-CEC and
UreasePot was notably negative, especially in parental stand. The dependence of
ammonium nitrogen concentration is rather indifferent in beech and mixed forest type,

while significantly positive in spruce forest type.

Keywords

gap, soil, mineral nitrogen, European beech, Norway spruce

Introduction

Innovative practices in forest management use natural processes in the forest
development as models for increasing or maintaining biological diversity and forest
stands stability (Kern et al., 2012). Gaps play a key role in the forest ecosystem
development and they result from either natural process or artificially targeted forest
management activities. The gaps can be considered innovative particularly within the

context of standard clear-cutting forestry approaches: contemporary forestry is trying to
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find a relevant alternative, especially in terms of the need for conservation of nature-
friendly approaches in extensive forest management (Halldorsson et al., 2005).

Gaps effect significantly the habitat conditions (Bauhus, 1996; Kooch et al., 2010;
Latif and Blackburn, 2010; Pang et al., 2016) also with regard to their size and causing
subsequently regeneration (D’Oliveira and Ribas, 2011). They effect significantly the
nutrient cycling dynamics, thermal flow, and site moisture conditions (He et al., 2012),
and light conditions (Galhidy et al., 2006). Then, these factors affect the soils microbial
activity and gaps thus participate in shaping the specific microclimate environment,
subsequent biological activity, biochemical processes, and substances and energy
cycling within the ecosystem (Ritter and Bjernlund, 2005; Ritter, 2005; Muscolo et al.,
2007).

Microorganisms release nutrients, which can be incorporated into a new microbial
biomass (Ritter and Bjernlund, 2005) as well as into plants nutrition components and
thus contribute to the forest regeneration. They have an integral role in substance
cycling, inter alia, nitrogen (Xu et al., 2015) and produce enzymes within their
environment; those enzymes decompose organic matter into simple organic compounds
(monosaccharides, amino acids and other); there belong, e.g., catalase, protease and
urease (Barta et al., 2014) and many others (Burns, 1982; Wyszkowska et al., 2009;
Purev et al., 2012).

The three specifically mentioned extracellular constitutive enzymes belong to the
elementary soil biochemistry paraphernalia (Wyszkowska et al., 2009; Gobat et al.,
2010; Purev et al., 2012). Being in the soil, they are characterized by a comparatively
stable activity and can be regarded as a soil nutrient status indicators (Gobat et al.,
2010). They are responsible both for the detoxifying effects associated with the
“maintenance* of optimal soil microenvironment (catalase) and they participate in
various phases of nitrogen cycling.

The soil proteolytic complex plays an important role in the ecosystem nutrients
cycling. The protein hydrolysis is the first phase of soil organic nitrogen mineralization;
it is dependent on proteolytic enzymes (Ladd, 1972) and it is considered a step limiting
the rate of nitrogen mineralization in soils (Wild et al., 2013; Holik et al., 2016). Urease
is another important enzyme in nitrogen cycling. The soil urease is involved in organic
matter mineralization through hydrolysis of urea and amine compounds to form an

ammonium ion NH,". They both get into the soil together with exudates from plants,
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through microorganisms synthesising and eventually from animal bodies (Salazar,
2011; Btonska and Lasota, 2014).

Nitrogen availability depends largely on the organic matter decomposition with
macro biota and the conversion from organic nitrogen to its inorganic compounds
(NH;", NO3") (Gundersen and Rasmussen, 1990; Ritter and Bjernlund, 2005; Gundersen
et al., 2006). Soil nitrogen research and its availability are of great significance for
understanding processes occurring in forest ecosystems (Muscolo et al., 2007). Mineral
nitrogen forms and concentration reflex microbial processes in the soil (Setiawan et al.,
2016). They subject to soil microclimate characteristics and are specific for various
woody species, i.e., Norway spruce (Picea abies, (L.) Karsten), and European beech
(Fagus sylvatica,L.). They also subject to a broad range of soil properties: physical-
chemical properties (soil reaction, cation exchange capacity); chemical properties
(oxidative carbon and total nitrogen content); biochemical properties (activity of
catalase, protease and urease, microbial nitrogen content) and moisture conditions.

This paper examines the mineral nitrogen content in gaps soils and its forms in
relation to predetermined factors from the category of mentioned above soil parameters
and stand types (European beech, Norway spruce, mixed). The fundamental question is
what factors determine the mineral nitrogen fraction content (nitrate and ammonium
nitrogen) in selected stand types. Thus, the paper is focused on the internal system of
gaps, which is edaphic determined. Its detailed specification can contribute to tackling
the reaction of the soil environment as a forest regeneration medium to gap
development.

In terms of internally determined relationships within the forest ecosystem, the
questions have been raised as follows: (1) How do forest type, gap size and position in
gap considered as categorical variables ForType (beech/spruce/mix), gap size
(small/big) and Position (centre/parental)affect soil parameters from physical-chemical
categories (soil reaction, cation exchange capacity), chemical (Cox, Nt, C/N, N-NOj’,
N-NH,") and biochemical ones (protease, urease, catalase activity, Cmic)? (2) What are
the interrelationships of soil parameters in the context of categorical variables being
focused on mineral nitrogen forms? (3) Which factors from the group of categorical
variables and soil parameters determine most (and to what extent) the mineral nitrogen

contents in terms of its individual forms?
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Material and Methods
Area description and terrain work

The research plots (basic characteristics see in Table 1) were established in the
Training Forest Enterprise Masaryk Forest Kitiny (TFE) as an organizational part of
Mendel University in Brno (Czech Republic) in winter 2013/14. Natural conditions are
typical with slightly undulated topography with altitudes from 520 to 570 m a.s.l. on a
boarder of Moravian karst transiting in lower Cretaceous of Rudice plateau, with annual
precipitation of approx. 610 mm and annual mean temperature of approx. ca 7.5°C;
however, with sufficient water supply.

The plots are numbered from Gap 1 to Gap 6, situated in three mature stands (from
95 to 105 yrs.) with forest types beech (ForType-Beech) (Gap 1+2 — European beech
dominance); mixed (ForType-Mixed) (Gap 3+4); spruce (ForType-Spruce) (Gap 5+6 —
Norway spruce dominance).

Soil profiles were described in each forest type with determination of soil
taxonomical unit and humus form and with determination of topsoil properties (Table
1). The six gaps (big gaps were marked as Gap size-Big; /B, small gaps were marked as
Gap size-Small; /S) were sampled in autumn 2015 in centre (marked as Position-Centre;
/C) and in neighbouring parental forest (marked as Position-Parental; /P), using four
representative mixed samples from organomineral A horizon in each position,
composed of three mixed samples. In total, the gaps were sampled using 144 samples
mixed in 48 homogenized samples, which were sieved through 2 mm sieve and stored

in PET bags at a temperature of 5°C.

Laboratory analyses

Ammonium and nitrate nitrogen in soils was determined according the methodology
published in the study by Kucera et al. (2013), i.e., expressed in N amount in the
relevant form of mineral nitrogen. The soil pH was measured in the suspension soil:
water and soil:1 M KCI at a ratio of 1:2.5 (Zbiral et al., 2010). Hydrolytic acidity (Ha)
and base cation content (S) were assessed in sodium acetate and hydrochloric acid,
respectively (Litynski et al., 1976). Oxidative carbon (Cox) was assessed by
sulfochromic oxidation (ISO/DIS, 1995). Total nitrogen (Nt) was assessed according to
Kjeldahl (Houba et al., 1989). The soil catalase activity was measured manometrically
using O production (Gomoryova et al., 2009); the soil protease activity was measured
spectrophotometrically based on the casein hydrolysis as a substrate and there was
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measured the amount of L-tyrosine produced (Rejsek et al., 2008). Urease activity was
determined spectrophotometrically according to the method by Kandeler and Gerber
(1988); there was determined the amount of released ammonium nitrogen after soil
samples incubation with urea. Protease activity is measured as native; urease activity is
measured as both potential and native. The methodology for protease and urease activity
was adjusted (Rejsek et al., 2008); demineralised water was added instead of buffer.
The determined protease and urease activity is so called native; enzymes activity is
limited by soil pH instead of pH of buffer added. The determination of microbial
biomass carbon was performed using a fumigant extraction method. In the presence of
strong sulphuric acid, the organic matter is oxidized and Cr (V1) is reduced to Cr (l11).
The loss of Cr (VI) is determined spectrophotometrically (Zbiral et al., 2011).

Some questions on proteolytic and ureolytic activity assessment

In our study, native protease was used to determine the protease activity as it is stated
by Rejsek et al. (2008) and Vranova et al. (2009). There the protease activity is limited
by pH in a soil sample instead of added buffer (it is substituted for DEMI H,0). It's very
activity is lower than in so called potential protease, which also results from the fact that
there does not enter protease being in interaction with soil colloids (Rejsek, 1991), but
only the one, which is currently excreted by microorganisms (Rejsek et al., 2008) in
natural soil pH. Potential and native protease is described, for instance, by Weintraub
and Schimel (2005) or perhaps by Reiskind et al. (2011); however, the potential
protease is reported as that one, to which casein is added: then, the native one is without
casein addition and pH is adjusted to a pH value found in a soil sample treated with
NaOH addition: this fact is not appropriate for our study purpose. Urease enzyme
followed the similar procedure and we measured with added buffer (pH 9.65) according
to the methodology by Kandeler and Gerber (1988) and without buffer, which was
substituted for DEMI H,O as in case of native protease. The aim was also to measure
enzyme activity in the environment with natural soil pH, which generally limits the
activity of ureases and enzymes (Akmal et al., 2012). Tabatabai and Dick (2002), Qin et
al. (2010) and some further authors refer to native urease as such, which is found
naturally in the soil and is not artificially added into the soil sample during the
experiment. We got inspired by Lai and Tabatabai (1992) work; the authors, in addition
to clay minerals effect on urease immobilization, also measured native urease in our
experiment concept; however, in contrast to us, the measurement ranged from value of
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pH 6.5 to the optimal value within the range of 9.5 — 10 pH. We decided to keep pH in
the soil sample to the natural level so that objectives of our study could be matched.

Statistical analysis

The statistical analysis was performed in R software for statistical computing,
version 3.2.3 (The R Foundation for Statistical Computing). First, we performed
exploratory data analysis (EDA) using interaction plots, which showed independent data
on orientation of sampling (N/S/E/W). In the following regression triplet (data, model,
method) the data were observed using boxplots and ordination method of data
projection within vegan package version 2.3-5 (Oksanen et al., 2016). To observe next
relations of variables, correlation analysis was used using "pairs” function.

Linear regression was performed using generalized linear model (GLM) with
‘Gamma’ distribution of errors and natural logarithm link function, where E[y[x,z]=
exp(a+B-X + y-z)=y. The data were tested to verify a dependence of (y ~) N-NO3™ and N-
NH," concentration in soil on continuous variables such as soil properties from groups
of physical-chemical, chemical and biochemical and categorical variables ("ForType’,
"Position” and 'Gap size’), tested both with and without interactions. Graphics was
performed with “ggplot2” package, version 2.1.0 (Wickham and Chang, 2016). The final
model was selected using Akaike’s information criterion (AIC) (Sakamoto et al., 1986),

variance inflation factors (vif) (Fox and Monette, 1982) and p-value when alpha = 0.05.

Results and discussion
General description of soil properties in ForType and treatments

In terms of considered parameters, the individual stand types and their gaps are soil-
specific as it is already clear from Fig.1. Overall higher mineral nitrogen content is in
ForType-Spruce; it has a higher average content of both nitrate (significantly) and
ammonium (more balanced with ForType-Beech) N (Fig. 1a, b, c) but also the
proportion of mineral nitrogen Nmin in total nitrogen Nt (Fig. 1d). Nt ranges
predominantly within 0.3-0.6 %; there is significantly lower content in ForType-
Mixed/B a Mixed/S/C. The concentration values N-NOj™ are the highest in ForType-
Spruce, particularly in the Position-Centre. While comparing Position-Centre vs.
Position-Parental, there is recorded higher N-NOj3™ concentration in Centre comparing to
Parental in case of ForType-Beech and ForType-Mixed. In contrast, ForType-Spruce
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shows lower nitrate N concentration in Centre. The ammonium ion (N-NH4") does not
show the uniform trend while comparing individual ForType.

C/N ratio (Fig. 1e) is significantly the lowest and most consistent in ForType-Beech
and distinctly the highest in ForType-Mixed, particularly Mixed/B and Mixed/S/C
where the value 30 is exceeded. In ForType-Spruce, values are approx. lower by 10
comparing to ForType-Mixed and they are more balanced. In terms of organic matter
content (Fig. 1f), the upper topsoil parts are extremely strongly humus-rich. Microbial
carbon (Fig. 1g) is characterized by a similar trend to ForType-Beech and ForType-
Spruce. In ForType-Beech/B and Spruce/B there is more microbial community in
Position-Centre.

The soil sorption complex (Fig. 1m-o0) is specific for individual ForType. CEC is
the highest for ForType-Mixed except Mixed/B/C, which is comparable with ForType-
Beech. On the contrary, the lowest CEC values as well as S (base cation content) were
in ForType-Beech and Spruce, which also has the lowest pH/KCI (Fig. 1l); from that
fact, the lowest base saturation can be deduced (Table 2). Therefore, ForType-Spruce
meets the premise resulting from its litter properties: it is acidic, slowly degradable and
in case the spruce grows in the medium and lower altitudes, the accumulation effect is
demonstrated and contributes to the topsoil organic matter quality. Changes in soil
reaction are considered regular by some authors cf. (Kooch et al., 2010) in connection
with Position and Gap size; nevertheless, no analogous trend was demonstrated among
all woody species (just in case of ForType-Beech).

Enzymatic activity is a factor specific for individual ForType as well as partial
treatments. Urease activity is similar while comparing UreaseNat and UreasePot, which
are balanced and generally more active in ForType-Beech, whereas remaining ForType
shows more significant differences between treatments, in particular, UreasePot.
Comparing to UreaseNat it is typical for more balanced values (Fig. 1i,j). Proteolytic
activity (Protease) decreases from ForType-Beech through Mixed up to Spruce and
shows significantly downward trend: it is the highest in ForType-Beech/B/C.

In terms of moisture, gaps show significantly higher water content, even more than
twice (Fig. 1k).
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Interrelationships among soil properties

The interrelationship of individual variables is assessed using the Principal
component analysis (PCA) (Fig. 2) and scatter plots with the values of correlation
coefficients R2 (Fig. 3).

PCA shows the relationships between the individual variables and ForType position
in factorial plane. ForType-Beech is determined particularly by soil enzymatic activity
and related physical-chemical properties (base cation content, base saturation, soil
reaction). Biochemical properties are also strongly positively correlated with physical-
chemical ones and they together describe the 1% principal component. ForType-Mixed
is determined by two variables: C/N ratio and T-CEC with strong positive correlation
and significance for the second PCA component. ForType-Spruce is bound to the
mineral nitrogen fraction, Cox and Cmic content. Cox shows the weakest positive
correlation with other variables pointing to ForType-Spruce. At first sight, hydrolytic
acidity (Ha-CEC), catalase activity and soil moisture are relatively indifferent in stand
types; however, the further exploration of relationships between variables will make
possible to discover the hidden linkage to Nmin fractions.

The correlation matrix (Fig. 3) indicates a frequently statistically significant
correlation coefficient value R2 (at a significance level o = 0.05 Rcrit = 0.2377),
among others just in case of Ha, which has no correlation only to N-NH;". Ammonium
ion generally appears to be not predetermined by monitored parameters, in contrast to
nitrate N, which shows a significant negative correlation with pH/KCI, S-CEC and BS-
CEC and positive correlation of borderline significance with Ha-CEC. Enzymes

activities are frequently in strong mutual correlation with physical-chemical properties.

Determination of N-NO5” and N-NH,* content

The optimized model result for N-NO3™ content is a determined N-NO3™ dependency
on base cation content (S-CEC) and ureolytic activity (UreasePot, UreaseNat) as
continuous variables and on ForType and Position as categorical variables. Three
resulting models showed AIC values, coefficient of determination, vif and p-value of
individual coefficients as significant in terms of interaction ForType and Position.
Considering ureolytic activity, UreasePot was found more significant even resulting
from vif; in both cases the value of 10 was exceeded, however, less than in case of

UreaseNat (Table 3). The resulting model is characterized by a high coefficient of
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determination (83 %) and significantly lower AIC (All coefficients are evaluated as
significant when o = 0.05.).

Fig. 4 shows the graphic results of a final model including coefficients S-CEC and
UreasePot in the function of categorical variables ForType and Position. N-NOjs
content is strongly negatively correlated with S-CEC and specific within trends for each
stand types. The actual trend is similar in stand types, however, the absolute values
differ; having compared ForType-Beech and ForType-Spruce, they practically do not
overlap (Fig. 4), while ForType-Mixed forms in this model a real transition between
parameters. For Position, the interaction dependence on S-CEC is less significant;
however, it is still specific with less steep curve and lower intercept and weaker
dependence in Position-Centre.

The strongest N-NOj; concentration dependence is on S-CEC in ForType-
Beech/B/C, when N-NOj3 concentration decreases significantly with increasing base
cation content; or, on the other hand, N-NO3™ production (in the process of nitrification
it includes the acidification process and subsequent H releasing in the soil solution)
causes decreasing of base cation content fixed on the soil sorption complex. This
relationship is more striking in Parental; it might be caused, among others, by the
absolutely higher N-NOj3" concentration values in the gap centre.

A similar dependence is also apparent in relation to UreasePot; N-NOj3
concentration decreases more significantly in Parental with increasing ureolytic activity.

Therefore, N-NOg3™ content relationship to S-CEC and UreasePotis also evaluated in
this model as less significantly specific in terms of stand, there are clearly specified
ForType-Beech and Spruce with the transition in Mixed. The most striking negative N-
NO; content dependency on UreasePot is in ForType-Spruce. However, this
relationship is specific with respect to Position resulting from the fact that the
dependency is steeper in Position-Parental than in Centre.

Thus, the gap soil environment can be evaluated as one reducing the gradient or
interaction tightness resp., (here, without time factor specification) between nitrification
and biochemical process interlinked with ureolytic activity; however, it can also be the
issue where, in terms of above mentioned, there is reduced nitrification significance as
an acidification process for decreasing the absolute content of base cations.

The optimized model for N-NH," content resulted in finding the negative N-NH,"
dependence on hydrolytic acidity (Ha-CEC) and ureolytic activity (UreasePot,
UreaseNat) as continuous variables and on ForType and Position as categorical
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variables. In correlation analysis, this dependency was evaluated as insignificant (Fig.
3); however, in multidimensional model taking into account interactions, there is
especially manifested ForType-Spruce significance as a specific forest type. The model
with interactions between categorical variables ForType and Position (Table 4) is the
optimal model able to describe best the relationship between variables. Compared
with N-NOg3’, the model has a lower coefficient of determination (60 %); however,
individual coefficients being almost entirely considered, were evaluated as significant or
close the level o = 0.05.

N-NH," concentration is slightly negatively correlated in ForType-Beech and
Mixed; in Spruce it is strongly positively dependent, both in case of Ha-CEC and
UreasePot. In ForType-Spruce there is a noticeable clear relationship of soil acidity,
resp., concentration of proton H*, and N-NH, content, resp. ammonium nitrogen ions as
acidity promoters, thus acid cations also bound in the soil sorption complex: those are
concurrently a nitrogen source and key nutrient. ForType-Spruce/P shows a strong
positive dependence of N-NH," content; its amount in the soil increases with increasing
concentration of H*, resp. Ha-CEC. The concentration of N-NH, related to UreasePot
shows the similar trend — the strongest dependence in case of ForType-Spruce; in Beech
and Mixed, the dependence is very weak (Fig. 5).

The resulting N-NOz and N-NH;* concentration models (see supplementary
material) present individual continuous variables (S-CEC and Ha-CEC, respectively,
and UreasePot) and categorical variables ForType and Position with interactions, which
were detected as significant for both forms of Nmin — more significant in case of nitrate

and less significant in case of ammonium N.

Nmin in context of gaps in forest stand

The assessment of causes for changes or differences in N-NO3z and N-NH," content
is subject to comprehensive approach to that issue considering more aspects from the
soil properties categories but also within the forest stand context and litter
characteristics of relevant ForType. If the soil samples are taken in pedogenetically
differentiated horizons Ah, the very litter reflects directly the woody species strategy in
modifying soil environment in terms of its chemistry as well as water regime.
Therefore, chemistry is at various dynamics always affected by any deforestation

(change of above-ground vegetation structure), except for individual tree selection
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(Prescott et al., 2003); however, thus the question is, to what extent and what the
eventual risk is.

N-NOj3" concentration is in ForType-Spruce in negative relationship with urease
activity; N-NOjs concentration significantly decreases with slight increase of urease
activity. Urease as a constitutive enzyme (Gobat et al., 2010) is a result of prolonged
soil chemistry situation when at long-term nitrate presence, the need of ureolytic
activity involved in N uptake in ammonium form of nitrogen is reduced. If nitrogen is
present in the soil, albeit in the form of nitrate, soil biota is not “driven” to energy
consuming biochemical processes of urea decomposition. This phenomenon is more
striking in parental treatment than in gap centre. Quite the opposite the situation is at
urease vs. N-NH,4"; there is a strong positive dependency, particularly in a spruce stand
when N-NH," concentration in the soil significantly increases with slight increase of
active urease.

The rate of nitrogen mineralization and its nitrification are determined by quantity
and quality of organic matter and by changes in quantity of inorganic nitrogen (Hart et
al., 1994). A prerequisite is that NH," is a nitrogen source for microorganisms rather
than N-NOs™ and its microbial immobilization is minimal (Tiedje et al., 1981; Myrold
and Tiedje, 1986; Hart et al., 1994). Increasing the availability of NH," can suppress the
nitrite reductase synthesis (Van't Riet et al., 1968; Sias and Ingraham, 1979) or inhibit
NOjs transport into cells (Betlach et al., 1981; Hart et al., 1994); therefore, NO3
concentration in the soil occurs. Due to the nitrogen availability from NOj
immobilization, microorganisms have no need to produce to a greater extent of urease,
which produces NH,". Then, the production of urease and its metabolite NH," occurs
due to seasonal dynamics (Closa and Goicoechea, 2010), NOj3™ depletion as nitrogen
source (Jones and Richards, 1977) during growing season, or possibly its loss caused by
leaching into lower soil horizons. From this also follows that changes in nitrates
concentrations in the soil do not necessarily have to be related to the selected
management or gap size and the subsequent change of microclimatic conditions
(Prescott et al., 2003) to such an extent, as to the nature of litter resulting from the stand
type (in case of cited author Picea engelmannii a Abies lasiocarpa) and the harvesting
itself.

Having considered all ForTypes, the differences in trends Position-Centre versus
Parental (Fig. 5) show a negative dependence of N-NH," content on Ha-CEC, and this is
the case of Centre. Therefore, N-NH,4" concentration decreases with increasing ions H”
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concentration at concurrently high concentration of N-NOgs’; this fact results from
overall larger stocks of overlying humus as a source of mineral N in case of spruce
stand, which is typical for ectohumus accumulation (Formanek and Vranova, 2003;
Vaviicek et al., 2005; Olsson et al., 2012). That in itself represents a significant stock of
nitrogen (particularly in spruce stands) (Sinsabaugh et al., 2005; Enowashu et al., 2009),
which is released in the soil environment at accelerated mineralization, and thus the soil
reaction to gap formation is more pronounced. This situation thus corresponds to
Norway spruce strategy, which is adapted to poor, acidic, skeletal sites with low
proportion of fine earth, where nutrient pool depends particularly on organic soil
component (Guntifias et al., 2012) and particularly the lack of fine earth is saturated
with increased humus production. Therefore, on the one hand, the situation
demonstrates the significance of overlying humus organic component in spruce stands,
on the other hand, in contrast, there can be followed responses to sudden microclimate
changes in deciduous stands, which are generally typical for faster cycling and lower
buffering activity in topsoil due to humus absence (Bartsch, 2000; Kooch et al., 2010).
The very difference in treatment Position corresponds to the biological aspect of the
tree layer and its effect on soils water regime. However some authors report different
results (Arunachalam and Arunachalam, 2000), gaps - at micro sites level for
determined disturbance and “biological water pump* (Aragdo, 2012) deprivation -
constitute the initiation factor or subsequent changes in biological and enzymatic
activity, humus ratios, soil chemistry and further parameters including water regime and
soil aeration (Grigal, 2000; Peng et al., 2008; Olajuyigbe et al., 2012). Particularly in a
bigger than large gap, the soils are characterized by increased nitrates concentration in
the soil solution and related acidification with possible aluminium release in mobile
forms (Bauhus and Bartsch, 1995). In gap scan thus be expected the change in the
significance of nitrogen transformations, in terms of significantly increased moisture
when both nitrates in the process of dissimilatory nitrate reduction to ammonium
(DNRA) are transferred to ammonium form, and in denitrification process they are
converted to gaseous form (Tiedje, 1988; van Groenigen et al., 2015). The graph (Fig.
1k) can show in all gaps the increased soil moisture, particularly in ForType-Spruce
with the anticipated subsequent and the most striking anaerobism as well as with N-
NOj3" loss, which occurred in ForType-Spruce as in the only ForType because of high

N-NOj stock in abundantly present organic matter.
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The gap size has the immediate effect on the rate of change in microclimatic and
edaphic conditions (Zhang and Zak, 1995; Ferreira De Lima, 2005; Galhidy et al., 2006;
He et al., 2015). Selection system is an optimal type of forest management in terms of
species diversity and microclimate stability (Brunet et al., 2010). However, in terms of
forestry-harvest practice, it is not always possible to apply this method; the limit of 15-
30 trees (Parsons et al., 1994) is considered to be a cutting-area size. In our case this
fact means that no significant nitrogen losses occur: the gaps sizes fluctuate on a range
of small and medium size class in case of the small gaps, and big size class in case of
the big gaps. There just N-NOs" in relation to the gap size shows irregular fluctuations
and dynamics with not quite obvious trend. This could also explain not always obvious

trends in soil properties (Fig. 1).

Conclusion

From the total of 16 tested, the concentration of N mineral forms was most effected
by 3 factors from the group of soil parameters of continuous variables (Ha-CEC and
UreasePot for N-NH,4"; S-CEC and UreasePot for N-NOz") and 2 factors from the group
of categorical variables (ForType a Position for both N-NH;" and N-NOs’) as group
factors.

N-NOj" relationship to the base cations content is more significant in terms of stand
type comparing to Position-Centre versus Parental viewpoint. N-NOj™ is thus more
determined by bases content and ureolytic activity with respect to stand type;
dependence significance gradient decreases in the gap centre. Equally, N-NO3 linkage
to ureolytic activity is reduced in case of gap. As to stand type, N-NOs™ concentration is
the most closely determined by urease in spruce stand.

In contrast to N-NOj3, which shows the same meaning of dependence in all
ForType, N-NH," shows different trends in individual stand types: while in beech and
mixed stands, N-NH," dependence on hydrolytic activity and potential urease activity is
very weak, then, in spruce stand it always shows a significantly strong dependence. A
significant negative dependence of nitrate nitrogen concentration on ureolytic activity
may indicate a reduced need to encourage the energy-demanding biochemical process
of urea decomposition.

In connection to the discussed topic, there can be specified some questions offering
chances for follow-up studies: What is, at first sight, the indirect relationship of nitrate-
nitrogen concentration and ureolytic activity in the soil? What is the degree of
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importance of soil potential ureolytic activity in the process of urea decomposition,
resp. in the production of mineral nitrogen? How does soil reaction vary in gaps of
different sizes for determined stand types — at sizes with a resolution in a greater detail?
The raised questions are important for a comprehensive understanding of forest
ecosystem (and principles of provident forest management), within which the soil-plant
relationship is a significant soil-forming factor for pedogenesis (Samonil et al., 2009;

Samonil et al., 2010) and for topsoil related to nitrogen cycling (Mladenhoff, 1987).
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Figure titles:
Fig 1: Boxplots of investigated soil properties (y-axis) grouped in categorical

variables ForType/size (x-axis) and Position (graph legend).

Fig 2: Ordination plot of soil parameters in projection together with ForType

(expressed by ordispider).

Fig. 3: Results of correlation analysis of soil parameters from groups physical-
chemical (pH, Ha_CEC, S_CEC, BS_CEC), chemical (N-NH;" _av, N-NOs _av) and
biochemical (Catalase, Protease av, UreasePot_av) properties with correlation
coefficient below diagonal and histograms of data distribution on the diagonal.

Fig 4: N-NOj3™ dependence on S-CEC (base cations content) in function of ForType
(@), Position (b) and on UreasePot (potential urolytic activity) in function of ForType
(c), Position (d). Regression lines are fitted with use of GLM with Gamma distribution

of errors and a natural logarithm link function.

Fig 5: N-NH;" dependence on Ha-CEC (acid cations content) in function of
ForType (a), Position (b) and on UreasePot (potential urolytic activity) in function of
ForType (c), Position (d). Regression lines are fitted with use of GLM with Gamma

distribution of errors and a natural logarithm link function.

130



Figure 1. Boxplots of investigated soil properties (y-axis) grouped in categorical
variables ForType/size (x-axis) and Position (graph legend).
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Figure 2: Ordination plot of soil parameters in projection together with ForType
(expressed by ordispider).
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Figure 3. Results of correlation analysis of soil parameters from groups physical-
chemical (pH, Ha_CEC, S_CEC, BS_CEC), chemical (N-NH;" _av, N-NOs _av) and
biochemical (Catalase, Protease _av, UreasePot_av) properties with correlation
coefficient below diagonal and histograms of data distribution on the diagonal.
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Figure 4. N-NOj3 dependence on S-CEC (base cations content) in function of ForType
(a), Position (b) and on UreasePot (potential urolytic activity) in function of ForType

(c), Position (d). Regression lines are fitted with use of GLM with Gamma distribution
of errors and a natural logarithm link function.
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Figure 5: N-NH," dependence on Ha-CEC (acid cations content) in function of ForType
(a), Position (b) and on UreasePot (potential urolytic activity) in function of ForType
(c), Position (d). Regression lines are fitted with use of GLM with Gamma distribution
of errors and a natural logarithm link function.
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Table 1: Natural conditions at study plots explained by forest type (ForType), gap size (size),
woody species percentage proportion, geological (bedrock, topsoil) and pedological (humus
form, taxonomical unit) properties.

Gap Coord (N/E) ForType/ Species composition * Bedrock Topsoil Humus form**/
No. (WGS 84) size [m?] [%] Taxonomical unit ***
1 49°19.03118' beech/ big beech 90 mixed (limestone,  loess Dysmull/
16°43.66622' (1.291) spruce+larch 10 terra fusca) loam ST-al-crn.slp.can
2 49°19.02657' beech/ beech 90
16°43.62308' small (282) spruce+larch 10
3 49°18.89250' mixed/ big spruce 50, beech 30, mixed (limestone,  loess Dysmoder/
16°43.53232' (904) larch+fir 20 terra fusca) loam LV-go.le.cr.can- df .slp
4 49°18.90320' mixed/ spruce 50, beech 30,
16°43.50110' small (226) larch+fir 20
5 49°19.07415' spruce/ big spruce 90, beech+larch 10 mixed (kaolinized, loess Mor/
16°42.54572' (716) quartzose loam ST-skn-slp.rp
6 49°19.08453' spruce/ spruce 90, beech+larch 10 sandstone, loess
16°42.52463' small (255) admixture)

* European beech (Fagus sylvatica L.); Norway spruce (Picea abies (L.) Karsten); silver fir (Abies alba Mill.); European larch
(Larix decidua Mill.)

** Bréthes et al. 1995
*** JUSS Working Group WRB 2015
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Table 3: Selection of final model explaining the determination of nitrate nitrogen (N-
NO3’) depending on independent variables S-CEC, UreasePot (continous) and ForType
and Position either with or without interaction (categorical).

model (y = N-NO3)/
coefficients

S-CEC + UreaseNat +
ForType x Position

S-CEC + UreasePot +
ForType + Position

S-CEC + UreasePot +
ForType x Position

p-value vif p-value Vif p-value vif

Intercept <0.001 - <0.001 - <0.001 -
S-CEC <0.001 3.78 <0.001 3.00 <0.001 3.43
UreaseNat 0.1624 3.30 - - - -
UreasePot - - 0.0094 2.77 <0.001 2.78
ForType-Mixed 0.1111 - 0.3769 - 0.0077 -
ForType-Spruce 0.0101 - 0.8036 - <0.001 -
Position—P <0.001 - <0.001 - <0.001 -
ForTypeMixed:PositionP 0.0037 - - - 0.0031 -
ForTypeSpruce:PositionP <0.001 - - - <0.001 -
ForType - 12.43 - 5.05 - 11.70
Position - 3.30 - 1.03 - 3.12
ForType:Position - 10.24 - - - 9.19
AIC/ R’ 145.4322 / 0.78 160.76 / 0.67 133.35 / 0.83
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Table 4: Selection of final model explaining determination of ammonia nitrogen (N-
NH,;") depending on independent variables S-CEC, UreasePot (continous) and ForType
and Position either with or without interaction (categorical).

model (y = N-NH,")/
coefficients

Ha-CEC + UreaseNat +
ForType x Position

Ha-CEC + UreasePot +
ForType + Position

Ha-CEC + UreasePot +
ForType x Position

p-value vif p-value Vif p-value vif

Intercept <0.001 - <0.001 - <0.001 -
Ha-CEC 0.0194 3.23 0.0111 3.17 0.0106 3.20
UreaseNat 0.0262 2.93 - - - -
UreasePot - - 0.0059 2.76 0.0053 2.77
ForType-Mixed 0.0144 - 0.0734 - 0.0116 -
ForType-Spruce 0.2405 - 0.0211 - 0.2727 -
Position—P 0.0767 - 0.0108 - 0.0023 -
ForTypeMixed:PositionP 0.2205 - - - 0.0577 -
ForTypeSpruce:PositionP 0.4432 - - - 0.0931 -
ForType - 13.40 - 3.86 - 10.52
Position - 3.78 - 1.19 - 3.48
ForType:Position - 10.55 - - - 9.40
AIC/ R’ 237.14 / 0.57 235.38 0.55 234.26 / 0.60
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Table 5: Model equations for expression of N-NO3;™ and N-NH," concentrations in soil
depending on independent variables S-CEC and Ha-CEC, respectively, and UreasePot,
ForType, Position.

y~ model Equation
N-NO; S-CEC + UreasePot + 3.557—0.009654XScgc—0.0061xUreasePot—0.487xXForTypeMixed—
ForType x Position 0.934xForTypeSpruce—1.075XPositionP+
e0.686xXForTypeMixed:PositionP+1.314XForTypeSpruce:PositionP
N-NH," Ha-CEC + UreasePot 1.824+0.003xHacgc+0.0046xXUreasePot—0.496XForTypeMixed+
+ ForType x Position 0.261XForTypeSpruce—0.478XPositionP+

e0.379xForTypeMixed:PositionP+0.334XForTypeSpruce:PositionP
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2 ZAVER

Predkladand disertacni prace je vypracovana formou publikaci postupné zverejnénych
v impaktovanych casopisech a zabyva se vlivem organickych anorganickych latek na
proteolytickou aktivitu lesnich piid. Z organickych latek byly vybrany proteinogenni a
neproteinogenni aminokyseliny, fenolické latky, L- a D- kyselina vinna, auxiny,
cytokininy a z anorganickych latek soli (zasoleni pud). V praci je dale publikace
zabyvajici se vlivem velikosti obnovniho prvku (kotliku) na enzymovou aktivitu lesnich
pud, mnoZzstvi amonného a nitrdtového dusiku a mikrobidlni biomasy. Prace ma dvé
,pomyslné* ¢asti. V prvni ¢asti je sledovana proteazova aktivita pomoci neupravené
metodiky a vysledky odpovidaji aktivité tzv. potenciondlnich protedz. V této ¢asti byl
sledovan vliv fenolickych latek a kyseliny vinné. Druha cast je vénovana aktivité tzv.
nativnich protedz a touto metodou jsou stanovovany vlivy ostatnich zdjmovych latek a
vliv obnovnich prvkil. Pozornost je zaméfena na porosty dubu, buku, smrku a
smiseného lesa. Z pohledu pedologie pak na organické a organomineralni, popt. i

mineralni horizonty a ptidni typy kambizem, rendzina a podzol.

Kyselina vinna se spolu s mnoha aminokyselinami fadi mezi nizkomolekularni latky a
vyskytuje se ve form¢ L-a D-enantiomeri. Pfitomnosti enantiomerd kyseliny vinné byl
prokdzan spiSe stimula¢ni vliv na protedzovou aktivitu. Inhibi¢ni efekt se projevil
Vv organickém horizontu buko-dubového porostu, pficemz D-enantiomer inhiboval méné
a v organomineralnim horizontu (L-enantiomer). Ve vétSin€ ostatnich vysledki doslo ke
stimulaci proteolytické aktivity pid nebo byly vysledky statisticky nevyznamné
(P>0.05). Z vysledku je také mozno fici, ze vliv ptidavku kyseliny vinné se nejéastéji
projevil v mnoZstvi 5 a 50 mikrograml. Kyselina vinnd, stejné jako jiné organické
kyseliny, je zdrojem dusiku a tudiz mohl poskytnout vhodny substrat pro vyZivu

mikroorganisml, pfi¢emz ti reagovali vyssi sekreci proteolytickych enzymi. (Clanek )

Fenolické latky paii mezi nejrozsifenéjsi sekundarni metabolity a maji velky vyznam
Vv ptiidéach a jsou nedilnou soucasti rostlin. Na rozdil od kyseliny vinné, respektive jejich
enantiomert, byl vliv fenolickych latek na protedzovou aktivitu piid pfevazn¢ inhibi¢ni.

V organickych a minerdlnich horizontech kyselina ferulovd a kyselina 4-
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hydroxybenzoova vyvolaly pfevazné inhibici aktivity protedz. V organomineralnich
horizontech ptisobily fenolické latky spiSe stimulacné, pficemz kyselina ferulova byla
jako stimulant u¢innéjsi nez kyselina 4-hydroxybenzoova. Dostupna literatura uvadi, ze
fenolické latky negativné ovlivituji ¢innost extraceluldrnich enzymt a v dosazenych

vysledcich je tento negativni trend také pozorovatelny. (Clanek IT)

Aminokyseliny pfedstavuji pro mikroorganismy a rostliny snadno dostupny zdroj
dusiku a uhliku pro vyzivu a rast. Zdroj aminokyselin, které se dostavaji do pudy, je
pomérné Siroky a zahrnuje biomasu rostlin, kofenové exudaty nebo produkty a lyzaty
mikrobidlnich bunék. Celkové byla aktivita nativnich pidnich proteaz stimulovéana
pfidavkem proteinogennich a neproteinogennich aminokyselin. V nékolika piipadech
doslo také k inhibici aktivity nativnich proteaz. U proteinogennich aminokyselin k tomu
doslo u glutamové kyseliny, respektive u jejiho D-enantiomeru v organickém horizontu
smrkového porostu U padniho typu kambizem. V tomtéz porostu doslo k inhibici také i
u neproteinogennich aminokyselin, a to v organominerdlnim horizontu a konkrétné
inhiboval nativni protedzovou aktivitu L-ornitin a L-citrulin. U vysledku
proteinogennich aminokyselin lze také sledovat, Ze u D-enantiomerti dochéazelo ¢astéji
ke statisticky nevyznamnym rozdilim (P>0.05). Tento pozorovany jev by mohl

vvvvv

mineralizovatelné. (Clanek IIT)

Zasoleni pid predstavuje obtizné feSitelny problém, ktery se v naSich podminkach tyka
zemedelskych ptid pii nevhodnych agrotechnickych opattenich. V lesnim prostiedi se
solemi a s problémy, které zasoleni pid provazi, setkdvame hlavné v okoli silnic, které
jsou v zimnim obdobi udrzovany sjizdné pomoci aplikace posypovych soli. V pidnim
prostiedi plisobi soli zménou hydrofyzikalnich vlastnosti ptd, zpiisobuji osmoticky stres
a alkalickou reakci ptid. Zkoumané soli zptsobily, podle oekavani, inhibici nativnich
proteaz. K vyvolani inhibice postacila aplikace 0,5 az 1 mg soli. Byl, ale zjistén 1
stimulujici vliv na aktivitu nativnich protedz. V téchto nékolika piipadech ovSem nejde
o pozitivni vliv soli. V téchto nékolika ptipadech, pravdépodobné doslo k uvolnéni
proteolytickych enzymu z vazeb na Kkoloidnich ¢asticich nebo aktivita enzymu jesté

nebyla solemi potladena, zatimco k inhibici mikrobialni aktivity jiz doglo. (Clanek IV)
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Dalsi z organickych latek, které ovliviiuji aktivitu mikrobialni biomasy, jsou auxiny.
Tyto latky, podobné jako protedzy syntetizuji a sekretuji do svého okoli
mikroorganismy a houby a ovliviiuji tak jejich aktivitu v rhizosféfe. K vyzkumu byly
vybrany dva syntetické auxiny (1-naphthaleneacetic acid a 2-naphthoxyacetic acid) a
dva auxiny, které se v ptidnim prostiedi piirozené vyskytuji (kyselina indole-3-octova a
kyselina indole-3-maselnd). Vysledky ukazuji, ze auxiny stimuluji nativni
proteolytickou aktivitu lesnich ptd. Vyssi stimulace bylo dosazeno v organickych
horizontech nez v horizontech organomineralnich. Kdyz se porovnaji jednotliva
stanovisté, tak nejvyssi aktivitu ukazuji bukové porosty. Pfi podobném porovnani
vV ramci organomineralniho horizontu dochazi k nejvyssi stimulaci nativnich protedz
opét v bukovém porostu, plidni typ rendzina. Déle pak v dubovém porostu, ptdni typ
kambizem. Nase vysledky nelze s literaturou porovnat, protoze podobny vyzkum jeste
nebyl proveden. Muze se poukazovat na vliv bakterii, které auxiny produkuji, ve

spojitosti se zakofefiovanim rostlin a rozvoji jejich kofenového systému. (Clanek V)

Cytokininy se, podobné¢ jako auxiny, pfirozen¢ vyskytuji a maji zdsadni vyznam pfii
regulaci fyziologickych procest v buiice. Producenti cytokinind se nachazeji prevazné
Vv oblasti rhizosféry. K hodnoceni vlivu téchto latek jsme vybrali 6-benzylaminopurin a
adenin hemisulfate. Spolu snimi byly testovan chlorocholin chlorid, coz je latka
pouzivana jako rustovy regulator rostlin a etephon, coz je slouc¢enina zodpovédna za
uvoliiovani etylenu. VSechny zkoumané latky mély na nativni proteolytickou aktivitu
pud inhibi¢ni vliv. Vyjimkou byl 6-benzylaminopurin Vv organickém horizontu
dubového porostu s plidnim typem kambizem a bukovy porost s plidnim typem renzina.
V bukovém porostu stimulovaly nativni proteazovou aktivitu oba cytokininy (6-
benzylaminopurin a adenin hemisulfate) a etephon, ktery stimuloval proteazy nejsilnéji.
Dtvod, pro¢ v téchto piipadech je nativni proteolytickd aktivita stimulovéna, je
neznamy. Podobné jako u auxini nelze vysledky srovnat s literaturou, protoZe podobny
vyzkum jeSté nebyl proveden. Lze najit jen vysledky vlivu cytokininii na kli¢eni,

kofenovou nodulaci nebo symbioticky vztah s houbami. (Clanek VI)
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Dulezitou roli ve vyvoji lesniho porostu hraji porostni mezery — ,,gapy* (z angl. Gap -
mezera), které se vytvorily pfirozené nebo byly uméle vytvofeny hospodaiskou
¢innosti. Jejich velikost, tvar, prostorova a Casova distribuce ovliviiuje ptidni 1 vzdusSné
mikroklima, svételné poméry apod. a tim 1 strukturu fytocendzy, vCetné prirozen¢ho
zmlazeni tedy nové vznikajici generace lesa. Studovany byly porosty buku, smrku a
smiSeny porost, ve kterych se vytvofily porostni mezery o velikosti 0,12 ha a 0,03 ha.
Cilem bylo sledovat vliv tohoto porostniho prvku na aktivitu enzymu (nativni proteazy,
potencionalni a nativni uredzy, kataldza), uhlik v mikrobialni biomase, sorp¢ni
nasycenost, vliv na pudni reakci, mineralni a celkovy dusik. Ve smrkovém lese se
ukazuje vyznamné ukladani dusiku u obou jeho mineralnich forem (amonny,
dusi¢nanovy). Byla nelezena vyznamna linedrni zavislost mezi dusi¢nanovym dusikem
oproti obsahu bazickych kationtl a potencionalni ureolytické aktivité. Déle mezi
koncentraci amonného dusiku oproti hydrolytické acidité a potencionalni ureolytické
aktivité. Tyto linearni zavislosti jsou charakteristické pro typ porostu a velikosti
porostnich mezer. Linearni zavislost koncentrace dusi¢nanového dusiku na obsahu
bazickych kationtli a potenciondlni uredzy byla negativni, zejména v matefskych
porostech. Zavislost koncentrace amoniakdlniho dusiku ve smiSeném porostu a
V porostu buku je mald, zatimco Vv porostech smrku je vyrazné pozitivni. Vliv na ptdni

proteolytickou aktivitu nebyl prokazan. (Clanek VII)
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3 SUMMARY

Presented PhD thesis has been collated successively and takes the form of individual
papers published in impacted journals. It discusses the influence of organic and
inorganic compounds on proteolytic activity of forest soils. Selected organic compounds
feature proteinogenic and non-proteinogenic amino acids, phenolic compounds, L- and
D-tartaric acid, auxins and cytokinins. Selected inorganic substances are represented by
salts (representatives of salinisation). The compilation also includes a publication
dealing with the influence of size of a regeneration element (gap) on enzymatic activity
of forest soils, the amount of ammonium and nitrate nitrogen, and microbial biomass.
The work has two notional parts. The first part monitors protease activity by the means
of unaltered methodology and the results correspond to the so-called activity of
potential proteases. The effect of phenolic compounds, and tartaric acid was monitored
in this section. The second part is devoted to the so-called activity of native proteases
and used method determines the effects of other substances of interest and the effect of
regenerative elements. Attention of this part turns to oak, beech, spruce and mixed
forest stands. From the perspective of pedology the main focus is on organic and
organomineral, alternatively even mineral, horizons and Cambisol, Rendzina (leptosol)

and Spodosol soil types.

Tartaric acid, together with numerous amino acids, belongs to the low-molecular
substances and can be found in the form of L- and D-enantiomers. The presence of the
enantiomers of tartaric acid had rather stimulatory effect on protease activity. Inhibitory
effect was noted in organic layers of beech-oak stands, while the D-enantiomer had a
lesser inhibitory effect; similarly (L-enantiomer) in organomineral soil layers.
Proteolytic activity of soils was stimulated in the majority of results or else, the results
were statistically insignificant (P > 0.05). The results can also be interpreted by saying
that the effect of tartaric acid addition is most commonly manifested and best visible
when the amount of 5 and 50 micrograms is added. Tartaric acid, as well as other
organic acids, is a nitrogen source and thus can provide a suitable substrate for nutrition
of microorganisms, wherein their imminent reaction was higher secretion of proteolytic

enzymes. (Article I)
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Phenolics rank among the most common secondary metabolites, are of great importance
in soils and are integral to plants. The effect of phenolic compounds on protease activity
of soils was predominantly inhibitory, unlike that of tartaric acid and their enantiomers
to be more precise. Ferulic acid and 4-hydroxybenzoic acid predominantly induced an
inhibitory effect on the activity of proteases in organic and mineral horizons. Phenolics
had a rather stimulating effect onto the organomineral horizons, wherein ferulic acid
was more effective as a stimulant than 4-hydroxybenzoic acid. The available literature
indicates that phenolic compounds affect the activity of extracellular enzymes adversely

and this negative trend is also noticeable in past results. (Article 1)

Amino acids constitute a readily available source of nitrogen and carbon. They are
essential for nutrition and growth of microorganisms and plants. The source of amino
acids, which enter the soil, is quite broad and includes plant biomass, root exudates, and
lysates or products of microbial cells. Protease activity of native soils was generally
stimulated by the addition of proteinogenic and non-proteinogenic amino acids. The
activity of native protease was also inhibited in several cases. Firstly, it was noted in the
case of glutamic acid and its D-enantiomer to be more precise (proteinogenic amino
acids) in the organic horizon of cambisol in spruce stands. Secondly, the same reaction,
in the same stands but in oganomineral horizon, could also be seen in the case of non-
proteinogenic amino acids where protease activity was inhibited by the native L-
ornithine and L-citrulline. The results of proteinogenic amino acids also show that D-
enantiomer more frequently featured statistically insignificant differences (P> 0.05).
This observation could be attributable to the fact that the D-enantiomers of amino acids

are more difficult to mineralize for microorganisms. (Article I11)

Soil salinization represents a hard to solve problem, which in our conditions affects
mainly agricultural land managed by unfavourable agro-technical methods. The same
issues that accompany salinization in forest management can be encountered mainly in
the vicinity of roads, which are kept passable during the winter season with the use of
de-icing salts. Characteristic features of soils treated with salt are: change of hydro-
physical properties, osmotic stress response and alkaline soil reaction. Examined salts
caused, as expected, an inhibition of native proteases. Amounts of 0.5 to 1 mg of salt

were sufficient to produce inhibition. A stimulating effect on the activity of native
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protease was also detected. However, positive influence of salt in those few cases was
probably caused by releasing of proteolytic enzymes from colloidal particle bonds or
else the enzymatic activity has not yet been suppressed by salts, whereas the inhibition

of microbial activity had already occurred. (Article 1V)

Other organic substances that affect the activity of microbial biomass are auxins.
These substances, very much alike proteases synthesized and secreted into their
enviroment by microorganisms and fungi and thus influence the activity of the
rhizosphere. Two synthetic auxins were selected for the research (1-naphthaleneacetic
acid and 2-naphthoxyacetic acid), as well as two auxins, which naturally occur in soil
(indole-3-acetic acid and indole-3-butyric acid). The results show that the auxins
stimulate the native proteolytic activity of forest soils. Higher stimulation was achieved
in organic horizons than organomineral horizons. When individual sites were compared
the highest activity was noted beech stands. Similar comparison performed in
organomineral horizon lead to the similar outcome with the highest native protease
stimulation beeing in beech stands on Rendzine as well as in oak stands on Cambisol.
Our results are incomparable since similar research has not yet been done. The results
point towards the influence of bacteria that produce auxin, in connection with rooting of

plants and their root system development. (Article V)

Cytokinins, just as auxins, occur naturally and are crucial in regulating physiological
processes in a living cell. Cytokinin producers are located mainly in the rhizosphere.
Several chosen chemical substances tested the effect on native proteolytic activity of
soil: 6-benzylaminopurine and adenine hemisulfate together with chlorocholin chloride,
which is a substance used as a plant growth regulator and etephon, which is responsible
for the release of ethylene. All the tested compounds showed an inhibitory effect. The
only exception was 6-benzylaminopurine in organic horizon of oak stands on Cambisol
and beech stands on Renzine. Both cytokinins (6-benzylaminopurine and adenine
hemisulfate) stimulated native protease activity in the beech stands; moreover etephon
stimulated the proteases the strongest. The reason why was the native proteolytic
activity stimulated in these cases is unknown. Similarly to the auxin results, they cannot

be crossreferenced with literature since similar research has not been done. Only the
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results of cytokinin influence on germination, root nodulation and symbiotic

relationship with fungi can be found. (Article V1)

Forest stand gaps play an important role in the development and growth of forests. They
can be of natural or artificial origin - a produce of forest management activity. Their
size, shape, spatial and temporal distribution affects soil and air microclimate, light
conditions, etc. and thus the structure phytocoenoses including natural regeneration and
so emerging forest formations. Beech, spruce and mixed stands were studied, in which
gaps of 0.12 ha and 0.03 ha were formed. The objective was to observe the influence of
this stand element on enzymatic activity (native proteases, potential and native urease
and catalase), microbial biomass carbon, sorption saturation, soil reaction, mineral and
total nitrogen. Spruce forest stands exhibit significant deposition of nitrogen in both its
mineral forms (ammonium and nitrate). Significant linear relationship between the
nitrate nitrogen content and the basic cation content was established as well as between
the nitrate nitrogen content and potential ureolytic activity. Another linear relationship
forms between the concentration of ammoniacal nitrogen and hydrolytic acidity as well
as potential ureolytic activity. These linear dependences are distinctive for different
stand types and sizes of forest stand gaps. Linear dependence of nitrate nitrogen
concentration on the content of basic cations and potencial urease was negative,
particularly in parent stands. The dependence of ammonia nitrogen concentration is
negative in the mixed and beech stands, whilst it is strongly positive in spruce stands.
The effect of forest stand gaps on proteolytic activity was not statistically significant.
(Article VII)
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