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1 Uvod

V soucasné dobé je celospoleenskym trendem snizit pouzivani chemickych piipravka
v zeméd¢lstvi a zamezit jejich negativnim dopadim na lidské zdravi a Zivotni prostiedi.
Biologicka ochrana rostlin je stale vice zkoumana jako vyznamna alternativa k syntetickym
pesticidim.

Viceleté¢ picniny predstavuji vyznamnou slozku krmivové zakladny piezvykavci.
Jeteloviny maji velmi pozitivni ulohu v celkové bilanci dusiku, nebot’ hektar vojtésky seté nebo
jetele luéniho je schopen fixovat az 300 kg dusiku za rok, coz znamena usporu az 1200 kg emisi
COz2. V nadzemni hmot¢ a po zaordvce kofenového systému a poskliznovych zbytkd je to
dalsich 150 kg dusiku. Jeteloviny ptsobi dale jako pteruSovace obilnych sledli, zanechéavaji v
pude znacné mnozstvi organické hmoty podilejici se také na tvorbé trvalého humusu, podporuji
biologicky Zivot pidy, provzdusiuji plidu, zlepSuji vyuzitelnost zivin pro dal$i plodiny,
naruSuji utuzené podornici, velmi vyrazné zvysuji vynos nasledné plodiny bez jakéhokoli
dalsiho materidlniho nebo energetického vstupu.

Vytrvalost porostii picnich plodin a udrZzovani vysokych vynost v dlouhodobé ¢asové
fadé predstavuje velmi cenny benefit, ktery miize vyznamné¢ snizovat ndklady na vyrabéna
krmiva. Tento Zadouci efekt a veskrze pozitivni piisobeni viceletych picnin se v§ak neprojevi
automaticky vSude tam, kde je zalozime, ale jednim z nutnych pfedpokladi je i1 zdravy,
zapojeny porost v dobrém vyzivném stavu v pludnich a klimatickych podminkach
odpovidajicich zvolenému druhu péstované plodiny. Napadeni kofenového systému jetelovin
houbovymi chorobami je vyznamnym faktorem snizovani vytrvalosti porostii a nésledné 1
poklesu vynost pice. Pfima ochrana proti kofenovym chorobam jetelovin vSak v praxi
neexistuje.

Z toho ditvodu se tato prace zabyva hodnocenim morfologie a zdravotniho stavu kotenii
jetelovin v navaznosti na vynos pice. Dale se zabyva sou¢asnymi pokroky v biologické ochrané
rostlin a z toho vyplyvajicich novych moznosti feSeni tohoto problému, efektivitou vyuziti
biologické ochrany a rostlinnych stimuldtorti z pohledu napadeni chorobami, vynosnosti a

vytrvalosti porostl jetelovin.


http://cs.wikipedia.org/wiki/Porost

2 Literarni prehled

Nizka vytrvalost porostii je hlavnim omezenim pii pouzivani viceletych picnin, zejména
pak jetele lu¢niho. Pficiny Spatné vytrvalosti byly shrnuty a dobfe zdokumentovany, kde mnoho
studii ukézalo, Ze kofenové choroby jsou dilezitym faktorem pfi vyCerpavani porosti (Marten,
1989). Také Taborska (2003) potvrzuje, ze napadeni porosti jetelovin houbovymi patogeny je
vyznamnym faktorem sniZeni vynost pice. Patologicky projev spociva hlavné v poSkozeni
pletiv, kofenového krcku a kofent patrném v pficném i podélném fezu. Chemicka fungicidni
ochrana se u jetelovin v praxi nepouziva, protoze choroby maji komplikovanou etiologii
(Nedé¢lnik, 2008).

2.1 Nejvyznamnéjsi choroby jetelovin

2.1.1 Padani kli¢nich rostlin jetele a vojtésky

V rané fazi ristu jsou jeteloviny ohrozeny komplexem patogennich mikroorganismu,
tvoficich mikrofloru osiva a pidy. Dominantnimi mikroorganismy jsou druhy rodu
Pythium a Fusarium. Ve spojeni s nevhodnymi kultivaénimi podminkami (zamokieny
pozemek, nevyrovnand vyziva) dochazi k padani kli¢nich rostlin, a tim k vyrazné redukci poctu
jedinct jiz v okamziku zalozeni porosti. Pfi plisobeni téchto patogent spolu s zirem listopast
z rodu Sitona, mize dojit k totalnimu odumieni vzchazejiciho porostu. Moznosti ochrany
spocivaji ve vysevu kvalitniho certifikovaného osiva a v dodrZeni zdkladnich agrotechnickych

zasad (Nedélnik et Pokorny, 2005).

2.1.2 Bila hniloba jetele (diive: rakovina jetele)

Vleugels et al. (2013) uvadéji, ze tuto chorobu zpusobuji patogeny Sclerotinia
trifoliorum Erikks. a Sclerotinia sclerotiorum. Jedna se o velmi vyznamné onemocnéni, které
zpusobuje zadvazné Skody na porostech jetele lu¢niho, zejména v oblastech s mirnou zimou.
Jetel luéni mizZe byt timto patogenem zcela zniCen jiZ po prvnim zimnim obdobi, zv1asté kdyz
je podzim destivy a zima relativné tepla. Sclerotinia vytvaii apotecia, ktera jsou hnédé¢ barvy a
pfiblizné 2 cm velkd. Na konci fijna apothecia vytvari velkd mnozstvi askospor, které jsou
rozptyleny vétrem a muzou infikovat jetel prostfednictvim pfimého priniku. V prosinci, kdy
jsou rostliny oslabeny zimnim stresem, zac¢ne S. trifoliorum kolonizovat celou rostlinu. Na

zacatku jara vznikaji v napadenych rostlinach nova sklerocia. Sklerocia mohou v pud¢ prezit
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az sedm let. Podle Kazdy et al. (2010) je ochrana proti napadeni S. trifoliorum jen preventivni,
a to zejména vyrovnana vyziva porostll a snaha maximalné zamezit mechanickému poskozeni
rostlin.

Vyvoj kofenové hniloby do znacné miry zavisi na povétrnostnich podminkach: za
nepfiznivych podminek pro rozvoj choroby se nemoc témeétf neprojevi, piiCemz piiznivé
podminky mohou vést k tiplnému znic¢eni porostu. Piiznivé podminky zahrnuji vlhky podzim,
nezbytny pro kliceni askospor, teplou a vlhkou zimu s kratkym obdobim mrazu. O S. trifoliorum
je zatim jen malo informaci, dosavadni studie zahrnuji vyzkum omezenych lokalnich izolati.
Je tieba provést molekularni studie o genetické rozmanitosti S. trifoliorum v evropském méfitku

(Vleugels et al., 2013).

2.1.3 Krckové a kotenové hniloby jetele

V soucasné dob¢ se za hlavni pivodce patologickych poskozeni kotenovych pletiv
povazuji zastupci rodu Fusarium.V naSich podminkach jsou to pfedev§im druhy F.
avenaceum, F. culmorum, F. solani a F. oxysporum. Patologicky projev téchto patogent tkvi v
poskozeni pletiv kofenového krcku a kotfenl. U invazivniho zpiisobu Sifeni decimuje tato
nemoc rostliny jiz v roce zalozeni porostil (Nedélnik et Pokorny, 2005). Fusarium avenaceum
vytvafi §tihlé, tenké konidie velikosti 12-98 x 2,2-5,5 um. Jeji chlamydospory nejsou znamy.
Fusarium solani je velmi rozsifena a na umélych zivnych pidach patii mezi rychle rostouci
fuzaria, dosahujici v 8 dnech priméru kolonie 7,3-8 cm pii 25 °C na bramborovém agaru.
Mikrokonidie jsou 1-2 bunééné ovalné nebo téméf cylindrické. Makrokonidie maji 0-7
prehradek o velikosti 5-82 x 2,8-6,5 um. V priméru je F. solani vétsi nez dalsi druh F.
oxysporum. Makrokonidie Fusarium culmorum maji velmi silné bunky-téméf ctvercového
tvaru se 3-9 ptehradkami a o velikosti 24-42 az 36-57 x 4,5-7,5 um. Fusarium oxysporum je
jedno z nejvariabilngjSich fuzarii. Ma mnoho specialnich forem (forma specialis-f.sp.)
parazitujicich na riznych plodindch a velké mnozstvi variaci. Patfi op€t mezi rychle rostouci
fuzaria, kolonie dosahuje v priméru 7,5-8 cm v 8 dnech pfi 25 °C na bramborovém agaru,
mikrokonidie maji 1-2 buniky, mirn€ zakiivené. Makrokonidie F. oxysporum v. oxysporum maji
0-7 ptehradek (Hysek et al., 2008). Podle Kazdy et al. (2010) neni chemicka ochrana
k dispozici. Kofenové hniloby jetele lu¢niho jsou dlouhodobym problémem v mnoha oblastech
svéta, jiz Kilpatrick et al. (1954) ve své praci popisuji, jak ve Wisconsinu, na poli obsahujici
komplex patogenti napadajicich kotfeny, zlistalo rok po vyseti pouze 1,2 % zdravych rostlin

jetele luéniho.



2.1.4 Verticiliové a fusariové vadnuti vojtésky

Je to komplexni onemocnéni, vyvolavané patogeny Fusarium oxysporum a Verticillium
albo-atrum. Podle Bocsa et al. (1994) jsou tyto patogeny u vojtésky nejéastéjsi pii¢inou nizké
vytrvalosti. Kazda et al. (2010) uvad¢ji, ze Verticillium albo-atrum je mikroskopicka vlaknita
houba s ptehradkovanym myceliem, konidiofory maji typické pieslenité vétveni. Konidie jsou
jednobunééné, elipsovité nebo nepravidelné cylindrické. Verticillium albo-atrum netvofi
mikrosklerocia. Symptomatologickym projevem je zezloutnuti nebo zhnédnuti cév xylému
(Ktdela, 1970). Choroba se projevuje predCasnym fidnutim porostu, snizenim vynosu pice a
semene (Kudela, 1978), nejcastéji vSak ve druhém a tietim vegetacnim roce (Kazda et al.,
2010).

Predc¢asné protidnuti porostli ma za nasledek prudky pokles vynosu, obzvlast’ v druhé a
tieti seci 2. uzitkového roku. Avsak jiz v 1. uzitkovém roce byva napadena az jedna tfetina
rostlin v porostu. Pribéh onemocnéni je pozvolny, od napadeni k odumfeni rostliny uplyne
zpravidla jeden rok (Kidela, 1974). Svobodova et Santrii¢ek (1992) uvadéji, ze vlivem chorob
kotene a kofenového krcku vojtésky je snizen vynos ve 3. roce vegetace o 15-24 %. V polnim
pokusu Santrticka (1989) doslo k teoretickému snizeni vynosu vlivem kotfenovych chorob az o
27 %. Podle Kudely (1978) je vlivem pfirozené infekce patogenii zpusobujicich vadnuti
vojtésky zplsobena ztrata 9,35 % rostlin v prvnim uZitkovém roce, 47,05 % ve druhém
uzitkovém roce a 90,18 % ve tietim uzitkovém roce, coz je v souladu s tvrzenim Santricka
(1989), ktery uvadi, Ze kofenovymi chorobami mize byt ve tfetim vegetacnim roce napadeno
57 % a na zacatku 4. vegetacniho roku az 84 % porosti vojtesky.

Ptiznaky vyvolané Verticillium albo-atrum jsou témét identické k pfiznakim
vyvolanym patogenem Fusarium oxysporum. Podle Kazdy et al. (2010) je pfi napadeni F.
oxysporum na podélném fezu stonkem vidét Cervenohnédé zabarveni cévnich svazkl a pfi
napadeni V. albo-atrum je zabarveni vnitinich pletiv stonku Sedé. Agrios (2004) uvadi, ze
fusariové vadnuti se projevuje az pti vyssich teplotach. Teplotni optimum pro Verticillium albo-
atrum je 20 az 25 °C. Ochrana spociva dle Kazdy et al. (2010) ve spravné agrotechnice. Snahou
by mélo byt maximalni omezeni piejezdi porostu, pii nichz dochazi k posSkozeni kr¢kti rostlin,
které je vyznamnym faktorem pro napadeni rostlin. V polnich podminkach se ¢asto jedna o
smésné infekce, jak ilustruje pomér pivodct Fusarium spp. a Verticilium spp. 63:37 pfi

mikrobiologické kultivaci napadenych koteni vojtésky (Hakl et al., 2017).



Hakl et al. (2004) uvadéji, ze intenzita napadeni chorobami vojtésky ma vliv na redukci
poctu lodyh i na redukei délky lodyh u vojtésky seté. K prokazatelnému snizovani délky lodyh
dochazi jiz pti 2. stupni napadeni. K prikazné redukci poctu lodyh oproti zdravym rostlindm
dochazi pii 3. stupni intenzity napadeni. Pfi 6. stupni napadeni vétSina rostlin netvofi lodyhy
vubec, nékteré rostliny pouze sporadicky. Z hlediska délky lodyh dochazi k negativnimu vlivu
jiz od pocatku infekce, u 6. stupné intenzity dochézi redukci délky lodyh az 0 90 %. V praci
Hakl et al. (2007) se uvadi rozdil mezi vlivem napadeni kofenli na pocet lodyh v jarnim a
podzimnim obdobi. Zatimco v podzimnim obdobi dochazi k redukci poctu lodyh jiz od 2.
stupné napadeni, V jarnim obdobi neni v poctu lodyh mezi stupném intenzity napadeni 0-5
zadny podstatny rozdil. Pocet lodyh na rostliné musi byt posuzovan ve vztahu K priméru
hlavniho kofene a na podzim dosahuje u zdravych rostlin hodnoty 1 lodyha/mm kofene. V
jarnim obdobi byva vyssi produktivita zdravych rostlin, a to 1,5 lodyhy/mm. U 1. az 5. stupné
intenzity napadeni se produktivita udrzuje v rozmezi 1,2 az 1,3 lodyh/mm a u nejvice

napadenych rostlin (stupen 6) dosahuje na jate i na podzim shodné rozmezi 0,3-0,4 lodyh/mm.

2.1.5 Antraknoza jetele a vojtésky

Jedna se o stfedné vyznamné onemocnéni zpuisobené patogenem Colletotrichum trifolii.
Je to mikroskopickéd houba vytvatejici jednobunétné, ovalné konidie, které se tvoii v utvaru
zvaném acervuli. Onemocnéni se projevuje postupnym odumiranim rostlin, predevsim koncem
léta. Napadané porosty mohou v dalSich letech obristat, ale obvykle odumiraji béhem prvni
poloviny vegeta¢niho obdobi. Ve spodni ¢asti stonku jsou patrné tmavé nekrdzy, na odumielém
pletivu Ize pozorovat konidie. Colletotrichum trifolii pfetrvava ve formé¢ mycelia v pletivu
hostitele. Choroba se nevyskytuje pravidelné, pfi teplém a deStivém pocasi je vyskyt velmi
pravdépodobny, v nékterych letech je schopna postihnout témét cely porost a ztraty pak
dosahuji 80-100 %. K oSetfeni neni v CR registrovan Zadny piipravek. Napadené porosty se
doporucuje sekat jako posledni, aby nedoSlo k pfenosu patogenu nafadim na dalSi porosty
(Kazda et al., 2010). Jacob et al. (2010) také popisuji velké ztraty na vynosech jetele lu¢niho

vlivem vyskytu Colletotrichum trifolii v Némecku a navrhuji slechténi odolnégjsich odrud.
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2.2 Soucasné moznosti regulace napadeni porosti jetelovin

2.2.1 Vliv agrotechniky

Pii péstovani jetele lu¢niho jsou choroby kotenového systému hlavnim limitujicim
faktorem. Intenzitu napadeni ovliviiuje kromé odriady i fada vné&jSich faktort, jako jsou vybér
lokality a agrotechnika. Podle Kovacikové et Kudely (1984) se v letech 1961-1982 kvili
$patnému piezimovani zaoralo v CSR 1,37-37,25 % celkové vyméry jetele luéniho.
NejcastéjSimi pricinami jarnich zaoravek porostl jetele péstovaného v monokultufe podle
Kovéacikové et Kudely (1983) byly: nedostatecny vyvin podsevu jetele vlivem sucha v roce
vysevu, nadmérné srazky vedouci k poskozeni porostli mechanizaci pti sklizni, nadmérny
rozvoj populaci hrabose polniho na podzim, ¢asté periody oblev na konci zimy.

Z vyzkumu Svobodové et Santracka (1992) vyplyva, Ze zhutnéni ptidy ma vyznamny
vliv na vyskyt chorob kotene a kotfenového krcku vojtésky a vyrazné ovliviiuje vynos a
vytrvalost porosti. Santriidek (1988) uvadi, Ze vlastni zhutnéni pidy se podili na snizovani pice
vojtésky ve 3. roce vegetace pouze 15-30 %, zatimco vliv poskozeni porostu zemédélskou
mechanizaci je 70-85 %. Pfi piejezdech mechanizace dochazi k rozdrceni a olamani lodyh,
rozmackéani kofenovych kréki a vrchni ¢asti kofenového systému. Nepiimo se projevuje
zmenS$eni pudni porovitosti, obsahu vzduchu v pid€, zmenSeni jeji propustnosti pro vodu a
zvyseni mechanického odporu pidy proti pronikani kotent.

Kudela (1978) uvadi, Ze intenzivni vyuzivani porosti vojtésky zvySuje Skodlivost
verticiliového a fusariového vadnuti vojtésky. Kazda sec je ptilezitosti k Sifeni ptivodcti chorob
kofenového systému v porostech, z nemocnych rostlin na zdravé. Pfi intenzivnim vyuZivani
porostll CastéjSimi seCemi, je pribéh onemocnéni rychlejsi, odumirani rostlin a profidnuti
porostu ¢asnéjsi. K nebezpeci rozsifeni patogent je nutno prihlizet pfi organizaci sklizné. Je
nutné se vyvarovat piejizdéni sklizecich strojii z napadenych porostl (v 2. uZitkovém roce a
star§ich) na nenapadené porosty (v roce zaseti a v 1. uzitkovém roce), nejdiive sklizet zdravé
porosty a nejpozdéji siln€ napadené. Stejné je to i u jetele lucniho, jak uvadi Rufelt (1987), s
vys$$i intenzitou seceni porostil roste vyznamné i vyskyt kofenovych chorob jetele. Pii piejezdu
ze silné zamoteného pozemku se diive doporucovalo dezinfikovat Zaci mechanismy napf.
formalinem (Kudela, 1978). Také mechanické oSetfovani porostil, jako napt. vlaceni, vede

k vys§imu vyskytu kofenovych a kr¢kovych chorob (Svobodova et al., 2003).
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Podle Kidely (1978), je mozné Upravou pH pidy pomoci vapnéni na neutralni
redukovat Cetnost napadenych rostlin vojtésky a oddalit nebo zmirnit projev onemocnéni na
nadzemnich orgénech. Hlavnim zpiisobem ochrany vsak zlstava Slechténi na odolnost, nebot’
samotnym vapnénim nelze vyloucit znacné ztraty na vynosech, dojde-l1i k infekei u nachylnych
rostlin. Také Steiner et Alderman (2003) uvadéji, Ze pH pady je dulezitym agronomickym

parametrem, ktery ovlivituje vyskyt kofenovych chorob u jetele lu¢niho.

2.2.2 Volba odrady

Vysledky Hakla et al. (2009) ukazuji, Ze existuji urCité rozdily v odolnosti mezi
odriidami vojtésky, ale zddnou odriidu v ceském sortimentu nelze pokladat za zcela odolnou,
pficemz rozsah napadeni kotfenti vojtésky mize dosahovat az do 95 %. V polnich pokusech
Maskové et al. (2009) se primérné napadeni ¢eskych odrud vojtésky kofenovymi chorobami
pohybovalo okolo 29 %. Malatin et Manninger (1980) z Vyzkumného tstavu v Kumpoltu
publikovali vysledky vykazujici vysokou odolnost mad’arskych odrid vojtésky: Furez (odolna
proti Fusarium) a Vertibenda (odolna proti Verticillium albo-atrum), ale dalsi vyzkumy tyto
vlastnosti nepotvrdily. Hlavickova et al. (2002) dosli k zavéru, ze vySlechténé odolnéjsi odrudy
jsou patogeny pod vlivem mechaniza¢nich zdsahli napadéany stejné¢ jako star$i odrudy. Autofi
navrhuji v pritb¢hu Slechténi prokazatelné zjiStovat odolnost novych odrid k jednotlivym
patogentiim i pfi mechanickém poskozovani kofenového systému.

Klimes et al. (2001) publikovali, Ze na vySlechténé odrudy jetele lu¢niho jsou kladeny
velmi vysoké naroky. Duraz je kladen pfedevS§im na vysSi vynosy pice, zvySenou vynosovou
Jistotu a zlepSenou jakost sklizené¢ hmoty. Rovnéz se pozaduje zvySena odolnost proti chorobam
a skudctim, zlepsené piezimovani, rozdilna ranost, zvySena vytrvalost a schopnost obrtstani.
Pravé vytrvalost jetele luéniho je podle Vasiljevice et al. (2005) problém ve vétsing oblasti
svéta. Slechtitelé stoji podle Klimese et al. (2001) pied velmi obtiznymi ukoly. Navic je v Ceské
republice velice fidka sit’ odrudovych zkusebnich stanic. To je v souladu s tvrzenim Ned¢lnika
et Pokorného (2005), Ze vynos uz neni hlavnim sledovanym kritériem kvality odrtd jetelovin.
V dnes$ni dobé€ s rostoucim vyznamem jetelovin nejenom jako picnin na orné pidé stoupa
pozadavek na dobry zdravotni stav a na zvysenou vytrvalost a konkurenceschopnost.

Podle Hejduka (2006) existuji prikazné rozdily mezi vytrvalosti jednotlivych odrad

jetele luéniho.
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Podle Hejduka et Knota (2010) nejvytrvalejSimi odridami jsou Artus a Milvus
(Svycarsko), Lucrum (Némecko), Amos, Spurt a Start (Ceskd republika). Z vyzkumu
Wallenhammar et al. (2006) vyplyva, ze primérny podil nemocnych rostlin jetele luéniho ve
Svédsku v roce vysevu ¢ini 35 %, v prvnim uzitkovém roce 79 % a ve druhém uZitkovém roce
96 %. Ohberg (2008) uvadi, Ze tetraploidni odridy jetele luéniho pouzivané ve Svédsku,
vykazuji niz8i podil napadenych rostlin, ale tyto rostliny maji v porovnani diploidnimi

odridami vyssi stupen napadeni.

2.2.3 Poznatky v chemické ochrang jetelovin

Jiz na pfelomu 50. a 60. letech byly ve Svédsku provedeny prvni vyzkumy vlivu pouziti
fungicidnich pi¥ipravki proti chorobam kofenového systému jetele luéniho (Ohberg, 2008).
V polnich pokusech Leatha et al. (1973) fungicid Benomyl pozitivné ovlivnil vynos jetele
luéniho, ale pozdéjsi studie uvadi negativni ucinek piipravku na vynos ve druhém uzitkovém
roce porostu (Jenkyn, 1975). Nan et al. (1991) ve své praci ovéfovali Géinnost sedmi
fungicidnich latek vic¢i patogennim houbdm-plivodciim onemocnéni kofenové soustavy jetele
lu¢niho. Latka prochloraz méla nejvyssi aktivitu proti izolovanym patogentim z kofent jetele
lu¢niho. Ve sklenikovych experimentech doslo po ¢tyfech tydnech od aplikace, vlivem této
latky, k celkovému poklesu populace houbovych organismil v ptidé a ve vysSich koncentracich
pak prochloraz tlumil rist jetele lu¢niho. Larkin et al. (1995) v nadobovych experimentech
prokazali, Ze fungicidni latka metalaxyl aplikovana na pidu, snizuje negativni vliv ptidnich
patogenti na kofenovy systém vojtésky seté. OSettené rostliny mély vySsi pocet lateralnich
rostlin. V polnich pokusech se v§ak G¢inek metalaxylu nepotvrdil (Larkin et al., 1996) a ani pfi
oSetieni osiva vojtésky nebyl metalaxyl pfili§ G¢inny (Larkin et al., 1995).

Podle Suprapta (2012) se zeméd¢lci stale Castéji spoléhaji na pouziti syntetickych
fungicidu k potlaceni houbovych chorob rostlin. Nespravné pouzivani téchto chemikalii v§ak
miize zpiisobit vdzné poskozeni Zivotniho prostfedi a dalsi zdravotni rizika. Ohberg (2008)
uvadi, ze pouziti fungicidi musi byt ekologicky 1 ekonomicky opravnéné. V soucasné dobé

neni v Ceské republice k dispozici zadny fungicidni pfipravek uréeny pro ochranu jetelovin.
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2.3 Moznosti biologické ochrany

Biologickd ochrana rostlin se jevi jako bezpeCna alternativa, ktera je stale vice
zkoumana, aby poskytla G¢innou ochranu proti chorobam rostlin. Nékolik mikroorganismi
bylo testovano a bylo prokdzano, ze jsou antagoni¢ti vii¢i houbovym patogenim (Suprapta,
2012).

Podle smérnice Evropského parlamentu a Rady 2009/128/ES, kterou se stanovuje rdmec
pro cinnost Spolecenstvi za ucelem dosazeni udrzitelného pouzivani pesticidi, je tieba
v zemeédé@lstvi peclivé zvazovat veskeré dostupné metody ochrany rostlin a nasledné€ integrovat
vhodna opatieni, kterd potlacuji rozvoj populaci skodlivych organismt a udrzuji pouzivani
ptipravkl na ochranu rostlin ¢i jinych forem zdsahu na trovnich, které l1ze z hospodatského a
ekologického hlediska odliivodnit, a které snizuji ¢i minimalizuji ohrozeni lidského zdravi nebo
zivotniho prostiedi. Tento systém ochrany rostlin klade diiraz na riist rostlin, pfi co nejmensim
naruSeni zemédélskych ekosystémli a podporuje mechanismy pfirozené ochrany proti
Skodlivym organismtim.

Biologicka ochrana rostlin proti houbovym patogentim je studovana vice jak 80 let, ale
az v poslednich letech se dafi né€kolika spole¢nostem vyvijet mikroorganismy pro ochranu
rostlin jako komer¢ni produkty (Suprapta, 2012).

Hysek et al. (2008) uvadgji, ze rozvoj studia mikroorganismu piisel s vytvofenim
svételné mikroskopické techniky a zavedenim kultiva¢nich metodik mikroorganismi. Tyto
zachycovaci metody jsou dnes stale zdokonalovany. Velké mnozstvi mikroorganismu vSak neni
mozné kultivovat, napt. biotrofni fytopatogeny, které se pomnoZzuji pouze v Zivé rostling, stejné
tak 1 mnohé anaerobni mikroorganismy, které maji velmi specifické poZzadavky na své Zivotni
prostiedi v pritbé¢hu svého ristu.

Pro biologickou ochranu zeméd¢€lskych plodin je v Evropé registrovano 14 rodti hub a
bakterii (Gerbore et al., 2014). Hleda se prostiedek s vysokou bezpecnosti a s minimalnim
dopadem na Zivotni prostfedi. Mnohé rody hub maji mechanismy, které jim umozni efektivné
1é¢it nebo predchéazet vzniku listovych a kofenovych chorob, jejichZ ptivodcem jsou patogenni
houby. Jednou ze strategii pouzivanych biologickymi agens je mykoparasitismus (Brimmer et
Boland, 2003). Podle Gerbore et al. (2014) se v poslednim desetileti nejvice studuje vliv
Pythium oligandrum ze ttidy Oomycota. Podle Benhamou et al. (2012) je P. oligandrum nyni

povazovano za nejslibnéjsi biologickou ochranu z tiidy Oomycetes pro pouziti v zeméd¢lstvi.
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2.3.1 Pythium oligandrum

Brozova (2002) uvadi, ze Oomycety jsou obecné vnimany jako agresivni rostlinné
patogeny zpusobujici vazné ztraty vynosu na plodinach, Pythium oligandrum se vSak tomuto
zafazeni zcela vymyka, nebot’ napada patogeny svého druhu. Jiz Vesely (1978) pozoroval
hyperparazitismus P. oligandrum na ostatni druhy ve stejné tfide.

Gerbore et al. (2014) uvadéji, ze P. oligandrum ptisobi bud’ ptimo, anebo nepiimo k
ochran¢ rostlin a dokdze snizit patogenitu velkého mnozstvi chorob v rozmezi 15-100 %.
Pythium oligandrum lze pouzit pro biologické oSetieni Sirokého spektra plodin, protoze ma
schopnost napadat vétSinu houbovych patogent rostlin.

Pythium oligandrum neni translokovano do rostliny pies list, ale bud’ parazituje nékteré
fytopatogeny na povrchu rostliny nebo kolonizuje kotenovy systém a produkci proteini v
bunécné stén¢ indukuje v rostlindch tvorbu etylenu, ktery pak v rostlindch tidi procesy
indukované rezistence (Benhamou et al., 2012). Hase et al. (2006) uvadgji jako elicitujici
protein oligandrin, ktery spousti cytologické a biochemické modifikace v bunkach rostlin a tim
vyvolava jejich odolnost vi¢i patogenim. Dal§imi latkami izolovanymi v bunééné sténé
P. oligandrum jsou podle Benhamou et al. (2001) glukany a chitosan. Chitosan pusobi jako
ptirodni fungicid na houbové hyfy a bunééné membrany, narusuje bunécné stény a cytoplazmu
a tim ptimo inhibuje kli¢eni spor a rust mycelia (Li et al., 2009).

Cagan et al. (2010) uvadéji, ze organismus P. oligandrum je schopen kolonizovat
kotenovy systém, kde je pak prospésny pii vyméné latek s rostlinou. Zaroven je schopny
potlacit rist patogennich hub. Podle Benhamou et al. (2012) latky produkované P. oligandrum
stimuluji imunitni systém rostliny, podporuji jeji rast a zlepSuji celkovou vykonnost porosti.
Také LeFloch et al. (2003) uvadgji, ze imunizace rostlin je velmi dilezitym mechanismem
uc¢inku P. oligandrum.

O schopnosti P. oligandrum produkovat dalsi sekundarni metabolity neni vice znamo.
Dalsi vyzkumy by mély piispét ke zvySeni vykonu P. oligandrum a jeho pouziti jako silné
biologické ochrany. Sekvenovani genomu P. oligandrum by v blizké budoucnosti mélo
poskytnout detailni vhled do této problematiky (Benhamou et al., 2012).

Nejcasteji se podrobuje P. oligandrum laboratornim experimentim a experimentiim
v pokusnych sklenicich. Polni pokusy se ¢asto neprovadi, a pokud ano, tak jsou zamétené na
olejniny, obilniny, vinou révu a chmel (Prochazkova-Rulfova, 2009). Hibar et al. (2006)
prokazali vliv P. oligandrum na fusariové choroby rajéete. V Ceské republice se od roku 1993

vyvyji biologicky pfipravek Polyversum na bazi P. oligandrum. Jeho vyroba se neustale
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zdokonaluje. V soucasné dobé registrace tohoto pfipravku zahrnuje mnoho plodin, napf. fepku,
hoi¢ici, slune¢nici, mak, chmel, okrasné a golfové travniky, okrasné a lesni Skolky, jahody,
vinnou révu, psenici, jeCmen, Zito, tritikale, brukvovitou zeleninu, rajce, okurku a papriku.
Prochazkova-Rulfova (2009) uvadi, ze ptipravek Polyversum je pfi aplikaci k fepce stejné
ucinny jako chemicky standard, jeho vyhodou jsou navic nizsi naklady aplikace na 1 ha. I pies
zajimavé vysledky u ostatnich plodin nebyl zatim efekt vyuziti tohoto mikroorganismu

sledovan u viceletych picnin.

2.3.2 Coniothyrium minitans

Podle Ohberg et Bang (2010) je Coniothyrium minitans podobné jako P. oligandrum
obligatni mykoparaziticky organismus pfirozen¢ se vyskytujici po celém svéte, jeji spory
v pud¢ infikuji a parazituji na piitomnych sklerociich patogent Sclerotinia spp. a pomérné
rychle je rozkladaji.

Hyfy Coniothyrium minitans pronikaji do bunééné stény hostitele. Hostitelska
cytoplasma se rozpada a dochazi ke zhrouceni bunéénych stén v dasledku infekce (Huang et
Hoes, 1976). Podle Whippse et Gerlagha (1992) k rozvoji C. minitans dochazi zejména v
provzdusnéné povrchové vrstvé pidy do hloubky cca 10 cm pfi teplotach nad 1 °C. Maximalni
kliceni spor a rustu dochézi pii relativni vlhkosti vzduchu nad 95 %. Pfi zamrznuti ptdy C.
minitans pozastavuje sviij rist, ale nedochazi k odumfeni. Uginnost odstranéni zdrojii infekce
z povrchové vrstvy pidy se pohybuje od 95 do 100 %. C. minitans piezije a $iii se v ptdé po
dobu nejméné dvou let a je schopno nadale poskytovat urcitou kontrolu onemocnéni.

V Ceské republice byl registrovan ptipravek CONTANS WG k ochrané fepky olejky,
hot¢ice bilé, slune¢nice, maku, zeleniny, okrasnych rostlin, tabdku, luskovin, aromatickych
a léCivych rostlin a ¢ekanky proti sklerotinii. Pouziva se k ochrané rostlin aplikaci pied setim
nebo po sklizni na kontaminované poskliziiové zbytky.

Vysledky polnich experimentdi ve Skandinavii, které provedli Ohberg et Bang (2010)
ukazuji, ze C. minitans mize byt vyuzito k ochran¢ jetele luéniho proti S. trifoliorum. Ptes drsné
pudni a teplotni podminky na pokusnych stanovistich bylo pouziti vhodné bez ohledu na to, zda
aplikace probihala pfed setim nebo jiz ve vegetacnim stadiu, C. minitans zistalo Zivotaschopné
i po zimnim obdobi, coz potvrzuje vyuziti C. minitans i v podminkéch s Sirokym rozsahem
teplot. Coniothyrium minitans mize infikovat sklerocia S. trifoliorum jak na lehkych, tak i

tézkych ptdach.
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Dale je z vysledkt Ohberg et Bang (2010) patrné, Ze pii predsetové aplikaci C. minitans
dochazi ke zvyseni vynost jetele lu¢niho o 21-32 %. Dalsi polni experimenty jsou podle autorti
nezbytné, protoze jesté neni piesné znamo, jakou mérou C. minitans ovliviuje pieziti sklerocii
S. trifoliorum v provoznich zemédélskych podminkach vzhledem k terminim aplikace a

objemu aplikované davky.

2.3.3 Bacillus spp.

Bakterie z rodu Bacillus jsou mikroorganismy, které se pfirozené vyskytuji v pudé
a jsou dobfe znamy jako producenti Siroké skaly sloucenin. Tyto bakterie maji genom slozeny
bioaktivnimi molekulami téchto bakterii jsou neribosomdlné syntetizované peptidy,
lipopeptidy, polyketidy, bakteriociny a siderofory. Tyto latky maji Siroké spektrum
antagonistické aktivity proti rostlinnym patogennim bakteriim, houbam a virum. Lipopeptidy
ovliviuji cilové bunky na urovni bunééné membrany, jejich biologicka aktivita spociva
pfedevsim v inhibici ristu rostlinnych patogent, kompetici a indukci systémové rezistence
v rostlinach (Fira et al., 2018). To potvrzuje i Rahman et al. (2016), ktefi uvad¢ji, ze pti indukci
systémové rezistence bylo pozorovano potlac¢eni kofenovych i listovych chorob.

V laboratornim prostiedi bylo prokazano, ze nékteré kmeny tohoto organismu se
vyznacuji velmi silnou antibakterialni a antimykotickou aktivitou proti fytopatogentim (Fira et
al., 2018). To se taktéz potvrdilo u¢inkem Bacillus spp. proti fusariozam na pSenici (Schisler et
al., 2004; Chen et al., 2018) nebo proti strupovitosti u brambor (Lin et al., 2018). U vojtésky
byl vpraci Handelsmanaet al.(1990) pozorovan vliv 700 bakterialnich kmeni
mikroorganismi na padani kli¢icich rostlin, z nichz pouze kmen Bacilus cereus UW85 piiznaky
této choroby zcela potlacil. V polnich experimentech se pak tento kmen osvédcil hlavné
v ochrané vojtésky proti Phytophthora megasperma f. sp. medicaginis.

Rahman et al. (2016) uvadé&ji, ze v posledni dobé mnohé agrochemické spolecnosti
zaclenuji ptipravky Bacillus spp. do svého portfolia a ptedpoklada se, Ze biologické piipravky

na bazi Bacillus spp. se stanou v budoucnu nejpouzivanéj$im nastrojem pro ochranu rostlin.
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2.3.4 Streptomyces spp.

Jedna se o vSudypiitomné a pfirozené se vyskytujici bakterie, které se bézné vyskytuji
v pudnim prostiedi. Streptomyces kolonizuje kofeny rostlin a pusobi jako mykoparazit
houbovych patogenil, ktery poméha chranit rostliny. ZajiStuje ochranu zejména proti témto
patogennim organismum: Fusarium, Rhizoctonia, Pythium, Phytophthora, Phytomatotricum,
Aphanomyces, Monosprascus, Armillaria, Sclerotinia, Postia, Verticillium, Geotrichum (Pertot
et al., 2015). Jones et Samac (1996) uvadéji, ze Streptomyces je schopno inhibovat 93 kment
pudnich patogend. Podle Pertota et al. (2015) je dalSim vyznamnym mechanismem tvorba a
vylucovani antifungalnich metabolitl, napft. antibiotika a/nebo antifungalni slouceniny s nizkou
molekulovou hmotnosti nebo lytické enzymy jako je chitindza.

Jakmile tato baterie uspésné kolonizuje kofeny, miZe neustale chranit rostlinu. Na
druhou stranu G¢innost neni extrémné vysoka a rhizosférové kompetence nejsou prokdzany u
mnoha plodin. Moznym zptsobem, jak zlepsit t¢innost Streptomyces, je kombinovani s dal§imi
biologickymi ptipravky.

Jones et Samac (1996) ve sklenikovych pokusech prokazali vliv Streptomyces na
zlepseni zdravotniho stavu vojtésky, snizeni podilu nemocnych rostlin a potlaceni ptivodcii
kotfenovych hnilob. Stejné tak Xiao et al. (2002) uvadéji efekt Streptomyces na snizeni poctu
nemocnych rostlin. V polnich pokusech se vSak tento efekt potvrdil jen v kombinaci

s fungicidni latkou metalaxyl.

2.3.5 Trichoderma spp.

Jedna se o saprotrofni, oportunistické, nevirulentni organismy, které piisobi paraziticky
a prostfednictvim antibiézy na mnoho patogennich organismi zplsobujicich onemocnéni
rostlin (De Jaeger et al., 2011). Podle Leelavathi et al. (2014) je rod Trichoderma piitomen ve
vSech pudach a jedna se o nejrozsitenéjsi kultivované houby. Houby rodu Trichoderma jsou
také vyznamnym zprostiedkovatelem anorganickych zivin v pud¢€, rozpousti fosfaty a dalsi
slouceniny, podporuji rozvoj kofentl, dokazi deaktivovat enzymy patogenii a obdobné jako P.
oligandrum vytvati indukovanou rezistenci rostlin.

Utinky byly popsany proti nasledujicim patogentim: Fusarium culmorum, F.
oxysporum, F. moniliforme, Rhizoctonia solani, Sclerotium rolfsii, Gaeumannomyces graminis

var. tritici a Drechsler asorokiniana (Kiiciik et Kivang, 2003).
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2.3.6 Clonostachys rosea

Jedna se o bézn¢ se vyskytujici ptidni houbu s celosvétovym rozsitenim. Nejcastéji se
vyskytuje na orné pd¢ a v trvalych travnich porostech. Podili se na rozkladu zbytk organické
hmoty v pid¢ a mykoparaziticky degraduje Siroké spektrum ptdnich fytopatogennich hub.
Optimalni teplota pro rast je v rozmezi 20-25 °C s teplotnim minimem 4-8 °C. Rozklada
mycelium hub Ceratocystis, Trichothecium, Thamnidium, Botrytis, Verticillium, Rhizoctonia,
Sclerotinia, Pythium, Thielaviopsis, Aureobasidium, Aphanomyces, Bipolaris, Fusarium aj.

Mykoparaziticky u¢inné kmeny C. rosea produkuji nékolik specifickych
extracelularnich enzymua (beta-N-acetylhexosaminidaza, chitinaza, B-1,4-chitobiosidaza,
glucan B-1,3-glucosiddza a protedza) rozpoustéjicich bunécné stény fytopatogennich hub
(Ondrackova et al., 2014).

V Ceské republice byl registrovan pomocny rostlinny ptipravek Gliorex a Clonoplus,
ktery je mozné pouzit na Siroké spektrum péstovanych plodin. Aplikace se provadi nejcastéji
na osivo, piipadné i do pidy nebo péstebnich substratli. V prubéhu vyvoje obou ptipravku, ale
I vV soucasné dobé¢, byly kmeny houby C. rosea testovany u Sirokého spektra polnich plodin,
jako jsou luskoviny, obilniny, mak, kmin, brambory, ¢esnek nebo mrkev. Naptiklad v porostech
luskovin doslo po aplikaci C. rosea ke zlepSeni zdravotniho stav kofent a zvySeni vynosu az
0 26 %. U psenice seté regovaly osetiené varianty zvySenim vynosu 0 14 % oproti kontrole
a zvySenim vynosu o 4 % ve srovnani s chemicky mofenou variantou. Aplikace k bramboram
zvysila primérny vynos o 27 % oproti neosetfené kontrole (Ondrackova et al., 2019). Vliv

ptipravku na jeteloviny zatim neni znam.

2.4 Limity biologické ochrany

U biologické ochrany existuje fada faktort, které limituji jeji ii€innost. Brozova (2002)
upozoriiuje na to, ze ucinek téchto biologickych ptipravki je siln€ ovliviiovan piirodnimi
podminkami jako je teplota, vlhkost vzduchu nebo pH ptdy. Naptiklad kliceni oospor Pythium
oligandrum dle Elnaghy et al. (2009) nastava v teplotnim rozmezi od 10 do 30 °C, optimalné
pti 25 °C. Pokud jde o pH, ke kli¢eni oospor dochézi v rozsahu 5-9 pH, optimalné mezi 6,5-8
pH.

Biologické agens miZou rovnéz predstavovat riziko pro  necilové
organismy. Organismus, ktery se zda byt schopen ovladat chorobu rostliny bez poskozeni

hostitelské rostliny, mlZe stale piedstavovat riziko pro jiné organismy ve stejném cilovém
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prostiedi. Interakce mezi mykoparazitickymi houbami a ostatnimi organismy v prostredi se
velmi obtizn¢ testuje. Stale jsou neznamé patogenni vztahy s necilovymi houbami, bakteriemi,
rostlinami nebo Zivoc¢ichy. Mykorrhizni a necilové saprofytické houby jsou zvlasté v ohrozeni,
protoze vétSina biologickych agens jsou parazitarni na nejméné jeden druh hub. Toxiny
produkované biologickymi agens miizou nejen poskodit zadouci ptidni mikroorganismy, ale 1
rostliny. Protoze se jednd o zivé latky, jejich vyvoj a rozSifeni mize byt neptedvidatelny, a
proto je tfeba predvidat mozné komplikace a zmirnit pfipadné nezadouci ucinky. Biologicka
ochrana je uvadéna jako "piirodni" a "s nizkym rizikem", byva ¢asto osvobozena od ditkladného
testovani pozadované pro chemické piipravky na ochranu rostlin (Brimmer et Boland, 2003).
To vyplyva i ze studie Gerbore et al. (2014), kde autofi upozoriuji, Ze velkou neznamou je

dopad dlouhodobé¢ biologické ochrany na zivotni prostiedi.

2.5 Rostlinné stimulatory

Dalsi moZznosti fungicidni ochrany je pouziti latek stimulujicich zivotaschopnost rostlin.
Je prokazano, Ze rostlinné stimulatory dovedou zvysit vynos a jeho kvalitu, zvysit odolnost
rostlin vic¢i chorobam a suchu, zvysit U¢innost a snizit vydaje pouzivanych tradi¢nich

chemickych pesticidl a hnojiv (Novik, 2013).

2.5.1 Alginatové ptipravky
Alginaty jsou pfirodni produkty ziskavané z moiskych tas. Moiské fasy jsou nizsi
stélkaté vytrusné rostliny, které maji velmi pestré chemické slozeni a obsahuji mnoho
mikroorganismi. Vyznacuji se Sirokym spektrem biologicky uc¢innych latek, jsou to zejména
aminokyseliny, peptidy, bilkoviny, organické kyseliny, sacharidy, Skrob, mineralni latky,
uronové kyseliny, vitaminy a dalSi pfirodni substance. Biochemickym rozborem fas bylo
zjisténo, ze obsahuji az 60 mikroprvkll zastoupenych ve vét§Sim mnozstvi neZ v suchozemskych
rostlinach. Z organickych latek kromé& sacharidd, bilkovin, tukil a vitaminii jsou v moiskych
fasach ptitomny latky stimulacni a antibiotické povahy. Moiské tasy rodu Ascophyllum
nodosum obsahuji slouc¢eniny kyseliny indolyloctové, kyselinu alginovou a jeji soli (Povolny,
1975). Kyselina indolyloctova je vyznamnym auxinem (Sebanek, 1983).
Prvni zminky o pfiznivych G€incich motskych fas pochazi jiz ze starovéku z ptimoiskych
oblasti Ciny a Japonska, kde byly pouzivany jako lidska potrava a krmivo pro dobytek. Antiéti

Rimané pouZivali moiské fasy také jako hnojivo (Povolny, 1968).
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V Ceské republice se komer&ni alginatové piipravky objevily v 80. letech. Slo o produkty
kanadské firmy Kelp Products International (pfipravek Micro-mist) a némecké firmy Bio-algen
(ptipravek S-90). Pripravky se ujaly mezi zahradkati pro svou jednoduchou aplikaci, naprostou
zdravotni nezavadnost a pro potencialni zvySeni vynosu zeleniny, ovoce 1 okrasnych rostlin.

Experimentalné byly alginatové ptipravky podrobeny pii pokusech na rajcatech v 60.
letech. V téchto pokusech byl pouzit ususeny extrakt z moiské fasy Ascophyllum nodosum
(vyrobce norskd firma Algea) pod nazvem Algifert a extrakt ze suSenych mletych fas s
obchodnim oznacenim Algit. Povolny (1975) uvadi, Ze vynosy rajcat se po postiicich 1 %
roztokem Algifertu vzrostly o 19 % a po postticich 10 % roztokem Algitu o 26 %.

V 90. letech se Santriiéek et Svobodova (1995) zabyvali vlivem alginatovych piipravkd
S-90 a Micro-Mist na vynos, kvalitu a vzchazivost vojtésky. V fad¢ piipadi doslo ke zpomaleni
vzchazeni nebo 1 zhorSeni vzchazivosti. V polnich pokusech se ucinky alginatovych preparatu
projevily pouze tam, kde byly zhorSené ristové podminky napf. nevhodna kultivace, a to
zejména ve 3. seCi. Na zhutnénych padach byl efekt aplikace vys$si nez na pudach
nezhutnénych. Santricek et Svobodova (1996) poukazuji na to, e nedostatky v p¥ipravé pady
nemohou byt pln¢ eliminovany aplikaci alginatovych ptipravkl. Pfipravky se miiZzou uplatnit
pfi nepiiznivych podminkach napt. vytvoteni piidniho Skraloupu (Santriidek et Svobodova,
1995).

Utinek alginatovych piipravka souvisi s jejich proménlivym slozenim, které zavisi na
riistu a vyvinu rostlin-mofskych fas pro vyrobu piipravki (Santriigek et Svobodova, 2002).
Santrii¢ek et al. (1995) také upozoriiuji na nutnost diisledného dodrZeni koncentrace a presnosti
aplikace ptipravku.

Santriicek et Svobodova (1996) dosli k zavéru, Ze pouziti alginatovych preparéati
Vv porostech vojtésky je nerentabilni vzhledem k nizkym Uc¢inkiim a vysokym ndkladim na
jednu aplikaci, navic ma pravidelna aplikace alginatovych pfipravku zanedbatelny vliv.
V nadobovych pokusech Svobodova et Santriiéek (1998) také zjistili, ze alginatové piipravky
prikazné nezvysovaly celkovou vzchazivost trav.

V Ceské republice je v soucasné dobé registrovan biologicky p¥ipravek pro podporu
zdravotniho stavu rostlin Alginure, kde G€innou sloZkou jsou vytazky z moiskych fas, vytazky
z rostlin (alginaty, laminariny, cytokininy, proteiny, betainy, peptidy, sacharidy, hormony a
dalsi), fosfaty a fosfonaty ve form¢ draselnych soli kyseliny fosforecné a fosforité. Prosttedek
Alginure podporuje odolnost rostlin vi¢i napadeni houbovymi chorobami, plisnim,
strupovitosti a padli. Po aplikaci prosttedku Alginure dochdzi v rostlinach k aktivaci fady

obrannych biochemickych mechanizmii, pfi¢emz nejrychleji-do dvou hodin, je plné aktivovana
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tvorba peroxidu vodiku. Poté je rostlina schopna tvofit kyselinu salicylovou, PR proteiny, a
nakonec béhem dvou dnti je pln¢ aktivovana i produkce fytoalexint. Timto zplisobem je mozno
mnoho druhil rostlin cestou indukované rezistence velmi u¢inn¢, a hlavné vcas pfipravit na
napadeni patogeny. Podle davky plisobi Alginure bud’ preventivné, nebo pii aplikaci zvySené
davky i kurativné. Pripravek dosahuje ptiznivych vysledki proti potlaceni houbovych patogenti
na vinné révé (Monnet, 2015; Rychla et al., 2012) a jahodniku (Bocek et al., 2012). Nové série
polnich pokust zaloZenych v ramci této disertacni prace by méla ovétit moznosti biologické
ochrany a stimulace riistu u jetelovin pomoci tohoto ptipravku, nebot’ vyvoj alginatovych

piipravkia od 80. let zna¢né pokrocil.

2.5.2 Piipravek Albit

Podle Zlotnikova (2006) ma biopreparat Albit komplexni ucinek a Siroké spektrum
pusobeni, kombinuje vlastnosti ristového stimuldtoru, biofungicidu, hnojiva a antidotu.
Pozitivni uc¢inek Albitu potvrdilo vice nez 500 polnich pokusi na 60 zemédé€lskych
plodinach ve 45 regionech Ruska.

Albit je v Ceské republice registrovan jako pomocny rostlinny piipravek urdeny
zejména pro obilniny, brambory, slunecnici, zeleninu, kukufici, fepku olejku, vinnou révu,
lusténiny, cukrovou fepu a jahodnik. U¢innou latkou pomocného piipravku Albit je kyselina
polybetahydroxymaselna. Jedna se o pfirozenou zasobni latku prospéSnych piidnich bakterii.
Novik (2013) uvadi, Zze Albit neobsahuje Zivé mikroorganismy, jako je tomu napf. u ptipravku
Polyversum, ale ptimo ovlivituje ptidni mikrofloru. Také zlepSuje zasobovani rostlin vyzivnymi
latkami, zvySuje solubilizaci fosfati a fixaci dusiku.

Vzhledem ke svym imunizanim vlastnostem je Albit sam o sob& schopen chranit
rostliny pfed chorobami. Tento preparat je napiiklad ¢inny proti hlavnim chorobam Inu, bilé
a Sedé hnilob¢ slunecnice, rzim a skvrnitostem, a také proti hnilobé& kotenil obilovin s u¢innosti
az 90 %. Nicméng, fungicidni vlastnosti Albitu, podobné¢ jako u vétSiny biologickych preparati,
se dostatecné projevuji pouze pii nizkém az stfednim napadeni rostlin chorobami. Na vyssi
urovni infekce se Albit pouziva v kombinaci s chemickymi fungicidy. Ve vétSin€ piipada se
pouziva pouze minimalni doporucend davka chemickych fungicidl, protoze pii soucasném
pouziti Albitu se zvysuje G¢inek chemickych fungicidu (Zlotnikov et al., 2008).
komunité rhizosféry rostlin, coZ se projevuje ve snizeném poctu mikroskopickych

patogennich hub a zvySenim poctu prospésnych pidnich bakterii. Bylo zaznamenano zvyseni
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poc¢tu mikroorganismt z rodu Gliocladium, Cladosporium a Trichoderma, ktefi patii mezi
vyznamné antagonisty houbovych patogent rostlin. Vlivem aplikace Albitu se v pad¢ také
zvySil pocet dalSich bakterii stimulujicich rostliny a poutajicich vzduSny dusik napf.
Azotobacter.

V polnim pokusu Ryabchinskaya et al. (2008) se pii aplikaci pfipravku Albit na porosty
jetele luéniho, vynos zelené hmoty oproti kontrole zvysil o 40 %. Vysoky ucinek aplikace byl
zaznamenan i u potlaceni patogennich hub. Pod vlivem tohoto stimulatoru rostlin jetel lu¢ni
tvofil vice lodyh a tim i vice nadzemni biomasy. Autofi uvadi, Ze pouzivani Albitu na
porosty jetele lu¢niho je ekonomicky efektivni s vysokou navratnosti (az 9,9 krat). V praci
Kharchenka et al. (2009) je uvedeno, Ze oSetieni ptipravkem Albit v porostu jetele lu¢niho
vedlo ke snizeni podilu nemocnych rostlin v priiméru o 21 % oproti neosetiené kontrole.

Kharchenko et al. (2008) uvadéji, ze vynosy zelené hmoty u vojtésky seté se pii pouziti
Albitu v ddvce 40 ml.ha™ zvysily o 19,7 % oproti neoSetiené varianté. Pfi dalsim zvyseni davky
Albitu na 80 ml.ha! vzrostl vynos oproti kontrole o 15,1 %. Ptipravek mél také vliv na zvyseni
tvorby lodyh, osetfené porosty byly vyssi, vzrostla rychlost kli¢eni, zrychleni nastoupeni faze
butonizace, zvySeni poctu kvétenstvi a zvySeni odolnosti k fadé nemoci. U oSetfenych variant
byl zvysen pocet lodyh na m? v rozmezi 15,6-29,1 %. Ekonomicka efektivita aplikace Albitu
byla vysokd, navratnost ¢inila 6,1nasobek vstupti. Ve stiedni a zdpadni Evropé vsak efekty

vyuziti tohoto ptipravku dosud ovérovany nebyly.

2.6 Morfologie korenového systému ve vztahu ke zdravotnimu stavu a

vynosovému potencidlu porosti jetelovin

Jak jiz bylo zminéno vySe, kotfenové choroby jetelovin zplisobuji predcasné protidnuti
porostu, kdy dochazi nejprve ke snizeni produkéni schopnosti infikovanych rostlin, a nakonec
aZ k jejich odumfeni (Téborska, 2003). Pti planovaném hodnoceni vlivu testovanych ptipravki
pti ochran¢ porostu jetelovin se vsak nelze zaméfit pouze na vynos pice ¢i zdravotni stav
kofent, ale rostliny je tfeba hodnotit komplexnim zptsobem. Chmelikova et al. (2015)
zdaraziuje, Ze je dileZité posuzovat parametry jak nadzemnich, tak 1 podzemnich ¢asti rostlin.
Tyto vztahy bylo nutné vzit v ramci zpracovani této disertacni prace v uvahu a zatradit rovnéz
hodnoceni vlivu aplikace ptipravki i na samotny kofenovy systém jetelovin.

Pro jeteloviny je typickd mohutna kotfenova soustava s hlavnim ktlovitym kofenem,

ktera se dale vyznacuje i symbidzou s hlizkovymi bakteriemi. Kofenovy systém dosahuje
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nejmohutnéjSiho vyvoje u vojtésky seté. Vojtéska vytvari ze vSech plodin nejvetsi mnozstvi
kofenové hmoty, které ¢ini u vyvinutého porostu 7,5-12 t.hal. V prvnim vegetaénim roce
dokonce vytvafi vice kofenové hmoty nez hmoty nadzemni (Klesnil, 1978).

V porovnani s obilninami zanechava vojtéska v pudé prostrednictvim koienovych a
poskliziiovych zbytkli zna¢n€ vEtsi mnozstvi zivin, a to dusiku 3-7krat vice, fosforu 1,5-3krat
vice, drasliku 1,5-2krat a vapniku 2-3krat vice. Lignifikovand kofenova hmota vojtésky se
pomaleji rozklada, takze je cennym materidlem pro tvorbu trvalého humusu. Kofenovy systém
vojtésky je charakterizovan znac¢nou sekre¢ni a exkrecni Cinnosti a pfiznivé ovliviiuje rozvoj
pudnich mikroorganismii. Celkova mohutnost a intenzita zakoienovani vojtésky je zavisla na
mnoha faktorech, zejména na pidnich podminkach, agrotechnice, na zpracovani pudy, ale také
i na dob¢ vysevu (Klesnil, 1978). Mohutnost kofenového systému ma ptimy vliv na vynosy
pice. Cim vys§i jsou vynosy pice, tim vice se vytvati kofenové hmoty a tim je i vétsi vliv
vojtésky na Grodnost plidy, a to i v hlubS$ich vrstvach (Klesnil, 1978).

Mimo velikosti ¢i hloubky kofenéni je u vojtésky intezivné studovany i samotna
morfologie kofenového systému (napi. Mclntosh et Miller, 1980). Johnson et al. (1996)
uvadeji, ze kofenova morfologie ovliviiuje ptijem Zivin, produktivitu a vytrvalost vojtésky seté.
I mnoho dalsich studii prokazalo, Ze produktivita vojtésky seté je ovlivnéna morfologii
kofenového systému (Johnson et al.,1998; Lamb et al., 1999; Lamb et al., 2000). Byla
zaznamenana také pozitivni korelace mezi vynosem a velikosti kofenti vojtésky (Saindon et al.,
1991; Chloupek et al., 1999), ktera se vSak nemusi projevit v optimalnich rustovych
podminkach (Hakl et al., 2017). Vyvoj morfologie kofenového systému jetele lu¢niho je také
uzce spojen s celkovou vynosnosti a vytrvalosti porostd (Sawai et al., 1986; Montpetit et
Coulman, 1991a). Rada autorti hodnoti pestrou $kalu parametrti kofenové morfologie, neni viak
ustalen zadny metodicky postup. Lamb et al. (2000) sice navrhuje ur¢ity navod pro kratkodobé
sledovani, ale chybi systém pro vicelet¢ polni méfeni, ktery by mél ovéfeny vztah
k agronomickym parametrim porostu. Proto neni zcela jasné, jak pii posuzovani vlivu
biologickych piipravki kofenovy systém efektivné hodnotit.

Houbové patogeny se také vyznamné podileji na utvafeni kofenového systému vojtésky,
kdy jejich vlivem dochazi k potlaceni riistu kofenit a zménam v morfologii kofenového systému
vojteésky seté. Koteny infikovanych vzchazejicich rostlin méné vétvi a vytvareji celkové méné
lateralnich kofent, maji 1 krat$i kotfeny. Neni jeSté pfesné¢ zndm vzajemny vztah mezi vSemi
houbovymi patogeny, riistem kofenil a zdravim rostlin. Dal$i vyzkumy by mély podrobné&ji
objasnit tyto dilezité interakce (Larkin et al., 1995). Mimo téchto zminénych souvislosti mezi

morfologii kofent a jejich zdravotnim stavem u monokulturné péstovanych jetelovin chybi také
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studie, které by objasnily tyto vztahy u jetelovin v jetelovinotravnich smésich. Tyto smési jsou
Vv fad¢ pripadl preferovany, nebot’ travni komponenty Vv jetelovinotravnich smésich zabranuji
zapleveleni porostt (Bélanger et al., 2014) a tyto porosty dosahuji celkové vyssich vynost
VvV porovnani s monokulturami jetelovin (Sturludottir et al., 2014). Pro potencialni testovani
piipravki v téchto smésich bude proto nutné objasnit vliv pfitomnosti travniho komponentu na

morfologii a zdravotni stav kofent jetelovin v jetelovinotravnich smésich.

Zaveérem literarni reSerse lze shrnout, Ze kofenové choroby jetelovin predstavuji
vyznamny limitujici faktor pfi jejich péstovani, ale dosud v praxi neexistuje zadny
doporucovany zptisob piimé ochrany. Snizit plsobeni patogennich chorob je zatim mozné
pouze Slechténim na odolnost a péstitelskou prevenci (eliminace zhutnéni pady a poskozeni
rostlin, vhodné pH a hnojeni aj.). Souc¢asné pokroky v biologické ochrané rostlin vSak skytaji
nové moznosti feSeni tohoto problému, a proto se tato prace primarné zabyva posouzenim
efektivity vyuziti biologické ochrany a rostlinnych stimulatord z pohledu napadeni rostlin
chorobami, ale i dopady téchto aplikaci na morfologii kofenového systému, strukturu
vynosotvornych prvkl v ndvaznosti na produktivnost a vytrvalost porostl jetelovin. Soucasti
disertaéni prace je i vyhodnoceni ekonomického vyznamu téchto opatieni. Pouzita metoda
hodnoceni morfologie kofenového systému v polnich pokusech vychazi z ptedchozich
zkuSenosti s touto problematikou, pfevazné shrnutou v publikacich (Hakl et al., 2017; Hakl et
al., 2018).
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3 Cile prace a hypotézy
1) Stanovit které faktory ovliviuji morfologické parametry kofenti vojtésky seté a

jaky je vztah morfologie k vynosu a zdravotnimu stavu porosta.

2) Analyzovat vliv pfitomnosti travniho komponentu v jetelovinotravni smési ve

vztahu k vyvoji morfologie kofenovému systému vojtésky seté.
3) Posoudit efektivitu vyuziti biologické ochrany a rostlinnych stimulatorti z pohledu

napadent rostlin chorobami, tak i z hlediska vynosnosti a vytrvalosti porostt

jetelovin, v¢etné jejich ekonomického piinosu.

3.1 Hypotézy

e Hypotéza 1
Vybrané parametry morfologie kofenli vojtésky seté maji vztah k vynosu a zdravotnimu stavu

jetelovin pii polnim péstovani.
e Hypotéza 2
Rozvoj morfologie kotene vojtésky seté je v jetelovinotravni smesi ovlivnén podilem travniho

komponentu.

e Hypotéza 3

Pouzivani biologickych ptipravki v porostech jetelovin zvySuje jejich vynos a vytrvalost.
e Hypotéza 4

Pouzivani biologickych ptipravkl v porostech jetelovin snizuje jejich napadeni houbovymi

patogeny.
e Hypotéza 5

Aplikace biologickych ptipravkil v porostech jetelovin pfinasi pozitivni ekonomicky efekt.
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ARTICLE INFO ABSTRACT

Keywords: Changes in lucerne (Medicago sativa L.) root morphology concurrent with forage growth have been little studied
Forage in multi-year field experiments with lucerne stands though they could provide explanations for differences in
Alfalfa performance among tested treatments. Our objectives were: (i) to compare lucerne root trait development under
Medicago three- and four-cut managements over a 4-year period, and (ii) to investigate relationships among root traits, and
;:(P’;r:;nc:m;‘er between root traits and lucerne varieties, cutting frequencies, root sampling periods, lucerne dry matter yield

and evidence of root disease incidence and plant density, using multivariate methods. Treatments were a fac-
torial combination of 15 lucerne cultivars with managements of three and four cuts per year. Each spring and
autumn, plants were evaluated for root morphology traits and scored for root disease. Root morphology traits
were strongly modified by sampling period and plant density, which together explained over 40% of total
variability. The development over time was positively associated with an increase in tap-root diameter (TD) and
root mass accumulation, whereas root density determined changes in root branching traits. The four-cut man-
agement reduced TD and root branching in association with lower forage yield. Variety effect was significant but
contributed only 2.8% of total variability. Root branching showed a positive correlation with forage yield
through a large increase of TD for branch-rooted plants, but more intensive root branching was associated with a
significantly higher disease score than in tap-rooted plants. For optimization of evaluation of root traits, we
proposed a root potential index (RPI) integrating TD and plant density. This RPI showed a closer relation to yield
than TD, plant density or root biomass alone, in the arable cultivation layer. Our results reveal that monitoring of
root morphology is an effective tool to characterize the production potential of lucerne as a sown field crop, and
may explain yield differences among the various experimental treatments. Understanding these relationships
between root morphology and lucerne stand performance can help in breeding selection as well as effective
lucerne stand evaluation.

1. Introduction ground parts of plant development.

Lucerne root morphology has been widely investigated. Almost a

The high forage production potential of lucerne (Medicago sativa L.)
has been attributed in part to its efficient use of water and nutrients as a
result of its root architecture, particularly deep tap root system, al-
though its root development is also sensitive to conditions in the
rooting zone (Frame, 2005). Root traits also play an important role in
the soil carbon balance of agroecosystems (Thivierge et al., 2016). In-
vestigations of the root systems of field-grown plants that have ex-
tensive rooting systems, such as lucerne, is very labor intensive and
time consuming (Lamb et al., 2000a). This may explain why this type of
research is seldom conducted, compared with studies of the above-

century ago, Garver (1922) suggested that root growth was influenced
by soil, climate, cultural treatment, and injury. Increasing forage yield
is a major goal of most lucerne breeding programs, and root research
has focused primarily on supporting this breeding objective. Conse-
quently, the critical role of root morphology in forage crop persistence
and productivity has been recognized in many studies (McIntosh and
Miller, 1980; Johnson et al., 1996, 1998; Lamb et al., 1999, 2000b).
Positive correlations between plant forage yield and the size of the root
system have been found (Saindon et al., 1991; Chloupek et al., 1999),
suggesting that a selection for larger root systems may increase forage

Abbreviations: DMY, dry matter yield; IRB, Intensity of root-branching; LDM, Lateral root dry matter; LRD, Lateral root diameter; LRN, Lateral root number; LRP, Lateral root position;
PD, Plant density; PRDS, Plant root disease score; RB, Percentage of branch-rooted plants; RDM, Total root dry matter; RFM, Plant root fresh matter; RPI, Root potential index; RPIcor,
Root potential index corrected for SRDS; SRDS, Stand root disease score; TD, Tap-root diameter; TDM, Tap-root dry matter
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yield. A tendency for higher yield associated with branch-rooted plants
producing lateral roots has been reported, usually with medium cor-
relation coefficients (McIntosh and Miller, 1980). Some root traits are
heritable (Saindon et al., 1991; Johnson et al., 1996; Lamb et al., 1999)
which has supported the idea about the benefits of phenotypic selection
on more fibrous or lateral roots for improving forage yield (Lamb et al.,
2000b; Vaughan et al., 2002). A suitable methodology for investigation
of lucerne root morphology was proposed by Lamb et al. (2000a) for
field plots using plants with uniform spacing.

Another group of studies has focused on lucerne root traits in re-
lation to various environmental or anthropogenic factors. Root traits
have been investigated in relation to soil salinity (Vaughan et al.,
2002), dynamics of nodulation (Chmelikova et al., 2015), drought
stress (Annicchiarico, 2007), soil compaction and tractor wheeling
(Glab, 2008), soil tillage (Vasileva and Pachev, 2015), or soil nutrient
content and fertilization (Russelle and Lamb, 2011). Cutting manage-
ment (timing and frequency) is an important factor affecting lucerne
stand development (Frame, 2005); however, there is a lack of studies
about its effect on root morphology traits.

In spite of well-documented positive relationships between plant
root traits and plant productivity, these results cannot always be ap-
plied effectively in field situations. Large genotype X environment in-
teractions that alter root branching expression seem to exist (Pederson
et al., 1984). Moreover, root traits are continually changing over time
(Suzuki et al., 1991) and there is also a strong and direct impact of
lucerne stand density on root traits (Hakl et al., 2011). In particular, the
density effect could not prevail under the uniform plant spacing that
characterizes experiments in controlled conditions, in pot or in a field
under uniform plant spatial arrangement, this density effect will not
commonly be apparent. In contrast, in common stands of lucerne
growing in the field, plant density varies naturally and it decreases over
time, as documented in many field studies (Ventroni et al., 2010).
Moreover, the difference between root traits at the plant level and at the
stand level must be carefully distinguished in field environments. Plant
traits are measured for individual plants whereas stand traits are cal-
culated as the average value of plants per unit area. Forage yield is
generally expressed per unit area and, therefore, discrepancy between
the effects of plant vs. stand traits can emerge.

The roots of lucerne can therefore be regarded as a key part of the
plant in terms of their importance for productivity of the plant and the
stand. It is difficult, however, to measure these root traits. Furthermore,
their contribution to the stand performance may be concealed by the
effects of other natural factors such as time development. For successful
application of knowledge about how lucerne root morphology may
support agronomical stand traits, it is necessary to understand the

Table 1

Field Crops Research 213 (2017) 109-117

relationships among root morphology traits, applied field management,
and natural changes associated with changes over time and in plant
density. Despite previous extensive research, there is a lack of multi-
year studies investigating the development of lucerne root traits in field
environments in order to clarify these relationships at the stand level.
Therefore, a field study with lucerne sown in a common stand density
was conducted over a 4-year period with the following aims (i) to
compare the effect of root sampling periods and of three- and four-cut
managements on lucerne root trait development at the plant and stand
level; (ii) to evaluate advantages and disadvantages of root branching in
the multi-year study; and (iii) to investigate relationships between root
traits and lucerne varieties, cutting management, and root sampling
periods. The study also focused on investigation of relationships be-
tween root morphology and important agronomic traits such as yield
and root disease resistance. Clarification of these relationships could be
valuable for optimization of lucerne root morphology evaluation in the
field environment.

2. Materials and methods
2.1. Field experiment

The experiment was established in April 2006 on a clayey-loam
Haplic Luvisol (clay 22.4%) at the experimental field station Cerveny
0jezd (50°04’N, 14°10" E; elevation 410 m a.s.l.). The long term
(50 year) mean annual temperature of the site is 7.7 °C and annual
rainfall is 493 mm. Fifteen lucerne varieties (the French variety Europe,
13 Czech lucerne varieties, and one candidate variety) were established
and managed under two cutting frequencies (three or four cuts per
growing season). Cutting dates were determined by the flowering stage
and bud stage (Kalu and Fick, 1983) for three and four cuts, respec-
tively. A split-plot factorial design with four replicates was used, with
cutting management as the main factor (main plots) and lucerne vari-
eties as the subfactor (subplots). Consequently, there were 30 subplots
of 7.2 x 2.5m in each block. Plots were not fertilized.

The plots were established on 28th April by row sowing (with
0.125 m between rows), and the seeding rate was 700 germinated seeds
per m? for all lucerne varieties (typically equivalent to about 15 kg seed
per hectare). In the sowing year there were two harvests only, and in
subsequent years the plots were cut three or four times per year de-
pending on the cutting management treatment. Cutting dates and an-
nual weather data are presented in Table 1. Fresh matter yield was
assessed by harvesting and weighing from 10 m? in the centre of each
subplot using a mower MF-70 with working width 1.4 m. A subsample
from each plot was oven dried at 60 °C to enable determination of dry

Annual mean temperature, cumulated precipitation, harvest dates, annual dry matter yield and root sampling dates and surface of sampling area for the four years of the study.

Year 2006 2007 2008 2009
Annual temperature mean (°C) 8.8 (+1.11)" 9.7 (+1.94)" 9.2 (+1.5)" 8.8 (+1.07)"
Annual cumulated precipitation (mm) 467 (—26.5)" 515 (+21.7)" 518 (+25.1)° 554 (+61.3)"
Annual dry matter yield (tha™") 2.46 14.95 15.45 17.05
Harvest management 3 cut 4 cut 3 cut 4 cut 3 cut 4 cut 3 cut 4 cut
Cut 1 19 July 22 May 11 May 2 June 26 May 21 May 11 May
Cut 2 18 October 4 July 19 June 14 July 30 June 16 July 1 July
Cut 3 5 September 14 August 17 September 19 August 9 September 25 August
Cut 4 11 October 13 October 12 October
Root sampling period
Spring Dates 11 April 21 April 8 April
Sampling area (cm) 25 x 25 25 x 40 25 x 40
Plant density 137 128 91 99 83 84
Autumn Dates 28 October 29 October 3 November 5 November
Sampling area (cm) 25 x 25 25 x 30 25 x 40 25 x 50 25 x 60
Plant density 196 195 129 164 93 96 78 75

 Difference relative to long-term mean (1960-2010).
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matter yield (DMY, tha™ 1

2.2. Root sampling

From autumn 2006 to autumn 2009, roots were sampled on the
sides of each plot (outside the harvested area) in each spring and au-
tumn. As there was a natural reduction in plant density with time, it
was necessary to increase the root sampling area on successive sam-
plings to provide a similar number of plants. Plant density (PD, number
of plants per m?) was derived from plant count per sample and size of
the root sampling area. Sampling dates and size of the root sampling
areas are shown in Table 1. On a given sampling date, all plants in each
sampling area were dug to a depth of about 20-25 cm. Samples were
hand-washed before measurements of root morphology.

2.3. Measurements and calculation of root morphology traits

The plant root traits evaluated were tap-root diameter below the
crown (TD, mm), lateral root position (LRP, depth of the lateral root
closest to the crown, mm), lateral root number per plant tap-root (LRN,
when larger than 1 mm), lateral root diameter (LRD, measured near the
tap-root, mm), the obtained tap-root length (mm), and total root fresh
matter (RFM, g). The RFM was expressed per cm of tap-root length for
each evaluated plant. Lateral roots were separated near the tap-root,
and tap-root and lateral roots were oven-dried at 60 °C and weighed.
Tap-root (TDM), lateral root (LDM), and total root dry matter (RDM)
per m? were calculated based on the size of the sampling area. Plants
were separated into classes according to their number of lateral roots.
Plants without lateral roots (tap-rooted plants) were considered to be
class 0, and other classes represented branch-rooted plants with 1 or 2
(class 1), 3 or 4 (class 2), and 5 and more (class 3) lateral roots.
Presence of fibrous roots (< 1 mm) was not evaluated because of their
sporadic occurrence, likely due to the root sampling, higher soil clay
content and washing techniques.

Plant root disease score (PRDS) was scored subjectively and based
on discoloration on a cross-cut of the tap-root, as per Kudela (1970).
The following rating was used: 0 = healthy plant, no discoloration in
the root; 1-6 = living plant with increasing level of root damage;
7 = dead plant. In autumn 2009, a simple microbiological cultivation
of causal agents in eight samples of damaged roots (two per block) was
realized where Fusarium ssp. and Verticilum ssp. were detected in ratio
of 63: 37. The stand root disease score (SRDS, %) represented the
projected potential yield decrease associated with the average annual
plot PRDS (adapted from Kudela, 1970) for particular levels of disease
infestation. For plant traits related to root branching (LRP, LRN, LRD),
the average value was calculated only for branch-rooted plants. In-
tensity of root-branching (IRB) was calculated as average LRN score in
the sample. The percentage of branch-rooted plants (RBP, %) was cal-
culated for each sample. The root potential index (RPI) was created as
an indicator integrating TD and PD. The RPI was considered as the total
area of tap-root cross sections in the sampling area (cm?) divided by the
root sampling area (m?), and calculated as:

RPI (cm?*m~?) = [(TD/2)* x & x PD]/100

where TD is average tap-root diameter (mm) per sample and PD is plant
density per m%. RPI.,, represented the RPI value reduced in proportion
of the SRDS value in order to consider damaged area by root diseases.
Values for morphological traits were expressed per plant (n = 8623)
and/or per stand (average of the plants in the sampling area, n = 720).

2.4. Statistical analysis

A three-way analysis of variance (ANOVA) between external factors
(root sampling period, cutting management, and lucerne variety) was
used to investigate differences in root morphology traits at plant and
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stand levels. The effect of cutting management was treated as a whole-
plot factor and variety as split-plot factor. Because PD in root sampling
areas differed between sampling periods (see Table 1), PD was used as a
covariate for some analyses (Tables 4 and 6). Differences in annual
DMY were also analysed in this model. Effect of the root-sampling
period on root traits was investigated separately by a two-way ANOVA
within each cutting management. Influence of intensity of root
branching on selected plant traits was analysed by a one-way ANOVA.
All factors were considered as fixed, and significant differences between
means were reported using the Tukey HSD test at a = 0.05. All these
analyses were carried out using the STATISTICA program (StatSoft,
2012).

Ordination methods were also used because they allow separation
and quantification of important variables simultaneously, with gra-
phical visualization in ordination plots. Redundancy analysis (RDA)
was used to perform three main analyses (A;_3) from the variance
partitioning procedure (ter Braak and Smilauer, 2002), with assessment
of the proportion of variability of tested variables that could be ex-
plained by explanatory variables while the effect of others could be
excluded as covariates. The option of centre and standardization by
dependent variables was used in RDA. Stand root morphology traits
used in analysis 1 and 2 are shown in Table 4. In analysis 3, average
plot SRDS and annual DMY, together with DMY in the first, second and
third cuts were related to the average values of stand root morphology
traits in spring and autumn. The statistical significance of the first and
all of the other constrained canonical axes was determined by the
Monte Carlo permutation test (499 permutations). All ordination ana-
lyses were performed in the CANOCO 4.5 program (ter Braak and
Smilauer 2002).

The ordination plots of RDA were created in CanoDraw
(Microcomputer Power, Ithaca, NY) The ordination biplot depicts the
relationship between stand root morphology traits (dependent vari-
ables) and period, cutting management, and plant density (explanatory
variables). The triplot presents relationships between stand DMY and
disease score (dependent variables), stand root morphology traits (ex-
planatory variables), and cutting management (used as a supplemen-
tary variable).

3. Results

Overview of acronyms and descriptions of all evaluated root mor-
phology traits at plant and stand levels, together with their means and
variability, are summarized in Table 2. In total, 720 stand samples were
evaluated, representing a total of 8623 plants.

3.1. Root morphology development under different cutting management

The development of root morphology at plant level from 2006 to
2009 (seven sampling periods) within each cutting management is
shown in Table 3. A constant significant increase of all evaluated traits
over time is clearly visible (P < 0.001), with the exception of LRP,
which decreased slightly, and of LRN which remained almost un-
changed. The impact of cutting management was significant
(P < 0.001) for all plant traits except LRN and PRDS. The cutting
frequency of three cuts per year provided higher values for TD by
0.48 mm, LRP by 3.97 mm, LRD by 0.23 mm and RFW by 0.10 gecm ™,
in comparison with the four-cut management. Effect of variety was
significant for all root traits.

The development of stand root morphology traits over time (over six
root-sampling periods) within each cutting management is reported at
Table 4. Plant density significantly decreased over time whereas TD
increased (P < 0.001). The average RB in the seeding year was 61%
(data not shown) and reached 82% in the autumn 2009, although no
significant trend was observed between spring 2007 and autumn 2009.
Most of the other traits significantly increased between the spring and
autumn sampling periods of each year. During overwintering there was
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Table 2
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Acronyms, descriptions, means, standard deviations (SD) and ranges of lucerne root morphology traits evaluated at plant and at stand level.

Acronyms Description Plant level (n = 8623) Stand level (n = 720)

mean SD min max mean SD min max
Dry and fresh matter
RFM Plant root fresh matter (g cm of tap root) 0.47 0.50 0.01 11.33
RDM Total root dry matter (g m~?) 295 138 33 861
TDM Tap-root dry matter (g m~?) 238 118 24 645
LDM Lateral root dry matter (g m™~2) 57.6 41 3 304
Root morphology and plant density
TD Tap-root diameter below the crown (mm) 8.8 4 1 30 10.0 2 24
LRD Lateral root diameter (mm) 2.3 1 1 14 24 d 1 18
PD Plant density (number of plant m~2) 105 64 8 528
RPI Root potential index = area of TD cross section per area unit (cm® m~?) 71.2 42 1 532
RPI, Root potential index corrected for SRDS 58.4 29 1 371
Root branching
LRP Lateral root position (depth of first branching in mm) 34 30 1 280 323 15 3 117
LRN Lateral root number (per branch-rooted plant) 3.6 3 1 22 4.4 1 13
IRB Intensity of root-branching (lateral root number plant ™' in the sample) 1.5 1 0 3
RB Percentage of branch-rooted plants (%) 75 20 0 100
Root disease
PRDS Plant root disease score (score for root disease infestation) 0.9 1.4 0 7
SRDS Stand root disease score expressed as the reduction of stand productivity (%) 14.3 13 0 57

often a reduction in the values for root traits whereas increases were
observed during the growing season. The higher (4-cut) cutting fre-
quency significantly reduced TD, IRB, RB, LDM, RPI and RPI,,. Cutting
management had no impact on PD and SRDS. Effect of variety was
significant for all stand traits except for RB, LDM, and SRDS.

3.2. Impact of root branching at plant level

The effect of plant root branching on other root morphological traits
at plant level is summarized in Table 5. The TD was almost doubled and
RFM was 3.7 times higher for the most intensively branch-rooted plants
(class 3), relative to tap-rooted plants (class 0). In contrast, the LRP and
LRD were continuously reduced from class 1 to class 3. Increase in root
branching intensity also resulted in a significantly higher PRDS. The
stability of these effects over time is shown in Fig. 1.

Table 3

3.3. Relationships among external factors and root morphology traits at the
stand level

The contribution of external factors to total variability of root
morphology traits at the stand level was investigated, and the results of
RDA are summarized in Table 6. First, the multivariate analysis (A;;
Table 6) investigated the contribution of sampling period, cutting
management, lucerne variety, and PD to lucerne root traits: these
components explained 45.1% of the variability (all canonical axes).
After excluding the variety effect, which explained only 2.8% of the
root traits variability, the three other factors together explained 42.3%
of root traits variability at the stand level (P < 0.002; Table 6). Re-
lationships among root morphology traits, sampling period, cutting
management and PD are illustrated in the ordination biplot of RDA
(Fig. 2). The first (horizontal) and most important (canonical) axis

Effect of root sampling period, cutting management and lucerne variety on lucerne root morphology traits evaluated at plant level. Description of acronyms for root morphology traits is

given in Table 2.

Factor cut TD LRP LRN LRD RFM PRDS n
2006 autumn 6.4 35,6 2.8° 2.3 0.31° 0.22° 600
2007 spring 5.9° 347> 3.4 2,04 0.29° 0.23% 513
2007 autumn 8.9" 26.7° 37 2.6 0.55™ 0.40" 596
2008 spring 3 8.2" 37.24 3.9°° 23" 0.46° 0.31% 545
2008 autumn 10.4¢ 29.6°" 3.9% 2.4* 0.63° 1:31° 557
2009 spring 10.5° 29.4" 3.9%° 2.4% 0.61" 1.14¢ 594
2009 autumn 12.8¢ 31.3%c 4.0° P 0.78¢ 2.351 622
p* < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
2006 autumn 6.1% 39.4bd 3.0° 2,08k 0.29%¢ 0.21* 673
2007 spring 6.0% 41.3¢ 35% 2.0° 0.25¢ 0.27° 480
2007 autumn 7.2 34.47¢ 3.5° 21 0.36° 0.20° 758
2008 spring 4 8.1¢ 40.8¢ 37 2% 0.35" 0.27* 592
2008 autumn 10.1° 31.7* 3.9° 2.3 0.56¢ 1.35" 577
2009 spring 10.3° 33.3% 35% 2% 0.51¢ 1.26" 629
2009 autumn 11.6° 33.3° 3.6° 2.4 0.55¢ 2.38¢ 886
p* < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Cutting management 3 9.09 31.79 3.67 2.42 0.52 0.81 4027
4 8.61 35.76 3.53 2.19 0.42 0.85 4596
p* < 0.001 0.061 0.130 < 0.001 < 0.001 0.333
Variety p* < 0.001 0.027 0.006 0.028 < 0.001 0.003
Density (covariate) pr* < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

P: probability; * two-way ANOVA within each cutting management; ** three-way ANOVA or ANCOVA; different letters indicate statistical differences between sampling periods for Tukey

HSD, a = 0.05.
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Table 4
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Effect of root sampling period within cutting managements (n = 60), effect of cutting management (n = 360) and effect of lucerne variety (n = 48) over years on dry matter yield (DMY)
and lucerne root morphology traits evaluated at stand level. Description of acronyms of root morphology traits is given in Table 2.

Factor Cut DMY PD ™D IRB RB TDM LDM RDM RPI SRDS RPI.o
2007 spring 136.8" 6.49° 1.44 75% 103.7¢ 31.1¢ 134.8° 39.1° 3.8° 37.8°
2007 autumn 15.3* 129.1° 9.76" 1.62 80°" 227.9% 66.1"" 294.0% 83.2° 6.5" 77.9°
2008 spring 3 90.8° 9.52° 1.64 79°° 175.9° 51.3° 227.31 52.0° 5.6° 49.1¢
2008 autumn 15.8° 92.8° 11.45° 1.69 81 309.7" 87.7° 397.4" 82.0° 20.2° 65.8°
2009 spring 82.6° 11.64° 1.62 69° 228.8" 57.0° 285.7% 75.3° 17.3° 62.4°
2009 autumn 17.4° 77.8* 13.76¢ 1.77 8g® 314.2° 76.9" 391.2" 103.8¢ 33.1¢ 68.9°"

p* <0.001 < 0.001 <0.001  0.069 < 0.001 < 0.001 <0.001 < 0.001 < 0.001 <0.001 < 0.001
2007 spring 128.0° 6.48° 1.44 74 105.7¢ 29.2* 134.9° 37.8° 38 36.3¢
2007 autumn 14.6* 164.2° 7.87° 1.37 71 245.9" 53.0° 298.9" 70.2° 3.2° 68.0°
2008 spring 4 98.7° 8.83" 1.35 70 *® 182.7° 40.7°* 223.3% 52.7¢ 4.1° 50.6"
2008 autumn 15.1° 96.2° 10.78* 1.58 78° 314.5¢ 72.2%¢ 386.7¢ 79.9° 20.9° 63.7™
2009 spring 83.9° 11.16° 1.46 62" 219.5% 47.6°° 267.1°° 70.6* 19.4° 57.2%
2009 autumn 16.7° 75.1 11.88° 1.38 752 431.4° 78.0¢ 509.4° 79.5° 33.2¢ 52.6°

p* <0.001 < 0.001 <0.001 0.238 0.004 < 0.001 <0.001 < 0.001 < 0.001 <0.001 < 0.001
Cutting management 3 16.1 101.7 10.4 1.61 0.78 226.7 61.7 288.4 73.2 14.4 60.8

4 15.5 107.7 9.6 1.44 0.72 249.9 53.5 303.4 64.6 14.1 54.2

P**  <0.001 0.158 < 0.001 <0.001 < 0.001 <0.001  0.006 0.054 <0.001  0.695 < 0.001
Variety P**  0.001 <0.001 0.010 0.071 0.256 0.002 0.115 0.002 0.009 0.595 0.001
Density (covariate) p** = < 0.001 <0.001 < 0.001 < 0.001 <0.001 < 0.001 <0.001

P: probability; * two-way ANOVA within each cutting management; ** three-way ANOVA or ANCOVA; different letters indicate statistical differences between sampling periods for Tukey

HSD, a = 0.05.

represents the sampling-period effect (time); the second (vertical) axis
represents PD, whilst cutting management points are located in the
centre of the figure. All root trait data (except for LRP) were ordinated
on the left side of Fig. 2 (together with later sampling periods) in-
dicating their increase over the season and over years. Each over-
wintering period (from the autumn of one year to the spring of the next
year) resulted in a back shift to the right side of Fig. 2, showing a
tendency for decrease of root traits. The effect of time was especially
associated with an increase in root dry matter (RDM, TDM), SRDS, TD
and RPI. Plant density was mostly in an inverse relationship with traits
characterizing root branching (IRB, LRN, RB, LRD). Compared with the
four-cut management, the three-cut management also resulted in an
increase in root branching traits. There was a high score for TD on both
axes, indicating its positive response to time together with negative
relationship to PD.

In the second analysis (A,; Table 6), after excluding the variety ef-
fect, the three other external factors (sampling period, cutting man-
agement, and plant density) taken separately explained 26.8, 1.4 and
13.5%, respectively, of the variability, whereas there was an overlap of
0.6% of their respective influences. As with A,, all these analyses were
statistically significant (P < 0.002).

3.4. Contribution of stand root morphology traits to forage yield and root
disease score

There was a greater DMY in 2009 than in the two previous years.
The three-cut management provided significantly (P < 0.001) higher
DMY (+ 0.6 t ha™!) than the four-cut management, and this effect was

stable across years. Lastly, the effect of variety on DMY was significant
(P = 0.001). The SRDS was low until autumn 2008, and the highest
value was observed in autumn 2009.

In the third analysis (As; Table 6), the contribution of root mor-
phology traits to lucerne DMY and SRDS was investigated at the stand
level. With the use of lucerne variety and sampling period as covariates,
the root morphology traits explained 10.5% of DMY and SRDS
(P < 0.002). This relationship is shown in the ordination triplot of
RDA (Fig. 3). The first canonical axis represents the relationship be-
tween DMY and root traits, in which annual DMY, and first and second
cut DMY are located on the right, together with the increase of LRD, RB,
IRB, RPI and RPI,,,. The vertical axis represents SRDS with positive
correlation to LRN and other root-branching traits. The three-cut
management is related to a larger annual DMY and larger first and
second cut DMY, while the four-cut management is related to larger
DMY for the third cut. Moreover, the three-cut management is asso-
ciated with an increase in root-branching traits whereas the four-cut
management is associated with an increase in root dry matter traits
(RDM, TDM).

4. Discussion

4.1. Impact of sampling period, cutting management and lucerne variety on
development of root traits

The development of plant root traits over time follows a pattern
described by Suzuki (1991) in a ten-year study, in which the TD and
LRN increased with the decrease of stand density over time (Fig. 2). In

Table 5
Effect of plant root branching class (average of seven sampling periods) on other traits of root morphology at plant level. Description of acronyms for root morphology traits is given in
Table 2.
Branching class TD LRP LRN LRD RFM PRDS n
0 6.51% 0 0.25% 0.65" 2588
1 7.84° 42.58" 1-2 2.36 0.35" 0.87° 2610
2 9.90¢ 30.20° 34 2.28" 0.54¢ 1.06° 1831
3 13.007 23.22° 5 and more 2.24" 0.93¢ 1.19¢ 1593
P < 0.001 < 0.001 0.033 < 0.001 < 0.001

P: probability; different letters indicate statistical differences between branching classes for Tukey HSD, a = 0.05.
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Table 6
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Results of redundancy analyses (RDA) investigating the effects of explanatory variables on variability for investigated lucerne morphology traits at stand level. Description of root

morphology traits is given in Table 2.

Analysis Investigated variables Explanatory variables Covariate % ax. 1 (% Flax.1(F1 Plax1(P1 Ilustrated
all) all) all)
A, Root morphology traits at Sampling period, Cutting management, Lucerne - 24.1 (45.1) 222.1 (27.3) 0.002 (0.002)
stand level variety, Plant density
Lucerne variety (VA) - 1.3 (2.8) 9.5 (1.4) 0.066 (0.012)
Sampling period, Cutting management, Plant Variety 23.4 (42.3) 222.0 (76.8) 0.002 (0.002) Fig. 2
density
A, Root morphology traits at Sampling period (PE) VA, CM, PD  23.0 (26.8) 273.1 (68.2) 0.002 (0.002)
stand level
Cutting management (CM) VA,PE,PD 14 17.8 0.002
Plant density (PD) VA, PE,CM 13.5 171.1 0.002
A Dry matter yield, Disease score Root morphology traits at stand level VA, PE 5.6 (10.5) 38.7 (7.3) 0.002 (0.002) Fig. 3

% ax. 1 (all) - variability of investigated variables explained by canonical axis 1 or by all axes in brackets; F 1 (all) - F statistics for the test of axis 1 or all axes in brackets; P 1 (all) -
corresponding probability value obtained by the Monte Carlo permutation test (499 permutations) for the test of axis 1 or all axes in brackets.
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Fig. 1. Effect of root branching classes on tap-root diameter, plant root fresh matter and
root disease score at the plant level. Class 0 = 0 LRN (lateral root number), Class
1 = LRN 1-2, Class 2 = LRN 3-4, Class 3 = LRN 5 and more. Vertical bars represent
standard errors of mean.

comparison with that study, a similar average value of TD (10 mm) and
rate of development (+ 2 mm per growing season) was observed in the
present study for plants from 2 to 4 years old (2007-2009). Suzuki
(1991) reported an average LRN that was twice as large as in the pre-
sent study (7.4 vs. 3.6, respectively) and a larger development rate over
time. The greater LRN in Suzuki (1991) could be attributed to the lower
stand density in that experiment, given that fewer than 100 plants m ~?
survived the first winter and only about 40 plants m~? remained in
subsequent years. A positive relationship between TD and LRN has been
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Fig. 2. Ordination biplot showing relationships between lucerne root morphology traits
at stand level (dependent variables, broken line arrows) with respect to explanatory
variables: plant density (bold line arrows) and labels for cutting management (triangles)
and root sampling periods (spring = empty circles, autumn = full circles). Description of
acronyms for root morphology traits is given in Table 2.

confirmed within plants of the same age (Johnson et al., 1998), in the
seeding year (Lamb et al., 2000b), from year to year (Lamb et al.,
2000a) as well as over a seven-year experiment (Hakl et al., 2011). The
tendency for an increase in LRD together with TD was shown by
Johnson et al. (1998) and is also visible in the present study (Fig. 2). In
an opposite trend to TD, LRP decreased with time and increased with
plant density (Fig. 2). Values of LRP varied from 27 to 41 mm, which
are larger values than previously reported (Gaughan, 2012) for initial
growth stages, but there is lack of multi-year studies describing changes
of LRP over time. The higher LRP value seems to be indicator for re-
duced intensity of root branching.

Although RDA indicated that cutting management does not explain
a large part of root traits variability in lucerne (Table 6), its effect was
significant for most plant and stand root traits (Table 3 and 4). Ac-
cording to Ventroni et al. (2010), higher cutting frequency resulted in
reduced plant survival. This was not the case in the present study, al-
though this probably reflects the relatively small differences in intensity
between cutting managements. Regarding root morphology, traits at
the plant level (TD, LRD and RFM; Table 3) and at the stand level (TD,
IRB, RB, LDM, and RPI; Table 4) were clearly reduced under the four-
cut management, relative to the three-cut management. These results
demonstrated that the application of a higher cutting frequency re-
duced the development of root traits morphology and, especially,
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resulted in a lower intensity of root branching. The four-cut manage-
ment resulted in a significantly higher TDM but lower LDM relative to
the three-cut management. Reduced root branching has been reported
to be associated with lower above-ground biomass (McIntosh and
Miller, 1980). This is in line with the present study, in which the higher
cutting frequency resulted in lower DMY. The higher value of TD was
positively related to stem number per plant (Suzuki, 1991) and forage
yield (Lamb et al., 2000b). Therefore, the reduction of TD under higher
cut frequency could result in lower shoot number m ~2 and shoot mass,
as reported by Ventroni et al. (2010). Difference in total RDM (tap and
lateral roots) between the two cutting managements was near sig-
nificance. It seems that a more intensive cutting frequency may not
limit RDM and PD but it probably reduces the productivity (herbage
accumulation) of plants by altering their root morphology traits.
Ventroni et al. (2010) suggested that a decreasing crown size could
explain lower plant productivity. The present results, however, propose
reduced root branching as an explanation for lower TD and conse-
quently for reduced plant productivity.

A comparison of varieties was not a focus of the present study be-
cause only European varieties with similar fall dormancy were eval-
uated. The results revealed, however, that differences between varieties
may be detected for almost all traits. This finding is consistent with
previous research that has documented the possibility for detecting
differences in root traits among lucerne varieties (Johnson et al., 1998),
lucerne subspecies (Hakl et al., 2010), or different selected progenies
(Lamb et al., 1999). It seems that differences among varieties or gen-
otypes can be detected in spite of density changes in relation with plant
age.

4.2. Tap-rooted vs. branch-rooted plants

The higher productive potential of branch-rooted plants reported by
MclIntosh and Miller (1980) and Saindon et al. (1991) corresponds with
the results in Table 5, where significant differences in root traits among
different classes of root branching are presented. The increase in LRN
corresponds to an increase in TD and RFM, two traits that are known to
be correlated with DMY (Lamb et al., 2000b; Odorizzi et al., 2008).
Lamb et al. (1999) also reported a positive association between TD and
LRN. The increase in LRN also corresponds to a decrease in LRP and
LRD. The effect of branching classes can be influenced by plant devel-
opment over time (Suzuki, 1991) since older plants generally provided
larger values for TD and RFM. Avoiding the time effect, Fig. 1 con-
firmed that the above trends for TD and RFM in relation with LRN were
independent of plant age, and that differences between branching
classes even increased over the 4-year period. Lamb et al. (2000b) did
not observe significant differences in disease rating for selected tap-
rooted populations in comparison with branch-rooted populations. In
contrast, the results presented here showed a significant increase in
PRDS under higher classes of root branching. This discrepancy can be
explained by the relatively smaller differences in root traits between the
populations reported by Lamb et al. (2000b) in comparison with the
highly contrasted root traits between classes in the present study. Dif-
ferences between root branching classes for PRDS were consistent over
time (Fig. 1), although they were larger in autumn 2008 and spring
2009.

It can be concluded that higher production potential of branch-
rooted plants was realized through larger TD and RFM independently of
the sampling period. Increase in DMY over years implies that the pro-
duction potential of the stand can be maintained or even increased
through higher intensity of root branching. On the other hand, this
potential could be reduced by a higher disease score; for tap-rooted
plants (class 1) this was considerably lower, on average approximately
half the score of plants that had 5 and more lateral roots (class 3).

Field Crops Research 213 (2017) 109-117

4.3. Relationships among root traits and contribution of external factors

All of the above mentioned results show the combined effects of the
decreasing plant density that occurs over subsequent sampling periods.
These effects could not be easily be separated in the short-term studies
that are usually conducted with plants at lower plant density in contrast
to common stands. Moreover, a common simple correlation approach
fails to provide a causative explanation for these complex processes.

The results for RDA identified that sampling period (time) was the
most important factor, and it explained more than half of the total
variability in stand root traits (26.8% of 45.1%; Table 6). This effect of
time was related mainly to root mass accumulation (RDM, TDM and
LDM) together with TD increase, which is visible on the horizontal axis
of Fig. 2. Plant density was the second most important factor explaining
variability (13.5% of 45.1%). In the field environment, PD can be
considered as a factor that primarily controls the changes in lucerne
root branching (RB, LRN, LRD, LRP) which is demonstrated on the
vertical canonical axis of Fig. 2. Lower PD was also related to a larger
TD value, and the initialization of growth of lateral roots under con-
ditions of lower plant density is probably a stimulus for TD increase. For
RB, time seems to be a secondary factor, being derived from a natural
decrease in PD over time. Intensive root branching as main response to
lower PD is also in line with the work of Lamb et al. (2000a) which
showed that solid-seeded plants needed more time to show maximum
expression of root traits than spaced plants. The key impact of density
on root branching is also supported by the results from a previous study
(Hakl et al., 2011) where extremely high density eliminated root
branching in the seeding year, and where LRN and RB were strongly
reduced for up to 6 years of vegetation. According to Lamb et al.
(2000a), the LRN score per plant increased up to the 20th week after
planting, and 7 lateral roots per plant were observed for the solid-
seeded treatment with a seeding rate of 84 germinated seeds m 2 In
the present experiment, the lower value of 2.9 lateral roots per bran-
ched root plant at the 27th week was associated with a much higher
plant density (700 germinated seeds m~2). The results presented in
Table 3 showed that the increase in LRN mostly occurred between the
seeding year and the following year. Hakl et al. (2011) also reported
that the correlation between PD and RB decreased over time, which
suggests that the effect of plant density could play a critical role in the
seeding year. McIntosh and Miller (1980) reported similar ratios of
branch-rooted plants in spite of their lower plant density (4 plants
m~2). Indeed, lateral root initiation was reported to begin as soon as
the primary root reached 10-14 cm (Gaughan, 2012).

4.4. Effect of stand root morphology traits on forage yield and disease score

Lucerne DMY in experimental plots is generally influenced by en-
vironmental factors such as weather and soil nutrient concentration
(Hakl et al., 2016) and anthropogenic factors like cutting management
(Ventroni et al., 2010) or tractor wheeling (Glab, 2008). Taking all
factors into account, the direct contribution of root morphology trait to
DMY variability is probably not very high. Indeed, Odorizzi et al.
(2008) did not found a simple correlation between DMY and most of the
root traits in their study. In the present study, after excluding the effect
of lucerne variety and sampling period, root morphology significantly
explained about 10% of DMY variability (Table 6, Analysis 3). Plant
density and TD showed positive but small response to DMY. This result
is in line with the positive but inconsistent relationship between TD and
DMY observed by Lamb et al. (2000b) under 170 plants m 2, observed
only in the first year of the experiment out of two. Increasing LRD and
decreasing LRP provided better response to DMY than LRN (Fig. 3), in
contrast with reported positive correlation between DMY and LRN
(McIntosh and Miller, 1980; Saindon et al., 1991). Discrepancy in as-
sociation between DMY and plant branching between studies could
emerge from different plant age, spatial arrangement, as well as from
contrast between plant vs. stand traits, or greenhouse vs. field
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Fig. 3. Ordination triplot showing relationships between annual and cuts dry matter yield
(dependent variables, broken line arrows) and root morphology traits at stand level
(explanatory variables, bold line arrows) with respect to cutting management (supple-
mentary variables, triangles). Description of acronyms for root morphology traits is given
in Table 2.

experiments. Present results clearly documented positive relationships
between DMY and stand root branching traits (IRB, RB) in field en-
vironment, in line with results of Lamb et al. (2000b) where DMY was
positively associated with more intensive root branching. It can be
explained by the positive effect of root branching on increasing the TD,
which was documented in Table 4. As already mentioned, lucerne
plants with higher TD produced larger amount of stems per plant
(Suzuki, 1991). Shoot height, which was recognized by Ventroni et al.
(2010) as influencing DMY, could also be higher for plants with higher
TD.

Lucerne plants are prone to many diseases affecting foliage and
roots (Frame, 2005). Root disease (SRDS and PRDS) could also affect
DMY. In the present study, SRDS increased with time (Tables 4 and 6),
and was especially higher in 2009, which appears to be the coldest and
the most humid year of this experiment. Nevertheless, this year also
provided the highest DMY due to favourable weather condition. LRN
was positively correlated with SRDS (Fig. 3) in the second canonical
axes.

4.5. Optimization of root morphology evaluation in field environment

This study demonstrated that the range of lucerne root morphology
traits that can be measured in the field provided only low relationship
with plot DMY under multidimensional visualisation. The closest rela-
tion to DMY showed LRD (first canonical axis) but this is evaluated
rarely and it is difficult to measure for more lateral roots per plant.
Plant density is traditionally evaluated in most studies with regard to
DMY and yield components (Ventroni et al., 2010) and plant size (ex-
pressed as TD) is also recommended (Lamb et al., 2000a). Fig. 3 shows
that DMY is related to both TD and PD. Therefore, an optimal balance
between plant size and density is necessary to reflect DMY. The pro-
posed RPI integrates plant size through TD, which was able to reflect
the effect of root branching, together with PD, as a variable related to
the area. The RPI resulted in the closest correlation with annual and
first cut yield in this study (see Fig. 3). Differences in RPI also positively
correspond with significant differences in DMY between three- and
four-cut management. Based on this result, RPI can be considered as the
closest predictor of the productive potential of lucerne stand derived
from simple traits of root morphology. It could be used also for practical
comparison of various experimental treatments (e.g. seeding rate, fer-
tilization) in field studies in relation to their impact on root develop-
ment and potential productivity.

Correction of RPI for SRDS (RPI.,,) was not beneficial in this study
and gave the same score on the first canonical axis with respect to DMY.
This could be due to the low range of disease scores in this experiment
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and the highest rainfall in 2009.

Regarding the root dry matter, the soil sampling to 20-25 cm depth
(the arable cultivation layer in the experiment) did not allow access of
the total root mass, and lucerne roots can reach up to 370 cm (Fan
et al., 2016). Despite this limitation, for practical reasons sampling is
usually restricted to the arable cultivation layer (Johnson et al., 1998;
Lamb et al., 2000b; Hakl et al., 2011). According to Fan et al. (2016),
50% of lucerne root mass is located in the 0 — 18 cm soil layer;
therefore this layer should be representative for this evaluation. Root
dry matter in the arable layer does not always correlate with root
system size, but can be compared within the same Medicago subspecies
(Hakl et al., 2010). After excluding the effects of lucerne varieties and
sampling period, results of the RDA in Fig. 3 documented that DMY was
not positively related to stand RDM or TDM. Some studies have docu-
mented a positive relation between root mass and forage yield
(McIntosh and Miller, 1980; Saindon et al., 1991) but no consistent
relation was found by Lamb et al. (2000b). The present results are also
in line with findings of Annicchiarico (2007) where DMY differences
among varieties did not correspond with their root dry matter, when
evaluated in a metal container. On the other hand, Annicchiarico
(2007) observed a positive relationship between DMY and root dry
matter under drought stress. This is in accordance with the correlation
between RDM, TDM and DMY at the third cut in the present study
(Fig. 3), where high temperatures and occurrence of drought at this
period of the summer are common. It can be concluded that higher dry
root mass accumulation can be beneficial under stress conditions, but it
is unlikely to provide any DMY advantage in a favorable environment.
These results support the idea that the study of lucerne root systems
should not focus only on total root mass but rather it should include
morphology traits, especially in terms of understanding effects on DMY.
Indeed, this study has highlighted that some calculated traits of stand
root morphology, such as RPI, can show a more close relationship to
DMY than other simple root traits or the quantity of root mass in the
arable layer. An understanding of these relationships between root
morphology and lucerne stand performance can help in breeding se-
lection as well as in effective lucerne stand evaluation.

5. Conclusion

Our study provides evidence that: (i) a greater frequency of cutting
reduced TD and root branching traits which resulted in lower yield; (ii)
sampling period and PD contributed to about 40% of total variability of
stand root morphology traits, and that period was positively associated
with TD and root mass accumulation whereas PD determined the
changes in root branching; (iii) DMY was not associated with RDM but
was positively related to root branching traits, and (iv) a proposed RPI
integrating TD and PD correlated better with DMY than any other in-
dividual root traits investigated. It was clearly demonstrated that root
morphology is an effective tool for characterizing lucerne grown in a
common stand, which have the potential to explain yield differences
among various experimental treatments.
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ARTICLE INFO ABSTRACT

Keywords: It is a common practice to grow lucerne (Medicago sativa L.) in mixture with grass. The development of lucerne
Forage root morphology along with concomitant forage mixture growth, however, has been rarely studied in multi-year
Alfﬂ!fa field experiments. Our objectives were: (i) to assess the effect of a grass component on lucerne root trait de-
gi‘;‘;:gzm velopment, (ii) to evaluate changes in forage yield and aboveground traits in the lucerne monocultures and

lucerne-grass mixtures and (iii) to investigate the relationships between root traits and lucerne yield, total forage
yield, as well as forage aboveground traits, using multivariate methods. Treatments were a factorial combination
of four lucerne varieties and three lucerne sowing ratios [100% (L100), 90% (L90) and 75% (L75)] with grass
hybrid Festuca pratensis x Lolium multifiorum under a three-cut harvesting regime in a 4-year experiment.
Lucerne yield, total forage yield and forage aboveground traits were evaluated at each cut. Each autumn, lucerne
plants were evaluated for root morphology traits and scored for root disease. The negative impact of the presence
of a grass component on lucerne root morphology development was observed only in combination with the
higher lucerne sowing ratio (L90), with reduced intensity of root branching and increased depth of the first
lateral root. In two post-seeding years out of three, total forage yield was 4-8 % higher for lucerne-grass mixture
in comparison with monoculture. From all lucerne yield components in the mixture, stem density was the best
predictor for lucerne yield. Lucerne root morphology explains about 10% of forage yield and aboveground traits
variability where calculated root potential index, lucerne plant density and root dry matter mostly correlated
with lucerne yield in the mixture. Root potential index was an effective indicator for monitoring root devel-
opment and was even effective for comparing lucerne varieties in mixture. Understanding the relationships
between root morphology development and lucerne stand performance in a mixture can help in optimization of
sowing ratio and stand evaluation.

Tap-root diameter
Root branching

1. Introduction

Lucerne (Medicago sativa L.) is a forage legume frequently sown in
mixture with grasses or grown alone as a monoculture. There is an
agronomic benefit of legume-grass mixtures, compared with mono-
cultures, in terms of increased forage yield (Sturludéttir et al., 2014)
and specifically for lucerne-grass mixtures by numerous studies
(Thompson, 2013; Hakl et al., 2014; Tracy et al., 2016). The inclusion
of a grass component with lucerne may also reduce weed ingress
(Sanderson et al., 2012; Bélanger et al., 2014), increase the sward's
adaptability to environmental changes and give a more balanced nu-
trient composition for successful ensiling or animal feeding (Frame
et al., 1997). The extent of lucerne-grass mixture implementation is

more pronounced in areas with humid climate conditions and it reaches
about 20% of the total lucerne area in central Europe (Hakl et al.,
2014). Legume-grass mixtures are predominant on dairy farms in
northern areas of North America (Thivierge et al., 2016).

The growing of lucerne in association with grass species has been
widely investigated, and research in this field has generally focused on
forage stand productivity in terms of adaptability across multiple en-
vironments (Tracy et al., 2016), growth and nutritive value under cli-
mate change (Thivierge et al., 2016), comparison of different compa-
nion grass species (Thompson, 2013), species evenness (Sanderson
et al., 2012), forage nutritive value (Vasileva and Naydenova, 2017) or
weed suppression (Bélanger et al., 2014). Other aspects frequently re-
ported are the impact of lucerne-grass mixtures on N yield and N,

Abbreviations: IRB, intensity of root-branching; LRD, lateral root diameter; LRN, lateral root number; LRP, lateral root position; PRDS, plant root disease score; RB,
percentage of branch-rooted plants; RPI, root potential index; SRDS, stand root disease score; TD, tap-root diameter
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fixation (Rasmussen et al., 2012), or N transfer to grass species (Louarn
et al., 2015).

Despite previous extensive research, less attention has been paid to
belowground biomass in these mixtures. According to Chmelikova et al.
(2015), a holistic analysis including above- and belowground traits
should be used for the evaluation of forage crops. Ghimire et al. (2014)
investigated soil organic matter contribution of lucerne-grass stands
and reported that conventional management yielded more forage dry
matter while reduced-tillage accumulated more soil organic carbon.
Lucerne rooting strategy and rhizodeposit quality also has been con-
sidered responsible for differences in amounts and dynamics of N
transfer to grasses (Louarn et al., 2015). Total root biomass in lucerne-
grass mixture has not been found to be higher than that of lucerne
grown in monoculture (Pietsch et al.,2007). As noted by Hakl et al.
(2017), the study of lucerne root systems should not focus only on total
root mass but should also include morphology traits and focus on the
relationship between these traits and forage yield.

For lucerne monoculture, the critical role of root morphology in
persistence and productivity has been recognized (Johnson et al., 1998;
Lamb et al., 1999). Suitable methodology for investigation of lucerne
root morphology was proposed by Lamb et al. (2000a) for field plots
using plants with uniform spacing. In row-seeded stands, lucerne root
morphology development is affected by genotype X environment in-
teractions (Pederson et al., 1984), stand age (Suzuki, 1991) and changes
in plant density (Hakl et al., 2017). A large pool of root morphology
traits can be measured on individual plants (Johnson et al., 1998). The
difference between root traits at the plant level and at the stand level,
however, must be carefully distinguished in field environments. A
previous study comparing the contribution of root morphology traits to
the agronomic performance of lucerne revealed that a root potential
index (RPI) integrating tap-root diameter and plant density correlated
better with plot forage yield than any other individual root trait in-
vestigated (Hakl et al., 2017).

In spite of well-documented positive relationships established be-
tween root traits and stand productivity, lucerne root morphology traits
have never been investigated in a multi-year field study comparing
lucerne monoculture with lucerne-grass mixtures. Therefore, a field
study with lucerne sown in monoculture and mixtures varying in grass
sowing ratios was conducted over a 4-year period with the following
aims: (i) to assess the effect of a grass component on lucerne root trait
development at the plant and stand level; (ii) to evaluate changes in
forage traits at the stand level in the lucerne monoculture and lucerne-
grass mixtures; (iii) to investigate differences in root traits among lu-
cerne varieties in relation to forage traits; and (iv) to investigate the
relationships between root traits and forage structure traits, forage yield
and root disease resistance. Clarification of these complex relationships
could be valuable for optimization of lucerne root morphology devel-
opment in the lucerne-grass mixtures.

2. Materials and methods
2.1. Field experiment

The experiment was established in 2008 on a clay-loam Haplic
Luvisol at the experimental field station Cerveny Ujezd, Czech Republic
(50°04’ N, 14°10" E; elevation 410 m a.s.l.). The long term (50-year)
mean annual temperature of the site is 7.7 °C and cumulative annual
rainfall is 493 mm. Four lucerne varieties (Jarka, Oslava, Tereza,
Zuzana) were established and managed under three sowing ratios
[100% in lucerne monoculture (L100), and in mixtures with grass
comprising 90% (L90) or 75% (L75) of lucerne seed numbers]. The
grass component was a festulolium of ryegrass type (var. Achilles),
which is a hybrid between meadow fescue (Festuca pratensis) and Italian
ryegrass (Lolium multifiorum). A completely randomised block design
with four replicates was used. Consequently, there were 12 plots of
7.2 x 2.5m in each block. Plots were never fertilized.
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Table 1
Annual temperature and precipitation, root sampling area and sampling dates,
and forage harvest dates and dry matter yield for the four years of the study.

Year 2008 2009 2010 2011
Annual temperature 9.2 8.8 7.4 9.1
mean (°C)
Annual cumulated 518 554 763 541
precipitation
(mm)
Root sampling area 25 x 25 25 x 30 25 x 40 25 x 50
(cm x cm)
Root sampling dates 12 November 2 November 1 November 31 October
Forage harvest dates
Cut 1 16 July 25 May 30 May 26 May
Cut 2 9 October 16 July 13 July 13 July
Cut 3 8 October 6 October 6 October
Annual plot forage dry  3.29 17.09 17.43 14.87

matter yield (Mg
ha™")

The long term (50-year) mean annual temperature is 7.7 °C and cumulative
annual rainfall is 493 mm.

The plots were established on 24 April 2008 by row sowing (with
0.125 m between rows). The 700 viable seeds were sown per m? for all
lucerne varieties in monoculture, corresponding to 15.6-20.3 kg seeds
ha~! depending upon seed characteristics. In the mixtures, seeding
rates were reduced to 90% (L90) and 75% (L75) of the monoculture.
The seeding rate of the grass component in the mixture was of 3.0 kg
ha~! (in L90) and 7.6 kg ha™ 1 (in L75). In the seeding year there were
two harvests only, and in subsequent years the plots were cut three
times per year. Except for the seeding year, cutting dates were de-
termined by the bud stage and flowering stage for first cut and sub-
sequent cuts, respectively. Annual weather data and cutting dates are
presented in Table 1. Fresh matter yield was assessed by harvesting
10 m? in the centre of each plot using a mower (MF-70, Agrostroj Ji¢in,
Czech Republic) with a working width of 1.4 m.

2.2. Forage sampling and forage structure traits measurement

Before each harvest, a permanent quadrat (25 cm x 20 cm, fixed on
right side of the harvested strip) was manually harvested in each plot by
cutting plants at 5cm aboveground. The following forage traits were
evaluated for the lucerne and grass components in the sample (Table 2):
stem density (stem m ™ %), maximal stem length in the sample (cm) and
mean stem dry weight (g stem~'). Stems included tillers in the case of
festulolium. A subsample of approximately 200 g from each quadrat
was oven-dried at 60 °C for 48 h to enable determination of the pro-
portion of lucerne (g kg~ !) in total dry matter yield. Lucerne yield (Mg
ha~') was consequently calculated from fresh matter yield in the har-
vested strip (10 m?) and dry matter content and lucerne proportion in
the permanent quadrat.

2.3. Root sampling

From autumn 2008 to autumn 2011, plant root systems were dug to
a depth of about 20-25 cm outside the harvested area of each plot. It
was necessary to increase the root sampling area on successive sam-
plings to provide a similar number of plants. Plant density (plant m~2)
was derived from plant count per sample and size of the root sampling
area. Sampling dates and size of the root sampling areas are presented
in Table 1. Root samples hand-washed before measurements of root
morphology were made.

2.4. Measurements and calculation of root morphology traits

The plant root traits evaluated (Table 2) were tap-root diameter
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Variables and their descriptions, acronyms, means, standard deviations (SD) and ranges of lucerne root and forage traits evaluated at plant or stand level.

Variables Root traits at plant level Root traits at stand level
(n = 2864) (n =192)
Acronyms mean SD min max mean SD min max
Root morphology and plant density
Tap-root diameter below the crown (mm) TD 7.29 3.93 1.00 25.00 8.70 3.52 2.84 21.00
Lateral root diameter (mm) LRD 1.7 0.8 1.0 8.0 1.8 0.4 1.0 3:2
Plant density (number of lucerne plant m~?%) 188 148 16 912
Root dry matter (g m™~?) 324 146 66 909
Root potential index = area of TD cross section RPI 78.0 337 14.1 166.0
per area unit (cm?m~?)
Root branching
Lateral root position (depth of first branching LRP 36.9 34.2 4.0 350.0 349 14.3 8.0 107.2
in mm)
Lateral root number (per branch-rooted plant) LRN 3.2 2.6 1.0 24.0 35 2.0 1.0 15.7
Intensity of root-branching (lateral root number IRB 1.33 0.71 0.05 3.00
plant ~! in the sample)
Percentage of branch-rooted plants (%) RB 71 24 5 100
Root disease
Plant root disease score (for root disease PRDS 118 1.60 0.00 7.00
infestation, 1 to 7)
Stand root disease score expressed as the SRDS 22.7 184 0.0 75.1
potential reduction of stand productivity
(%)
Forage traits at stand level Lucerne (n = 528) Grass (n = 352)
mean SD min max mean SD min max
Maximal stem length in the sample (cm) 86.5 227 20.0 130.0 49.0 44.0 0 130.0
Stem density (stem m™~?) 603 226 120 1400 293 327 0 2400
Mean stem dry weight (g stem ~") 1.21 0.60 0.11 3.65 0.18 0.33 0 6.52
Proportion of lucerne in total yield (g kg™") 900.0 1221 374.4 1000.0
Lucerne dry matter yield (Mg ha™") 11.8 5.4 1.9 188
Total dry matter yield (all species, Mg ha™") 13.2 5.9 2.5 19.3

below the crown (TD, mm), lateral root position (LRP, depth of the
lateral root closest to the crown, mm), lateral root number per plant
tap-root (LRN, when larger than 1 mm), and lateral root diameter (LRD,
measured near the tap-root, mm). Root samples were oven-dried at
60 °C and total root dry matter (g m ~?) was calculated based on the size
of the sampling area

Plant root disease score (PRDS) was scored subjectively and based
on discoloration on a cross-cut of the tap-root following Kiidela (1970).
This rating was used: 0 = healthy plant, no discoloration in the root;
1-6 = living plant with increasing level of root damage; 7 = dead
plant. The stand root disease score (SRDS, %) represented the theore-
tical lucerne yield reduction based on average autumn plot PRDS in line
with Hakl et al. (2017). For plant traits related to lateral roots, the
average value was calculated only for branch-rooted plants, while in-
tensity of root-branching (IRB) was calculated as average LRN per
plant, including plants that were not branch-rooted. The percentage of
branch-rooted plants (BR, %) was calculated for each sample. The root
potential index (RPI) was used as an indicator integrating TD and plant
density (Hakl et al., 2017). Values for root traits were expressed per
plant (n = 2864) and per stand as average of the plants in the sampling
area (n = 192).

2.5. Statistical analysis

A two-way analysis of variance (ANOVA) within each sowing ratio
was used to investigate differences in root traits at plant and stand le-
vels. Influence of sowing ratio on root morphology traits was analysed
by a three-way ANOVA. Lucerne plant density differed between vari-
eties and for this reason it was used as a covariate for selected root
variables. Differences in annual lucerne and total yield were analysed
separately by a two-way ANOVA within each year, and the influence of
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successive cuts on forage yield was investigated by three-way ANOVA.
Effect of the sowing ratio on forage traits was investigated by a three-
way ANOVA within each year. Influence of cut order on forage traits
was analysed by a four-way ANOVA. All factors were considered as
fixed, and significant differences between means were reported using
the Tukey HSD test at a = 0.05. All these analyses were carried out
using the STATISTICA program (StatSoft, 2012).

Redundancy analysis (RDA) was used to investigate the contribution
of stand root morphology traits to annual plot yield and average plot
forage traits across cuts. The effect of year and variety were excluded as
covariates. The option of centre and standardization by dependent
variables was used in the RDA. The statistical significance of the first
and all of the other constrained canonical axes was determined by the
Monte Carlo permutation test (499 permutations). Ordination analyses
were performed in the CANOCO 4.5 program (ter Braak and Smilauer,
2002).

The ordination biplot of RDA presents relationships between mix-
ture total yield, lucerne yield and forage traits (dependent variables),
and stand root morphology traits (explanatory variables). The biplot
was created in CanoDraw (Microcomputer Power, Ithaca, NY).

3. Results

Overview of descriptions and basic statistical characteristics of all
evaluated root morphology traits at plant and stand levels as well as
forage traits, together with their means and variability, are summarized
in Table 2. For root morphology, 192 stand samples were evaluated,
representing a total of 2864 plants. In total, 528 forage samples were
evaluated in 11 cuts.
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Effect of year within lucerne sowing ratio and effect of lucerne sowing ratio on lucerne root morphology traits evaluated at plant level.

All plants Branch-rooted plants
Year Lucerne sowing ratio Tap-root Plant root n Lateral root position Lateral root number Lateral root diameter n
diameter disease score

2008 3.69¢ 0.14¢ 404 32.4% 2.0° 1.5° 150

2009 L100 6.67¢ 0.87¢ 348 38.3" 2.3 1.5° 215

2010 9.62" 1.89" 242 38.5° 4.0 1.9° 200

2011 12.27° 3.31° 135 27.2° 42" 1.9° 117
p* < 0.001 < 0.001 0.010 < 0.001 < 0.001

2008 4.04¢ 0.13¢ 304 40.6 2.0 1.6" 87

2009 L90 7.11¢ 1.09° 272 38.2 2.8° 1.7 172

2010 877> 1.40° 263 42,0 3.4 17eb 195

2011 11.47° 2.83° 136 38.1 4.0° 1.9° 103
p* < 0.001 < 0.001 0.674 < 0.001 0.018

2008 4.60¢ 0.27¢ 222 38.4" 2.0 1.5° 83

2009 L75 8.00¢ 1.14¢ 193 42.9° 3.2° 1.8° 132

2010 9.44" 1.70° 216 31.8" 3.8 1.8" 188

2011 11.97* 817 129 31.4° 4.4" 21" 111
p* < 0.001 < 0.001 0.019 < 0.001 < 0.001

Mean across years L100 7.92¢ 1.51°® 1129 345" 31 1.72 682
190 7.89" 1.38" 975 39.2° 3.1 1.73 557
L75 8.51° 1.57° 760 35.6" 3.3 1.78 514
pr < 0.001 0.006 0.047 0.168 0.436

P: probability; * two-way ANOVA (year, variety) within each lucerne sowing ratio; ** three-way ANOVA (year, lucerne sowing ratio, variety); different letters
indicate statistical differences between years* or sowing ratios** for Tukey HSD, a = 0.05.

Table 4

Effect of year within lucerne sowing ratio and effect of lucerne sowing ratio on lucerne root morphology traits evaluated at stand level. Results are averaged among

lucerne varieties.

Year Lucerne Plant Tap-root Intensity Percentage of branch-rooted plants Root dry Root potential Stand root

sowing ratio density diameter of root-branching matter index disease score
2008 404" 4,02¢ 0.70" 49° 236" 44.6° 2.7¢
2009 L100 290° 7.23¢ 1.05" 67" 424" 101.6" 13.9°
2010 151° 10.79" 1.82° 87° 464" 113.0° 30.4"
2011 68" 12.85° 1.94* 89" 287° 81.6" 48.6"

p* < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
2008 304" 4.37¢ 0.52¢ 3g® 177° 40.2¢ 2.0¢
2009 L90 2270 7.54° 113" 68° 416° 91.7" 15.8"
2010 164> 9.55° 1.52% 81° 456" 102.7° 21.1°
2011 68° 12.10° 1.58° 78° 269° 71.6° 44.0°

p* < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
2008 222° 4.75¢ 0.57" 43¢ 140° 36.5¢ 3.4¢
2009 L75 161°" 8.78" 1.43° 75" 374° 82.8% 17.1¢
2010 135 10.00" 1.76" 90° 393" 96.3" 25.5"
2011 65° 12.45" 1.92° 89° 251" 74.0 47.7°*

p* < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Mean across years  L100 228° 8.72 1,38* 73% 353° 85.2° 23.9

L90 191°° 8.39 1.19" 66" 329°0 76.5%" 20.7

L75 146" 8.99 1.42° 74° 290" 72.4° 23.4

p* < 0.001  0.182 0.022 0.020 0.002 0.007 0.089

P: probability; * two-way ANOVA (year, variety) within each lucerne sowing ratio; ** three-way ANOVA (year, lucerne sowing ratio, variety); different letters
indicate statistical differences between years* or sowing ratios** for Tukey HSD, a = 0.05.

3.1. Lucerne root morphology development under different sowing ratios

The development of root morphology at plant level from 2008 to
2011 within each sowing ratio is reported in Table 3. With the excep-
tion of LRP, a constant significant increase of all evaluated traits over
time is clearly visible (P < 0.001) within each sowing ratio. The LRP
decreased slightly over time with L100 and L75 sowing ratios whilst it
remained statistically unchanged with L90. When averaged across
years, the impact of the sowing ratio was significant (P < 0.05) for TD,
PRDS and LRP, and L75 provided the highest values for all these vari-
ables except of LRP. Lucerne sowing ratio L90 reached the lowest TD
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and the highest LRP in comparison with other treatments.

The development of stand root morphology traits over time within
each sowing ratio is reported in Table 4. In contrast to plant level, TD at
stand level was not significantly different between sowing ratios. Lu-
cerne plant density significantly decreased over time whereas TD and
SRDS increased (P < 0.001). With the L100 sowing ratio, the decrease
in plant density was significant from year to year, whereas significant
differences were only detected after two years with L90, and after three
years with L75. The general increase with years in root branching traits
(IRB, RB) was observed within all sowing ratios. Root dry matter and
RPI increased up to 2010 and then were significantly reduced in 2011
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Effect of lucerne sowing ratio within year and effect of cut order on dry matter yield and forage structure traits at stand level. Results are averaged among lucerne

varieties. Results by year represent the sum (yield) or the average (all other variates) for cuts.

Lucerne Grass

Year Lucerne Total Lucerne Stem Stem Stem Lucerne Stem Stem Stem

sowing ratio yield yield length density weight proportion length density weight

L75 3.3 2.5¢ 44.5 558" 0.43 752° 32.6 622° 0.11
2008 L90 31k 27° 45.4 614" 0.43 881° 30.3 320" 0.12

L100 3.4° 3.4° 48.7 720° 0.49 100 0 0 0

p* 0.011 < 0.001 p** 0.119 0.012 0.419 < 0.001 0.231 < 0.001 0.340

L75 16.9 13.2 89.5¢ 546¢ 1.41 775" 84.4° 755° 0.38
2009 L90 17.0 14.6" 94.2° 642" 1.45 867" 76.5" 487" 0.26

L100 17.4 17.4* 100.7° 787° 1.36 1000 0 0 0

p* 0.102 < 0.001 pr* < 0.001 < 0.001 0.569 < 0.001 0.042 < 0.001 0.342

L75 18.0" 14.7° 101.5 554" 1.30 838" 84.2 483° 0.27
2010 L90 17.7° 15.4™ 98.5 599" 1.18 889" 81.7 325 0.26

L100 16.6" 16.6" 101.3 693° 1.26 1000 0 0 0

p* 0.002 < 0.001 p* 0.223 < 0.001 0.233 0.001 0.355 < 0.001 0.642

L75 15.3 13.0" 92.2 487" 1.47 858" 90.7° 321° 0.34
2011 L90 14.9" 13.6" 90.1 488" 1.49 914° 78.0° 213 0.29

L100 145" 14.5" 91.0 575° 1.53 1000 0 0 0

p* 0.035 < 0.001 pr* 0.521 0.001 0.641 0.002 0.006 < 0.001 0.125

1 6.8" 6.2° 98.2" 697° 1.6 857" 95.2" 455° 0.34°
Cut 2 5.9" 5.1° 100.6" 639" 1.9 798¢ 102.2° 491° 0.42°

3 3.7 3.5 87.5" 455° 1.4° 916" 50.3¢ 346" 0.14"

p¥ax < 0.001 < 0.001 prak < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

P: probability; * two-way ANOVA (lucerne sowing ratio, variety) within each year; ** three-way ANOVA (cut order, lucerne sowing ratio, variety) within each year;
***four-way ANOVA (year, lucerne sowing ratio, cut order, variety); different letters indicate statistical differences between sowing ratios or cuts for Tukey HSD,

a = 0.05.

for all sowing ratios. When averaged across years, lucerne plant density,
root dry matter and RPI increased with increasing sowing ratios. The
sowing ratio L90 provided a significant decrease in root branching traits
(IRB and RB), together with the lowest SRDS.

3.2. Impact of lucerne sowing ratio on forage yield and forage structure
traits

The effect of sowing ratio and cuts on forage yield and stand
structure is summarized in Table 5. For every year of the experiment,
annual lucerne yield was significantly lower at the L75 sowing ratio
than with L100. Annual total yield varied among years depending on
weather conditions. The greatest total yield was observed with the L100
sowing ratio in 2008, whereas it was greater with L75 than L100 in
2010 and 2011.

Lucerne stem length was not influenced by sowing ratios in any year
with the exception of 2009, where a significant decrease in stem length
was observed with sowing ratios from L100 to L75. Lucerne stem
density was consistently reduced in lucerne-grass mixture (sowing ra-
tios L75 and L90) in comparison with lucerne pure stand (L100). Real
lucerne proportions in the mixture mostly corresponded to sowing ra-
tios in 2008 and 2009 and then increased in 2010 and 2011, but there
was always a significant difference between L75 and L90. Grass stem
density was consistently greater with L75 than L90 sowing ratios. In
2009 and 2011, a grass stem length was higher in L75 in comparison
with L90. Sowing ratio had no impact on lucerne or grass stem weight.
Effect of cut was significant for all forage traits (P < 0.001).

3.3. Differences among lucerne varieties in root and forage traits

The results of varieties comparison in root morphology and forage
structure traits are summarized in Table 6. There were differences be-
tween varieties for root traits in LRD and PRDS at plant level. For root
traits at stand level, only RPI and SRDS were significantly different
among varieties, and TD reached P 0.055. Tukey’s HSD did not show
any significant differences for RPI but variety Jarka provided a

43

considerably lower value in comparison with other varieties. The
variety Zuzana provided a better root disease resistance than variety
Jarka at plant and stand level. With respect to forage aboveground
traits, differences between varieties were detected in lucerne stem
length, density and weight, where variety Zuzana achieved significantly
higher density and lower length and weight in comparison with variety
Jarka.

3.4. Contribution of root morphology traits to forage structure traits and dry
matter yield

The contribution of root morphology traits to annual total and lu-
cerne forage yields and means of forage structure traits across cuts in
post-seeding years was investigated in a RDA analysis (Fig. 1). With the
use of lucerne variety and year as covariates, root morphology sig-
nificantly explained 9.7% of yield and forage traits variability in the
grass mixture (P < 0.014). The horizontal axis represents the opposite
association between lucerne yield, proportion in the mixture, stem
length and density, which are located on the right, and grass stem
length, weight and density, on the left side. An increase of root traits
such as RPI, plant density and root dry matter supported an increase in
lucerne forage traits whereas an increase in grass forage traits was
correlated with higher LRP. The vertical axis represents total yield with
negative correlation to lucerne stem weight, LRN and other root-
branching traits as well as to higher SRDS. Stand root disease score
increased especially with root branching traits (Fig. 1 and Table 4) and
this effect was independent on changes in lucerne yield. Correction of
RPI for SRDS following Hakl et al. (2017) was not beneficial for yield
prediction or any other evaluation in comparison with RPI (data not
shown).
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Effect of variety on root morphology traits, dry matter yield and forage traits over years. Results are averaged among years and represent the sum (total yield and

lucerne yield) or the average (all other variates) for all forage cuts.

Variety Covariate
Group of traits Traits Zuzana Tereza Jarka Oslava P ) 4
Root morphology traits Lateral root number 3.0 33 3.1 3.0 < 0.001 0.150
at plant level Lateral root diameter 1.9° 1.7° 1.7*® 1.7° < 0.001 0.005
Plant root disease score 130" 1.60" 1.58° 1.48° - < 0.001
Root morphology traits Plant density 204 195 155 199 - 0.139
at stand level Tap-root diameter 8.48 9.14 8.85 8.34 < 0.001 0.055
Intensity of root-branching 1.33 1.34 1.39 1.25 < 0.001 0.454
Percentage of branch-rooted plants 73 71 72 69 < 0.001 0.441
Root dry matter 344 324 313 315 < 0.001 0.320
Root potential index 81.9* 78.5" 70.1° 81.7° - 0.044
Stand root disease score 19.3" 25.1° 24.4° 21.9% - 0.006
Forage traits Total dry matter yield 16.7 16.4 16.2 16.5 - 0.283
at stand level Lucerne dry matter yield 14.8 14.8 14.6 14.9 - 0.660
Lucerne maximal stem length 92.5" 96.1°" 97.7* 95.4° - 0.005
Lucerne stem density 632° 585" 564" 606" - 0.017
Lucerne mean stem dry weight 1.28° 1.44%° 1.47° 1.34% - 0.013
Grass maximal stem length 83.5 83.7 80.1 83.0 - 0.621
Grass stem density 444 457 443 379 - 0.231
Grass mean stem dry weight 0.36 0.28 0.26 0.30 - 0.398
Proportion of lucerne 84.2 86.0 86.0 86.6 - 0.509

P: probability; three-way ANOVA or ANCOVA; plant density was used as a covariate for selected variables, different letters indicate statistical differences between

varieties for Tukey HSD, a = 0.05.

RB

second canomical axis 0.5

LRP

grass stem weight
-

- g
grass stem density

i £
N / lucerne yield RPI
c.’ Y total yield of mixture ensity
first ene al axl
-0.4 0.6

Fig. 1. Ordination biplot showing relationships between total and lucerne
yield, lucerne and grass forage traits in post-seeding years (dependent variables,
broken line arrows) and root morphology traits at stand level (explanatory
variables, bold line arrows). Description of acronyms for root morphology is
given in Table 2.

4, Discussion

4.1. Development of root traits and plant density under different sowing
ratios

The development of plant root traits over time follows a pattern
described by Hakl et al. (2017) in a four-year field study with lucerne
monoculture. The increase of TD and of the occurrence of roots of 2"
and 3™ order over the growing season was reported in Chmelikové
et al. (2015) for lucerne roots in mixture with grass and the positive
correlation between TD and root branching traits was presented by
Johnson et al. (1998). In lucerne monoculture, LRP of root-branched
plants was reported to decrease slightly over time (Hakl et al., 2017). In
the present experiment, this pattern was also observed for the L100
(pure lucerne) and L75 sowing ratios, but not for the L90. The L90
sowing ratio also had a significantly higher average LRP value than the
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monoculture. This effect was not associated with lower LRN or LRD at
plant level, in contrast to the significant positive correlation among
LRP, LRN and LRD reported by Johnson et al. (1998). It seems that the
presence of grass in the mixture in combination with higher lucerne
plant density caused an increase in depth of root branching but did not
influence other traits for root-branched plants. The highest values of TD
with the L75 sowing ratio, when averaged among years, could be ex-
plained by the lowest average lucerne plant density for this treatment.
Lamb et al. (2000a) also reported the effect of plant density on TD for
lucerne, especially in the first years of growth.

Slowed development of the stand root traits was expected in the
mixture, whereas only RPI and root dry matter decreased with the in-
crease in the proportion of grass. Unexpectedly, root branching traits
(IRB and RB) reached the lowest values with the L90 sowing ratio, al-
though these traits did not significantly differ from pure lucerne (L100).
This can be explained by the driving role of plant density in lucerne root
branching, in accordance with the findings reported by Hakl et al.
(2017). In the mixture with grasses, lucerne root branching corre-
sponded better with lucerne plant density than with sowing ratio.
Lowest values of root branching with the L90 sowing ratio could be
caused by interaction of higher lucerne plant density with grass con-
currence in the mixture. The lowest value SRDS with the L90 can only
be considered as an indirect effect of reduced root branching, in line
with Hakl et al. (2017), who demonstrated that lower intensity of root
branching is associated with a decrease in root disease infestation.

Although there was a wide range in plant density, from 404 plants
m 2 in the monoculture to 222 plants m™ with the L75 sowing ratio in
the seeding year, this evolved to a narrower range of 65-68 plants m™
across sowing ratios in the last year of experiment. This suggests a more
rapid decline of lucerne plant density in monoculture in comparison
with lucerne-grass mixture. This finding contrasts with results from
Bélanger et al. (2014), where the presence of about 25% of timothy
(Phleum pratense) in mixture with lucerne reduced the survival of lu-
cerne plants in contrast to that of the monoculture. Generalization of
results about the presence of grass on lucerne survival is difficult be-
cause of differences in experimental conditions between studies (choice
of the grass species, proportion of grass in the mixture, water status at
the studied site).



J. Hakl et al

4.2. Changes in forage yield and forage structure traits under different
lucerne sowing ratio

Total yield of both mixtures (L75 and L90) was 7.5% higher than
that of the monoculture (L100) in 2010, and total yield of the mixture
with L75 was also 5.5% higher than that of the monoculture in 2011,
which corresponded with the significantly higher total yield of legume-
grass mixtures reported by many studies (Husse et al., 2016; Elgersma
and Seegaard, 2016). According to Sturludéttir et al. (2014), mixtures
of grasses and clovers were between 7 and 15% more productive than
the most productive monoculture in their study conducted over a
number of sites in Northern Europe and Canada. For lucerne-grass
mixtures, the equal yield for mixtures was observed by Pietsch et al.
(2007) but significant increases in total yield have been often reported
in comparison with monoculture (Hakl et al., 2014), with average yield
increase from 8% to 15% in field plot experiments (Thompson, 2013;
Bélanger et al., 2014; Tracy et al., 2016).

Higher total yield of mixtures has been explained by asynchrony of
seasonal stem growth (Husse et al., 2016), N transfer to grasses (Louarn
et al., 2015), variable N, fixation (Rasmussen et al., 2012), more ef-
fective N acquisition (Nyfeler et al., 2011) or application of suitable N
fertilization management (Tracy et al., 2016). Only a few studies have
supported explanations of yield changes by monitoring of yield com-
ponents such as stem density and mean stem weight. Lucerne plant
density decreased over time, as also observed in Bélanger et al. (2014),
which should result in changes of forage structure traits. From all
monitored forage traits in the mixture, lucerne stem density showed the
best correspondence with differences of lucerne yield between sowing
treatments: this trait seems therefore to be an indicator for improved
lucerne yield in the mixture. The similar plant density of 65-68 plants
m~? for monoculture and both mixtures, in contrast with significantly
higher lucerne stem density for monoculture in 2011, suggests it was
the presence of the grass component and not a lower lucerne plant
density that reduced lucerne stem density in the mixture.

For the lucerne monoculture, Ventroni et al. (2010) reported the
stem height was the yield component that had the most impact on
forage yield. In this experiment, the drier and warm conditions in the
year 2009 contrast to 2010 might have contributed to reduction of
lucerne stem length in the mixture with grass. Year 2011 had similar
weather conditions without an effect on this trait, probably due to the
decrease of grass proportion in line with a lower persistence of ryegrass
type of festulolium. In 2010, favourable conditions (cold and humid
weather) resulted in non-limited growth of lucerne and grass stems in
all treatments. This suggests that a reduction of lucerne stem growth in
the mixture with grasses could occur only with a high grass proportion
together with limiting environmental factors such as a dry period.

4.3. Utilization of root morphology for variety comparison in lucerne-grass
mixture

The focus here was whether root morphology of lucerne varieties
can contribute in explaining inter-varietal differences in performance in
the mixture or can help with selection of suitable varieties for growing
in mixtures with grass. The comparison of varieties at plant level was
consistent with previous research that documented the possibility of
detecting differences in root traits among lucerne varieties (Johnson
et al., 1998), or different selected progenies (Lamb et al., 1999). Ac-
cording to Hakl et al. (2017), root traits measured at plant level may not
reflect differences at stand level, which have a higher relevance to
yield. Chmelikova et al. (2015) reported differences between TD among
sites measured at plant level but it did not correspond with yield dif-
ferences among these sites. Association between differences in root and
forage traits among varieties seem to demonstrate that the higher RPI
value could be a suitable indicator for variety productivity in the
mixture because it supports higher lucerne stem density.
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4.4. Effect of stand root morphology traits on forage yield, forage structure
traits and stand root disease score

Although higher value of TD could by associated with stem number
per plant (Suzuki, 1991), shoot height (Ventroni et al., 2010) or higher
yield (Lamb et al., 2000b), this relationship seems to have been less
important in this study where TD was not correlated with lucerne stem
density or length in the mixture. This could be because the lucerne
plant density showed a strong correlation with stem density and length.
It seems that plant density played a more important role for lucerne
yield and forage traits in the mixture than previously reported for lu-
cerne in monoculture (Hakl et al., 2017).

Root branching is considered to be beneficial for lucerne yield
(Lamb et al., 2000b). Increasing LRD and decreasing LRP were found to
correspond better to yield changes than LRN (Hakl et al., 2017). The
results of the present study demonstrated that greater root branching
traits only slightly supported lucerne stem weight, but did not influence
lucerne yield and in fact, total yield was inversely related to lucerne
root branching (Fig. 1). It can be summarized that lucerne root
branching may not be beneficial for total yield in the lucerne-grass
mixtures. Positive correlation of LRP with grass stem traits indicate that
grasses in mixture caused lucerne to form its root branches deeper than
when it was grown in monoculture. Changes in plant density also
contributed more to lucerne yield than previously observed in lucerne
monoculture. Higher lucerne dry root mass accumulation can be ben-
eficial for improving yield under stress conditions (Annicchiarico, 2007;
Hakl et al., 2017). Greater lucerne root dry matter resulted in greater
lucerne yield and this supports the idea that the presence of a grass
component in the mixture can be considered as a stress factor. How-
ever, it had no impact on total yield.

Root potential index in lucerne grass mixture was also found to be
strongly correlated to lucerne traits, especially lucerne yield, stem
density and proportion in total yield of mixture, in line with its pre-
viously reported positive relation to lucerne yield in monoculture (Hakl
et al., 2017). Variety comparison demonstrated that differences in RPI
seemed to correspond better than plant density, root dry matter or root
branching, with significant differences in forage traits between vari-
eties. Based on this result, RPI integrating plant density and TD can be
considered as the closest root indicator for the productive potential of
lucerne in the lucerne-grass mixture.

In the present study, SRDS was not affected by presence of a grass
component but it varied significantly among years and varieties.
Reduced lucerne root branching in the mixture with grasses can con-
tribute to lower SRDS, in line with the findings of Hakl et al. (2017) in
lucerne monoculture.

5. Conclusion

Our study provides evidence that: (i) the presence of a grass com-
ponent in the mixture increases LRP of branch-rooted plants and re-
duces root branching traits at stand level at L90, in comparison with
L75, and this difference was related to changes in lucerne plant density;
(ii) the mixture provided higher total yield than lucerne in monoculture
and lucerne stem density determines the changes in lucerne forage yield
better than any other individual forage traits; (iii) RPI can be an ef-
fective indicator tool for variety comparison in the mixture enabling
explanation of differences in forage traits, and (iv) lucerne yield and
stem density were positively associated with plant density, RPI and root
dry matter but not with root branching traits. This study has high-
lighted that effective evaluation of lucerne root morphology should
include assessment of plant density, TD and LRN with calculation of RPI
and IRB. Lateral root position can be of interest in lucerne-grass mix-
tures because of its positive correlation with grass proportion. Lower
lucerne plant density can be considered as a factor promoting its root
development when sown in mixture with grass, where plant density and
root dry matter contribute more to lucerne yield than when sown in
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Root diseases of red clover (Trifolium pratense L.) contribute to reduced persistence and production of sown red
clover stands; however, the potential of biological control of these diseases has not yet been investigated. Our
objectives were to determine the effect of application of Pythium oligandrum and poly-beta-hydroxy butyric acid
on (i) plant density and root morphology development, (ii) relationships between root branching and plant root
disease score and (iii) forage yield and yield components of red clover in a three-year field experiment. Two red
clover varieties (Start and Callisto) were established and managed under cutting (3 cuts per year) with four
treatments: untreated control; spraying of poly-beta-hydroxy butyric acid (Albit); or application of P. oligandrum
(Polyversum) at two intensities. Each autumn, plants were evaluated for root morphology traits and scored for
root diseases. Forage dry matter yield, compressed stand height and stem density were evaluated in each cut.
Effects on root discoloration were visible only in the last year of the experiment where significantly lower disease
score was detected for both Polyversum treatments (4.58) compared with untreated control (4.94). In that year,
Polyversum application at the higher intensity promoted increased tap-root diameter (+4%), root branching
(+27%), stand height (+13%) and forage yield (+18%) in comparison with the control treatment. Improved
forage yield was associated with plant growth stimulation more than from protection against Fusarium. Re-
lationships among root traits and aboveground biomass highlight the need for evaluation of the effects of bio-
logical control of forage legumes considering root disease occurrence, together with root morphology traits and
forage yield. This study demonstrated a potential of P. oligandrum for improving red clover yield, but optimi-
zation of application timing is necessary for determination of practical recommendations and economic
efficiency.

1. Introduction

Red clover (Trifolium pratense L.) is a one of the most important
perennial forage legumes of temperate climate zones worldwide (Riday,
2010). It is mainly used for cutting in sown grass—clover leys of 2-4 years
duration, but it also occurs naturally in permanent grassland (Boller
etal., 2010). Lower persistence of red clover in comparison with lucerne
(Medicago sativa L.) has been documented for field production (Marley
et al., 2003) and poor persistence presents a problem for farmers glob-
ally. Therefore, improvement of red clover yield is rarely carried out
without simultaneously paying attention to resistance against biotic and
abiotic stresses (Boller et al., 2010). Among factors affecting persistence
can be considered the advancing age in conjunction with effects of

weather, cultivar, nutrition, intensity of cutting, pests and diseases or a
combination of these (https://onlinelibrary-wiley-com.infozdroje.czu.
cz/doi/full/10.1111/j.1365-2494.2003.00392.x; Frame, 1986; Shel-
drick et al., 1986; Stoltz and Wallenhammar, 2012). Mortality of red
clover plants is most frequently observed in conjunction with deterio-
rating crowns and roots (Riday, 2010). Many studies have documented
that these root diseases cause significantly reduced red clover persis-
tence and productivity in Europe (Ylimaki, 1967; Hejduk, 2006; Wal-
lenhammar et al., 2006; Marshall et al., 2017) and elsewhere, including
North America (Marten, 1989; Christie and Martin, 1999) and New
Zealand (Skipp and Christensen, 1990). Root diseases are mainly caused
by the Fusarium genus, where pathogenicity has been shown to differ
significantly among species and among strains within species (Leath and
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Kendall, 1978). Root damage usually develops rapidly in early spring,
particularly when clover stands have been weakened over-the winter.
Fusarium is considered the most important genus for decline of red
clover persistence in Europe (Hejduk, 2006; Wallenhammar et al.,
2006). Crown rot is caused by Sclerotinia spp and is more serious in areas
with long winter periods whereas root rot can be observed during the
growing period in north Europe (Ylimaki, 1967). In recent years there
have also been failures of red clover in the field because of southern
anthracnose, a disease caused by the fungus Colletotrichum trifolii, as
shown, for example, in a study from Germany (Jacob et al., 2010).

The breeding of resistant varieties of red clover remains the main
strategy for elimination of the effects of these detrimental diseases
(Ohberg, 2008; Riday, 2010), and differences in resistance among red
clover varieties have been documented in many studies (Hejduk and
Knot, 2010; Vleugels et al., 2013). Plant morphology traits have a po-
tential for selection for root disease resistance (Vleugels et al., 2013) and
attention needs to be also focused on root morphology as root branching
has been found to be positively related to its persistence (Montpetit and
Coulman, 1991a). Persistent plants have a root system that has more
adventitious roots, and some plants have the ability to regenerate shoots
from the tap-root below the crown. Red clover plants with an adventi-
tious root system may not be so severely impacted by individual in-
fections, since loss of a single root would not be as critical as when there
is infection and loss of the sole tap root, which essentially destroys the
root system (Christie and Martin, 1999). Direct selection for root type in
red clover does not necessarily lead to improved persistence but selec-
tions from old stands, regardless of root type, were found to lead to an
increased frequency of fibrous root-type genotypes (Riday, 2010). Ac-
cording to Vleugels et al. (2013), complete resistance to clover rot may
be never achieved, but recurrent selection over successive years is likely
to result in improved resistance.

Independently of genotype, occurrence of root diseases is influenced
by environmental and agronomic factors including soil pH (Steiner and
Alderman, 2003) or intensity of cutting management (Rufelt, 1987). The
first experimental investigations of direct protection against Fusarium
and Sclerotinia were made using fungicides on red clover stands in the
1950s and 60s in Sweden (Ohberg, 2008; and references therein). The
fungicide Benomyl (methyl 1-[butylcarbamoyl]-2-benzimidazolecarba-
mate) was found to have positive affects on red clover yield in field
experiments (Leath et al., 1973), but subsequent studies reported
negative effect in the post-seeding year (Jenkyn, 1975). The imidazole
fungicide prochloraz supressed pathogens in the soil in a greenhouse
experiment but at higher concentrations it reduced red clover growth
(Nan et al., 1991). There is no recommendation for fungicide use on
clover forage, and there may be potential negative environmental im-
pacts on non-target microorganisms, e.g. mycorrhizal fungi (Yang et al.,
2011). Currently there are no fungicides registered in the Czech Re-
public for use on stands of red clover forage.

Biological control is an alternative potential approach for controlling
fungal diseases. In this context Ohberg and Bang (2010) confirmed a
positive effect of Conithirium minitans when applied before seeding to
increase red clover yield infected with S. trifoliorum. The genus Strep-
tomyces was found to reduce root disease infestation in lucerne in a
greenhouse experiment, but positive effects under field conditions were
observed only in combination with metalaxyl (Jones and Samac, 1996).
Mycoparasitism by Pythium oligandrum, a non-pathogenic soil-inhabit-
ing oomycete, has been observed for other Oomycetes by Vesely (1978).
In areview, Benhamou et al. (2012) concluded that P. oligandrum has the
ability to colonize the root ecosystems of many crop plants, directly
attacking soil-borne fungal pathogens, promoting plant growth and
increasing crop protection against fungal disease via the activation of
the plant immune system. Induced resistance is based on elicitor prop-
erties of cell wall protein fractions produced by P. oligandrum promoting
self-protection of plants (Takenaka, 2003). Pythium oligandrum is able to
penetrate deeper into the plant tissue compared to other biological
control agents, which could lead to higher efficacy (Gebore et al., 2014)
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but the positive effect requires P. oligandrum to survive in the plant
tissues (Le Floch et al., 2007). Utilization of P. oligandrum has focused on
laboratory and greenhouse experiments, especially for annual crops
such as tomato (Hibar et al., 2006), pea (Bradshaw-Smith et al., 1991),
sugar beet (Takenaka et al., 2006), potato (Ikeda et al., 2012) or grape
vine (Daraignes et al., 2018). There are apparently no published reports
of P. oligandrum being used as a biological control agent in field exper-
iments with perennial forage legumes.

There is yet another strategy for clover protection based on a group
of plant stimulants, including poly-beta-hydroxy butyric acid. Testing of
this substance in Russia was found to result in reduced occurrence of
foliar disease in red clover and increased fresh matter yield by about
32-41% compared with the control (Kharchenko et al., 2009).

In spite of intensive global research during the last century to find
ways of eliminating red clover root diseases, these root infections are
still considered to be very important factors that lead to reduced red
clover yield and persistence, particularly in Europe. A recent study from
the UK reported a very large reduction in red clover herbage yield, from
13.9tha ! in the first to 3.4tha! in the fourth post-seeding year
(Marshall et al., 2017). Apart of selecting more resistant cultivars there
are no direct crop protection treatments available for farmers. Fungi-
cides have shown some positive effects under experimental conditions
but their use is currently not economic in practice and may have nega-
tive environmental effects. The alternative approach of biological
treatments represents an interesting way of addressing the problem, but
this potential has not yet been investigated by field studies, particularly
in the context of Central Europe. Research requirements include prac-
tical field-plot experiments including assessments of effects on forage
yield and root disease score, but attention should be also paid to
development of root morphology and monitoring of yield components.
Therefore, the aim of this study was to investigate the effect of appli-
cation of P. oligandrum and poly-beta-hydroxy butyric acid on (i) plant
density and root morphology development, (ii) relationships between
root branching, plant root disease score and stand productivity, (iii)
forage yield and yield components of two red clover varieties in a
three-year field experiment. These comprehensive evaluations provide
valuable results for understanding the simultaneous effects of disease
control on red clover root development, and the occurrence of root
discoloration in association with stand performance.

2. Materials and methods
2.1. Field experiment

The three-year field experiment was established on April 2016 at the
Plant Breeding Station Vétrov of OSEVA UNI a. s. in the Czech Republic
(620 m a.s.l.; GPS 49°30'58.79"N 14°27'59.57"E). The long-term (50-
year) mean annual temperature is 7.2 °C and cumulative annual rainfall
is 655 mm. The soil is loamy sand, moderately acid Cambisol. The site
for the experiment was ploughed in autumn 2015 and cultivated before
seeding. There was no evidence of red clover plants growing on the
experimental site during the previous twenty years. The experiment
included 2 x 4 factorial arrangements in completely randomized block
design with 4 replications. Factors were two red clover varieties and four
treatments of crop protection, thus comprising a total of 32 plots each of
10 m? area. The red clover varieties Start and Callisto were established
at a seeding rate of 700 viable seeds per m? for both varieties, which
corresponds to 16 kg seeds per hectare. Sowing was done on 25 April
2016 using a seed drill with 0.125 m between rows. The four treatments
for control of disease were: untreated control, spraying of P. oligandrum
in two different intensities (either once or three times per year) or poly-
beta-hydroxy butyric acid (autumn application), always in the early
regrowth stage within ten days after cutting. The utilization manage-
ment comprised three cuts per year in years 2 and 3, and 2 cuts in year 1.

Product Polyversum® (Biopreparaty spol. s r. 0., Czech Republic)
was used as a source of P. oligandrum whereas poly-beta-hydroxy butyric
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acid came from Albit® (OOONPF Albit, Russia). The preparations and
timing of applications are described in Table 1. Polyversum was acti-
vated 3 h before application. The treatments were applied in 0.03 L of
water per m? (equivalent to 300 L of water per hectare) and were always
applied in humid weather without intense sunshine, using a backpack
sprayer (Cooper Pegler 15 EVO) with a working pressure of 3 bar.

2.2. Root morphology and root discoloration score

In each autumn of 2016-2018 (years 1-3), plants were dug to a depth
of about 20-25 cm in each plot. The sampling area was increased from
25x 12.5cm in year 1 to 100 x 12.5cm in order to provide a similar
number of plants under the natural decrease of plant density. Plant
density (PD, plants m~2) was calculated from the number of plants per
sample and size of the root sampling area. Sampling dates and size of the
root sampling areas are presented in Table 1. For each plant, the tap-root
diameter below the crown (TD, mm) and the number of lateral roots per
plant tap-root (LRN, when larger than 1 mm) were measured. Fine root
mass (FRM, when less than 1 mm) occurrence was scored subjectively
from 1 to 5 with scores of 1, 3, and 5 indicating none, moderate, and
many fine roots, respectively. Plant root disease score (PRDS) was scored
subjectively and based on discoloration on a cross-cut of the tap-root.
The scoring, as described in Hakl et al. (2017), was as follows:
0 = healthy plant, no discoloration in the root; 1-6 = living plant with
increasing levels of root discoloration from 1 to 95% of cross-cut surface,
in which class 2, 4 and 6 indicated 6-20, 41-60, and 81-95%, respec-
tively; 7 = dead plant. Ratio of infected plant (IP) was assessed as a
proportion of plants with visible root discoloration and plant root dis-
ease score values were averaged for discoloured plants. The ratio of
branch-rooted plants (RB) was calculated based on LRN occurrence. The
root potential index (RPI) integrating tap-root diameter and plant den-
sity was calculated according to Hakl et al. (2017). Root samples (2 x 5
plants per plot) were taken on 2 October 2018 for precise detection of
root pathogens. Tap-roots of five plants from each plot were mixed
together, frozen and lyophilized. Quantitative real-time PCR (qPCR)
were used for detection of Fusarium (F. avenaceum, F. oxysporum,
F. culmorum, F. solani), Sclerotinia and Colletotrichum, separately in each
mixed sample.

2.3. Forage sampling and measurement of forage structure traits

Cutting was carried out at the bloom stage; dates are summarized in
Table 1. Before each harvest, a permanent quadrat (50 cm x 12.5 cm,

Table 1

Annual temperature and precipitation, description of treatments, application
dates of preparations, root sampling area and sampling dates, and forage harvest
dates, for the three years of the study.

2016 2017 2018
Annual temperature mean 8.3 (+1.0)" 8.2 (+1.0)" 9.4 (4+2.2)"
Q)
Annual cumulated 668 (+12)" 701 (+45)" 538 (-118)"

precipitation (mm)

Treatments Dose Application, sampling and harvest dates
Untreated - - - -
control (C)
Albit (A) 40mlha ! 10 Jun, 25 0ct 12 Sep 19 Sep
Polyversum 1 100gha™! 25 Oct 12 Sep 19 Sep
(P1)
Polyversum3  100gha ! 10 Jun, 16 16Jun, 28 Jul, 3 Jun, 16 Jul,
(P3) Aug, 25 Oct 12 Sep 19 Sep
Root sampling dates and 8 Nov; 2 Nov; 2 Oct;
sampling area 25 x 12.5cm 50 x 12.5cm 100 x 12.5cm
Forage harvest dates 11 Augand 18 6 Jun, 18 Jul 29 May, 16 Jul,
Oct and 6 Sep 19 Sep

? Difference from long-term mean (1967-2016).
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fixed on the second row of the right side) was harvested in each plot by
cutting plants at 5 cm aboveground using hand scissors. In these sam-
ples, the number of stems was assessed and stem density (SD, stem m %)
was calculated. Samples were oven-dried at 60°C for 48 h to enable
determination of dry matter content. The compressed height (CH, cm)
was measured using a simple metal rising plate meter with disc diameter
0-3m, area 0-07 m? and weight 0-2 kg, and six measurements were taken
in each plot according to Hakl et al. (2012). Plots were cut and fresh
matter yield measured using a Haldrup plot harvester and dry matter
yield (DMY) was calculated from average dry matter content.

2.4. Statistical analysis

Due to high natural differences in the evaluated traits among years,
all analyses were performed separately for each year. Variables
expressed in percentage were arcsin-trasformed before analyses and
back transformed means are presented in the results. Root morphology
traits and root disease score were analysed by three-way ANOVA
(treatment, variety, block) where plant density was used as a covariate
for root traits analyses. The interaction variety x treatment was only
considered in the model. The traits measured in each cut (compressed
height and stem density) were evaluated by four-way ANOVA (treat-
ment, variety, block, cut). All factors were considered as fixed, and
significant differences between means were tested using the Tukey HSD
test at a = 0.05. All these analyses were carried out using the STATIS-
TICA program (StatSoft, 2012). Redundancy analysis (RDA) was used to
investigate the contribution of year and treatment to annual plot yield
and root morphology traits. Effects of variety and block have been
excluded as a covariate. Due to contrasting years, the principle
component analysis (PCA) investigated these relationships within each
year separately. The option of centre and standardization by dependent
variables was used in the analyses which was performed in the CANOCO
4.5 program (ter Braak and Smilauer, 2002). The ordination biplot of
RDA presents effect of year and treatments (explanatory variables) in
relation to variability of annual yield and root traits (dependent vari-
ables). The biplot was created in CanoDraw (Microcomputer Power,
Ithaca, NY).

3. Results

In total, 2458 plants were evaluated for root morphology, of which
1731 were visually discoloured by root disease and 1319 were branch-
rooted. Overall, 192 forage samples were evaluated during six cuts.
The monthly temperature means and precipitations totals during the
growing season in years 2016-2018 are shown in Fig. 1 (Vétrov mete-
orological station). The highest annual precipitation occurred in 2017
(701 mm). The growth period from April to October was the warmest
(15.7 °C) and driest (366 mm) in 2018. The driest months in this year
were April (17 mm) and July (32 mm).

3.1. Root morphology and plant root disease score

Effect of biological control on root morphology traits and root
discoloration is shown in Table 2. Application of Polyversum signifi-
cantly increased the ratio of branch-rooted plants compared with the
Control treatment in the seeding year but this effect was eliminated in
2017 and any other root traits were not significantly different between
treatments. In the last year of the experiment, after decreases of plant
density, a higher ratio of branch-rooted plants was again detected for
Polyversum 3 compared with Control treatment. Both Polyversum
treatments also showed significantly higher tap-root diameter than the
control. No visible effect of the Albit was observed for any of the root
traits measured. Root potential index and fine root mass were not
significantly different between treatments within years. Interaction of
treatment with variety was detected for lateral root number in 2016,
where cv. Start exhibited at Polyversum 1 in contrast with Polyversum 3
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Fig. 1. The monthly sums of precipitation and temperature means during the experimental years, from the meteorological station Vétrov, Czech Republic.

Table 2

Effect of biological control within year on red clover plant density (PD), tap root diameter (TD), root potential index (RPI), ratio of branch rooted plants (RB), lateral
root number (LRN), fine root mass (FRM), percentage of infected plants (IP), plant root disease score (PRDS). Results are averaged between red clover varieties.

Year Var PD TD RPI RB LRN FRM P PRDS n
Untreated control 536 5.93 162.3 34.6* 2.35 3.64 29.8 1.75 153
Albit 667 6.19 184.0 67.2° 2.58 3.40 27.3 1.78 191
2016 Polyversum 1 532 5.75 155.8 49.9" 3.04 3.57 25.2 1.88 152
Polyversum 3 599 5.68 153.7 56.5" 2.70 3.66 27.4 1.59 171
P 0.693 0.067 0.581 <0.001 0.272 0.150 0.818 0.733
Variety x treatment 0.187 0.204 0.136 0.063 0.007 0.192 0.167 0.207
Density (covariate) - <0.001 - <0.001 <0.001 0.010 - -
Untreated control 350 8.67 223.4 55.7 2.44 3.00 83.2 3.07 200
Albit 378 8.84 232.7 63.9 2.53 2.88 86.8 3.08 216
2017 Polyversum 1 382 8.77 230.3 56.2 2.26 3.29 76.6 3.01 219
Polyversum 3 397 8.77 223.6 63.8 2.24 3.03 78.6 2.98 227
P 0.713 0.890 0.956 0.433 0.486 0.201 0.068 0.935
Variety x treatment 0.844 0.080 0.454 0.059 0.960 0.601 0.017 0.290
Density (covariate) - <0.001 - <0.001 0.019 0.837 - -
Untreated control 198 8.57" 129.5 57.4% 2.01 2.68 95.0 4.94" 218
Albit 191 8.98%° 109.5 61.4°° 2.48 2.92 97.0 478" 254
2018 Polyversum 1 202 9.44" 136.1 56.4° 2.19 2.76 96.6 4.53° 231
Polyversum 3 222 8.93" 137.5 64.5" 2.34 2.94 96.1 4.63" 226
P 0.702 0.002 0.319 0.017 0.096 0.145 0.567 0.031
Variety x treatment 0.513 0.016 0.701 0.002 0.971 <0.001 0.038 0.184
Density (covariate) - <0.001 - <0.001 0.003 0.011 - -

P: F — test probability of three-way ANOVA (treatment, variety, block) including variety x treatment interaction, different letters indicate statistical differences be-

tween treatments within years according to Tukey HSD test at p < 0.05.

treatment. In 2017, untreated cv Start reached the highest ratio of dis-
coloured plants, with significant difference relative to cv. Calisto at
Polyversum 1. In 2018, cv. Start reached the highest tap-root diameter at
Polyversum 1 treatment whereas cv. Calisto provided higher value at
Polyversum 3 in comparison with untreated control and Albit treat-
ments. In this year, cv. Start had reduced fine root mass (score 2.56) at
Polyversum 1 in contrast with the untreated control (score 3.17). Variety
Calisto provide higher ratio of discoloured plants than cv. Start under
Albit application (data not shown).

Effect of treatments on incidence of root discoloration in the two
varieties of red clover was visible only in the last year of the experiment,
when significantly lower plant root disease scores were detected for both
of the Polyversum treatments. The percentage of dicoloured plants was
not significantly different between tested treatments. The variety Start
provided a lower proportion of discoloured plants in the Polyversum 1
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treatment, compared with the control treatment in both 2017 and 2018.
All differences between varieties in selected traits are summarized in
Table 3. Results of qPCR detected pathogens of genus Fusarium (F.
avenaceum, F. oxysporum, F. culmorum and F. solani) in 2018. The per-
centages of positive detections within each treatment were 75, 88, 63
and 38% for the untreated control, Albit, Polyversum 1 and Polyversum
3, respectively. Presence of the genera Sclerotinia and Colletotrichum
were not detected.

3.2. Impact of root branching on root score

Relationships between root traits and discoloration over years are
illustrated in the ordination biplot of RDA (Fig. 1) where effect of year
and treatment explained 47.8% of root traits variability (P = 0.002). The
effect of time was the main driving pattern for these changes and was
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Effect of red clover variety (cv Start, cv Callisto) on lateral root number (LRN), ratio of branch-rooted plants (RB), percentage of infected plants (IP), annual dry matter
yield (DMY, t ha') and compressed height (CH, cm). Results were averaged among treatments.

LRN RB 1P DMY CH
Year Start Callisto P Start Callisto P Start Callisto P’ Start Callisto P Start Callisto p"
2016 2.43 2.09 0.055 49.9 54.2 0.398 20.88" 34.45° <0.001 6.87 6.92 0.673 - -
2017 2.28 2.45 0.270 58.1° 62.5" 0.049 83.38 79.46 0.188 17.05 17.46 0.366 46.6" 45.1° 0.045
2018 2.39" 2.12° 0.047 63.9" 55.9" 0.001 95.40 96.97 0.127 12.10 11.87 0.617 36.1 35.1 0.065

P: F - test probability.
2 Three-way ANOVA (treatment, variety, block) for annual yield.

L Four-way ANOVA (treatment, variety, cut, block) for traits measured in each cut; different letters indicate statistical differences between varieties within each

variable according to Tukey HSD test at p < 0.05.

especially associated with an increase in tap-root diameter and root
discoloration with a simultaneous decrease in plant density and fine root
mass (see the horizontal axis in Fig. 1). Differences of values of root traits
and disease score between root branching classes are shown in Table 4.
Increasing of lateral root number resulted in significantly higher tap-
root diameter and fine root mass, whilst values for disease score were
not significantly different across years. Disease score was significantly
lower with increasing fine root class. No differences were detected in
these patterns among treatments.

Results of PCA showed that plant density always was associated with
reduced tap-root diameter and root branching within each year. In 2016,
2017, the lateral root number and ratio of branch-rooted plants showed
a positive relation to disease score and ratio of discoloured roots
whereas fine root mass had negative or indifferent relationships. In
2018, root branching became independent of disease score but fine root
mass showed even slightly positive relation to this score and ratio of
discoloured roots (Figures of PCA are not shown).

3.3. Dry matter yield and stand structure traits

A comparison of evaluated treatments and cuts in terms of forage
yield, stem density and compressed height is presented in Table 5. In
2018, Polyversum 3 provided higher values for annual herbage yield
and compressed height than the untreated control. The Polyversum 1
treatment was also higher than the control in compressed height, but
without any significantly higher annual herbage yield. Results for the
Albit treatment were similar to the control treatment for all the variables
studied Varieties reached the same amount of annual yield but cv. Start
tended to achieve higher compressed height values across cuts
(P =0.045, Table 3). With regard to the cut, there were clear trends for
decrease of annual yield, stem density and compressed height from first
to third cut in 2017. In 2018, annual yield and compressed height were
reduced in the first cut compared to 2017. Severe drought almost
eliminated regrowth for the third cut of 2018, which resulted in
extremely low values for annual yield and compressed height.

4. Discussion

4.1. Changes in root morphology and root discoloration under disease
control

Application of Polyversum stimulated tap-root diameter and root
branching of red clover plants, especially in the last year of the experi-
ment. This finding is in line with the general statement about the role of
P. oligandrum in promoting plant growth (Benhamou et al., 2012)
although these effects have seldom been studied on plant roots, espe-
cially in field studies. Wulff et al. (1998) described stimulation of root
elongation for hydroponically grown cucumber seedlings in a 12-day
experiment when treated with P. oligandrum, in spite of a reduction of
root length in the first two days. For greenhouse-grown tomato plants,
addition of P. oligandrum to the substrate markedly increased lateral root
development (Pharand et al., 2002). This stimulation corresponds to
differences obtained in our field experiment between both of the Poly-
versum treatments relative to the control: on average 55% higher root
branching in the first year and 27% in the last year. Interaction with
variety suggests slightly different responses between varieties, as cv.
Start provided the highest tap-root diameter in Polyversum 1 whereas
cv. Callisto responded better to Polyversum 3.

The relationships obtained between root branching and plant density
were in line with results from previous research with lucerne (Hakl et al.,
2017) where changes in root branching were mainly driven by changes
in plant density. In all years of the present experiment the values of red
clover plant density were higher than those obtained in a study by
Marley et al. (2003) who reported 300, 200 and 135 plants per m? for
the first, second and third year of their experiment. The highest differ-
ences in root traits were observed in the final year, after a natural
decrease of plant density. This suggests that the effect of Polyversum on
root traits could be supressed when red clover plants are present at
higher plant density.

In contrast to continual increase of tap-root diameter in lucerne
plants obtained over four-year experiments (Hakl et al., 2017, 2018), no
comparable effect was detected in the present experiment with red
clover; here the plant tap-root diameter remained almost unchanged
(8.9 mm vs. 9.1 mm) while there was a marked decrease in plant density

Table 4
Effect of root branching class (average of three years) on taproot diameter (TD), fine root mass score (FRM), plant root disease score (PRDS) and lateral root number
(LRN).
Lateral root branching class LRN TD FRM PRDS n Fine root branching class TD PRDS n LRN n
0 0 6.81°% 2.97° 2.60° 1144 1 6.92° 3.28¢ 340 1.85" 123
1 1-2 8.08" 331" 2:22° 818 2 7.69° 2.71° 388 2.35% 196
2 3-4 9.40¢ 3.53¢ 2.34° 333 3 7.91* 2.40° 675 2.41° 360
3 5and more  10.75¢ 3.90¢ 2.80° 160 4 8.11" 2.97* 581 2.56" 342
- 5 8.12° 2.00" 472 3:12° 297
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Year <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

P: F —test probability; two-way ANOVA (year, branching class); different letters indicate statistical differences between classes according to Tukey HSD test at p < 0.05.
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Effect of biological control treatments within year on red clover dry matter yield (DMY, t ha 1), stem density (SD, stem m2), and compressed height (CH, cm). Results

are average values for the two red clover varieties.

2016 2017 2018
Treatment DMY DMY SD CH DMY SD CH
Untreated control 6.88 17.45 596 46.3" 11.17° 559 33.7%
Albit 6.72 17.16 614 45.0° 11.85% 526 34.4%
Polyversum 1 7.21 16.64 583 46.6" 11.77% 599 36.1"
Polyversum 3 6.76 17.77 607 46.7¢ 13.15° 622 38.1°
p* 0.057 0.338 0.890 0.041 0.039 0.124 <0.001
Cut

1 4,96 8.10° 763° 62.1¢ 5.93" 643" 48.4"

2 1.93 5.46" 596" 43.3" 5.56" 474" 48.5"

3 - 3.69" 441* 33.0° 0.50* 613" 9.8¢
prr <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

P: F — test probability; * three-way ANOVA (treatment, variety, block) for annual yield, ** four-way ANOVA (treatment, variety, cut, block) for traits measured in each
cut; different letters indicate statistical differences between treatments or cuts within columns according to Tukey HSD test at p < 0.05.

(377 vs. 203 plants) observed from 2017 to 2018. It seems that red clover
was unable to compensate for the decrease in plant density over time by
increasing the tap-root diameter and root branching traits. Treatments
applied for disease control did not provide any significant effect on the
described patterns of root morphology development. In the case of
lucerne, crown traits of are also associated with the crop productivity
(Marquez-Ortiz et al., 1999); therefore monitoring of some parameters
of large red clover crowns would be a more effective approach than
monitoring root traits only.

The two Polyversum application rates significantly reduced root
discoloration by an average of 8% in the last year of the field experiment
where only Fusarium was detected in plant roots. Similarly, a positive
effect of P. oligandrum has also been reported to show reduction in root
damage by Fusarium in tomato plants (Pharand et al., 2002). Any effect
of Albit on root disease score or morphology observed in the present
experiment is in contrast to the reduction of clover foliar diseases as
described by Kharchenko et al. (2009). In the last year of our experi-
ment, about 93% of plants were positively scored for root diseases
without any consistent tendency in response of variety across years. This
high percentage of discoloured plants is in line with Hejduk (2006) with
regard to the increasing importance of root disease over successive
years.

According to Gerbore et al. (2014), an impressive number of diseases
of various plants can be controlled by P. oligandrum, the reduction of
pathogenic attacks varying from 15 to 100%, depending on the host
plant, the target pathogen, and the application method. However, under
field conditions, the reported affect is highly variable and from positive
to negative, as documented by several field studies (lkeda et al., 2012;
Bocek et al., 2012; Kowalska and Zbytek, 2015) and also in the present
experiment. This emphasizes the need for testing biological control
measures under field conditions where interactions with variable envi-
ronmental conditions can modify the efficacy of these methods. A
further aspect is that the cumulative effect of root infections of forage
legumes over successive years may eliminate the biological control ef-
ficacy. Autochthonous pathogens in general have a competitive advan-
tage relative to introduced antagonists. The antagonists could be
effective in reducing root infection if they survive in plant tissues but
almost all of them do not have a curative effect (Le Floch et al., 2003).

4.2. Relationships between root morphology and root disease

We observed positive relationships between lateral root number and
tap-root diameter, and root branching within separate years, which
corresponds to results of Johnson et al. (1998) for lucerne. Correlation
between lateral roots and disease score varied across years and this
resulted in no-significance of score between lateral root number classes,
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with no consistent trend. This is in contrast to lucerne, where an increase
of root disease score with lateral root number was described by Hakl
et al. (2017). A higher disease score in lateral roots than in tap-roots of
Trifolium subterraneum was reported by You et al. (2016) with a strong
positive correlation between tap and lateral root disease score. In our
study with red clover, presence of lateral roots was closely related to
disease score only in the seeding year. Several studies have reported on
the positive effect of adventitious root system on improved red clover
plant persistence (Montpetit and Coulman, 1991a; Smith, 1989).
Adventitious roots are characterized as having less than 2 mm diameter
and their occurrence is usually scored on a subjective scale (Montpetit
and Coulman, 1991b), similar to that used in this study. The positive
effect of fine roots on lower root discoloration is in line with the reduced
root disease score with increasing fine root mass branching classes as
well as negative correlation between fine roots and disease score
(Fig. 2). It can be summarized that a generalization of relationships
between root morphology and disease score is more difficult for red
clover than for lucerne, where these relationships remain stable across
years (Hakl et al., 2017, 2018). It seems that root branching enhanced
the tap-root diameter similar to that for lucerne but increasing of the
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Fig. 2. Ordination biplot showing effect of year and treatments (explanatory
variables, bold line arrows) on relationships between root traits and annual
forage yield (dependent variables, thin line arrows). DMY = dry matter yield,
FRM = fine root mass, IP = percentage of infected plants, LRN = lateral root
number, PD = clover plant density, PRDS = plant root disease score, RB = ratio
of branch rooted plants, RPI =root potential index, TD = tap root diameter.
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lateral root number did not result in a consistently increased root disease
score, probably due to simultaneous increase of fine root mass at more
branched plants which had the opposite effect on disease score. It seems
that red clover fine root mass plays a more important role than lateral
root number in relation to the occurrence of root discoloration.

Taking into account the above-mentioned relationships, it seems that
the positive effect of Polyversum on root disease score in the last year of
the experiment was not directly associated with changes in root
morphology. In contrast to the situation for lucerne, increasing of root
branching at Polyversum 3 resulted even in lower root disease scores. On
the other hand, there was reduction of the fine root mass for cv. Start in
the Polyversum 1 treatment, but this variety also showed a tendency for
lower ratio of discoloured plants compared with that of cv. Callisto.

4.3. Effect on forage yield and forage traits

The increase in annual forage yield by about 18% for the Polyversum
3 treatment, relative to the control treatment, in the last year of the
experiment clearly demonstrated the potential of Polyversum for
improving red clover yield. This corresponds with a range of studies
about positive impacts of P. oligandrum on crop yield of tomato (le Floch
et al., 2003), bean (Patkowska ., 2009) or strawberry (Bocek et al.,
2012). However, this positive yield effect in our experiment was only
weakly related to a slightly improved root disease score value because
the lower score was observed for both of the Polyversum treatments.
Increase of red clover yield could be associated with enhanced red clover
tap-root diameter and root branching, based on multivariate analyses,
and this accords with positive effects of root branching on lucerne forage
yield (Lamb et al., 2000). Root potential index corresponds with forage
yield across year (Fig. 2) which is in line with Hakl et al. (2017) for
lucerne, but a direct correlation with annual yield was found only in
2016. It seems probable that changes in red clover root potential index
in post-seeding years were driven only by changes in plant density, and
this can cause difficulties when using the root potential index as a pre-
dictor of annual yield. In summary, the stimulation effect of
P. oligandrum on red clover root branching traits may have played a
more important role than any direct effect of protection against fungal
diseases, consistent with beneficial effects of crop growth promotion
following root colonization by P. oligandrum as described by Benhamou
et al. (2012) and Gerbore et al. (2014).

Improved forage yield was associated with an increase in the com-
pressed height of the red clover stand, consistent with the positive
relation between these variables as described in other studies, e.g. Hakl
et al. (2012) for lucerne. Greater plant height corresponds with findings
of Le Floch et al. (2007), who reported that P. oligandrum also produces
auxin compounds supporting more intensive plant growth. In contrast to
Kharchenko et al. (2009) who reported higher stem density and red
clover yield after Albit application, in the present experiment no effect of
Albit was detected. Description of relationships between root
morphology, disease score and stand traits in association with forage
yield has demonstrated the importance of this comprehensive evalua-
tion of forage legumes in similar studies, where it could be valuable for
understanding the causes and consequences (Hakl et al., 2018).

The close comparison between Polyversum 1 and Polyversum 3
treatments clearly demonstrated that regular autumn application (the
Polyversum 1 treatment) was not sufficient for yield improvement in
spite of detectable differences in selected root traits or compressed stand
height. On the other hand, we could not verify if all six additional ap-
plications (of Polyversum 3 treatment) were necessary for yield
improvement, and economic implications of cost versus response must
also be considered. The efficacy of Polyversum is influenced by envi-
ronmental factors such as temperature or humidity (Brozova, 2002), as
well as root exudates, age of plants or presence of soil pathogens (Val-
lance et al., 2009). The soil moisture level within any given interval of
application could be the most critical limiting factor even in a relatively
humid location. This study has highlighted the difficulties of
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investigating the biological control of soil-borne plant pathogens in
perennial crops, even with repeated applications of biological control
agents. Therefore, further research is warranted to optimize the appli-
cation timing of the treatment for forage legumes.

5. Conclusion

This study showed clearly that P. oligandrum was able to provide
positive responses in terms of a reduced score for plant root disease and
also that it stimulated red clover root branching. Improved forage yield
was visible only under more intensive (repeated) application and this
improvement was associated with plant growth stimulation more than
protection against fungal disease. Some interactions between treatment
and red clover variety suggest the possibility of different responses be-
tween varieties with different intensity of P. oligandrum application,
especially in terms of root traits. A herbage dry matter yield enhance-
ment of about 18% demonstrated a potential for using P. oligandrum to
improve red clover yield but optimization of application timing is
necessary before it is possible to make practical recommendations and
evaluate the economic efficiency of such treatments. The associations of
stand productivity and root discoloration with root morphology high-
light the need for evaluation of disease score together with root traits
and forage yield.
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Abstract: Root diseases of lucerne (Medicago sativa L.) play a significant role in reducing the persistence and producti-
vity of stands; however, the potential of using biological control in lucerne crops has not yet been investigated. Our ob-
jectives were to determine the effect of biological crop protection on (i) lucerne plant density and root traits development
and (ii) lucerne forage yield and nutritive value in a two-year field experiment. The lucerne stand was managed under
three treatments of disease control: an untreated control and spraying with either Albit (hydrolysate of microorganisms
containing microelements and poly-beta-hydroxy butyric acid) or Polyversum (mycoparasitic Pythium oligandrum)
under five-cut utilization. Application of Albit resulted in a negative yield response, associated with a reduction of root
branching, and it also reduced crude protein and increased crude fibre and water-soluble carbohydrates in the second cut
of the first year of the experiment. Polyversum increased the percentage of infected plants relative to the control in the
last year of the experiment. The study highlights that biological control of lucerne under field conditions may not always
be beneficial because of the complex interactions between plant, biological preparation, and environment.

Keywords: Fabaceae; alfalfa; root disease; antifungal agent; fungicide

Root diseases are generally considered to be a serious
factor limiting lucerne (Medicago sativa L.) persistence
and yield through reduction of plant density and pro-
ductivity (Gray and Koch 2004). No effective approved
chemical fungicides are available for elimination of
these diseases. Therefore crop protection is based on
appropriate management practices such as improving
the soil pH or ensuring adequate plant nutrition, as well
sowing disease-resistant cultivars (Huang 2003), for
which disease resistance has been shown to significantly
improve forage yield in environments with severe root
disease incidence (Lamb et al. 2006).

Biological control of fungal diseases has been investi-
gated for more than 80 years, but commercial products

have become available only in recent years (Suprapta
2012), and about 14 genera of fungi or bacteria are regis-
tered in Europe (Gerbore et al. 2014). For lucerne, some
positive effects were reported after Streptomyces (Xiao et
al. 2002) or Bacillus cereus application (Handelsman et al.
1990). Benhamou et al. (2012) summarized findings that
Pythium oligandrum, a non-pathogenic soil-inhabiting
mycoparasitic oomycete, can increase crop protection
against fungal disease. The utilization of P. oligandrum
has been focused on laboratory and greenhouse experi-
ments, especially for annual crops (Kowalska and Zbytek
2015). For perennial forage crops, the positive effect of
P, oligandrum on red clover yield has been reported by
Pisarcik et al. (2020).
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Youth and Sports of the Czech Republic, S grant.
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In addition to biological control agents, there is also a
group of plant stimulants that have potential for reduc-
ing disease. Morsy etal. (2011) tested the application of
salicylicacid, K,HPO,, and neem (Azadirachta indica)
oil on lucerne and reported a significant reduction
of rust, downy mildew, and root rot infestation. The
stimulator Albit, based on hydrolysate of microorgan-
isms, microelements and poly-beta-hydroxy butyric
acid has been tested in Russia, where its application
reduced lucerne disease infestation and increased fresh
matter yield by about 15-20% in comparison with the
control, as a result of increased stand height and stem
number (Kharchenko et al. 2008).

Although biological treatments represent an inter-
esting means of reducing or eliminating lucerne root
disease, there is a lack of field-based studies covering
the Central Europe region. Therefore, the aim of this
study was to investigate the effect of application of Albit
and Polyversum on (i) lucerne plant density and root
traits development and (ii) lucerne forage yield and
nutritive value in a two-year field experiment. These
comprehensive evaluations could be valuable for better
understanding the simultaneous impact of application
of biological treatments on lucerne root development,
occurrence of root diseases, and stand performance.

MATERIAL AND METHODS

The field experiment was established in April 2016
in Drvélovice in the Czech Republic (elevation 460 m
a.s.l.). The long-term (30-year) mean annual tem-
perature is 7.4°C, and cumulative annual rainfall is
545 mm. The soil type is loamy-sandy Cambisol (IUSS
Working Group WRB 2015). The lucerne sowing rate
was 700 viable seeds of cv. Pdlava per m? with a row
distance of 125 mm.

https://doi.org/10.17221/398/2019-PSE

The lucerne stand was managed under three
treatments of biological disease control (untreated
control, spraying with Albit or Polyversum) with
a five-cut schedule at the early bud stage in post-
seeding years. The preparation of Albit represents
a 0.62% concentration of poly-beta-hydroxy butyric
acid supplemented with mineral nutrients (OOONPF
Albit, Pushino, Russia), and Polyversum contains
1 000 000 active oospores of Pythium oligandrum M1
per gram (Biopreparaty spol. s.r.o., Uherce, Czech
Republic). Applied rates and timing of application are
summarized in Table 1. Polyversum was activated 3 h
before application. Rates of preparations were ap-
plied in 300 L of water per hectare, always in humid
weather without direct sunshine. The experiment
was arranged in completely randomized blocks in
four replicated plots of each of the 3 treatments,
which resulted in 12 plots each with a harvested
area of 10 m?.

Forage and root sampling and evaluation. All
dried forage samples from 10 cuts (5 in each year)
were milled to pass through a 1-mm screen and were
scanned with a Foss NIR System 6500 (Hilleroed,
Denmark) equipped with a spinning sample module,
in reflectance range 1100-2500 nm, bandwidth 2 nm,
measured in small ring cups. The estimated qualita-
tive traits (g/kg DM) were crude protein (CP), crude
fibre (CF), water-soluble carbohydrates (WSC), and
organic matter digestibility (OMD, %).

In each autumn, plant root systems were dug to a
depth of about 20-25 c¢m in each plot. Plant density
(PD, plant/m?) was calculated from the number of
plants per sample and the size of the root sampling
area. For each plant, the tap-root diameter below
the crown (TD, mm) and lateral root number per
plant tap-root (LRN, when larger than 1 mm) were

Table 1. Annual temperature and precipitation, description of treatments, application dates of preparations, root sampling

area, and sampling dates, and forage harvest dates, annual temperature, and precipitation for the two years of the study

2017 2018
Annual temperature mean (°C) 8.4 (+1.0)* 9.6 (+2.2)*
Annual cumulated precipitation (mm) 539 (-6)* 401 (-144)*

dose application, sampling and harvest dates

untreated control - - -
Treatment Albit 40 mL/ha 23 May 15 May
Polyversum 100 g/ha 23 May 15 May

Root sampling dates and sampling area

Forage harvest dates

14 Nov; 50 x 12.5 cm

11 May, 16 Jun, 19 Jul,
24 Aug, and 11 Oct

1 Nov; 50 x 12. 5 cm

4 May, 1 Jun, 19 Jul,
29 Aug, and 9 Oct

*difference to long-term mean (1981-2010)

58



Plant, Soil and Environment

Original Paper

https://doi.org/10.17221/398/2019-PSE

evaluated. Fine root mass (FRM, less than 1 mm)
occurrence was scored subjectively from 1 to 5 with
scores of 1, 3, and 5 indicating none, moderate, and
many, respectively. The percentage of branch-rooted
plants (RB) was calculated for each sample. The root
potential index (RPI) integrating TD and plant density
was assessed according to Hakl et al. (2017). Plant
root disease score (PRDS) was scored subjectively
and based on discoloration on a cross-cut of the
tap-root with ratings from 0 (= healthy plant) to 7
(= dead plant) following Hakl et al. (2017). The ratio
of infected plants (IP) was assessed as a proportion
of plants with visible root discoloration, and PRDS
values were averaged for infected plants.
Statistical analysis. The effect of biological con-
trol on root traits was analyzed by one-way ANOVA
within each year where PD was used as a covariate
for some analyses. Influence on annual forage yield
was evaluated by two-way ANOVA. Forage yield
and nutritive value in each cut were analyzed by
three-way ANOVA with interaction. Significant
differences between means were reported using the
Tukey’s HSD (honestly significant difference) test at
a = 0.05. Principal component analysis (PCA) was
used for interpreting the relationships among forage
yield and quality, root morphology and root disease
occurrence. The PCA was used for calculating a com-
ponent weight for the investigated variables (Meloun

and Militky 2011). All these analyses were carried
out using the Statistica program (StatSoft 2012).

RESULTS

Application of Albit significantly reduced FRM and
tended to the lowest values of TD (P = 0.053) and RB
(P =0.063) among all treatments (Table 2) in 2017.
In 2018, the Polyversum treatment showed lower
FRM and higher IP in comparison with the untreated
control. Differences between years were detected in
LRN and FRM, with higher values observed in 2018.

Forage yield was significantly reduced under treat-
ment with Albit application compared with both the
other treatments (Table 3). The most important nega-
tive impact was observed in 2017 when Albit caused
stem dying-off and discoloration (yellowing) after
application. The stand was regenerating until the end
of the growing season. The Polyversum treatment did
not differ from the untreated control. Interaction of
cut x year showed significant differences among all
cuts in 2017, whereas in 2018 only the first cut was
different from others (data not shown).

Application of Albit reduced forage CP in contrast
to Polyversum, with a simultaneous increase in WSC
content in comparison with the untreated control.
Differences between years were observed for CP and
WSC, whereas cuts were significantly different in all

Table 2. Effect of biological control and year on lucerne plant density (PD); tap root diameter (TD); root po-
tential index (RPI); percentage of branch-rooted plants (RB); lateral root number (LRN); fine root mass (FRM);
percentage of infected plants (IP) and plant root disease score (PRDS)

Year Treatment PD TD RPI RB LRN FRM P PRDS n
untreated control 158 8.00 89.7 78.7 2.32 291" 66.7 1.95 60
Albit 210 6.77 81.6 57.8 2.71 2.12*  66.1 2.05 62
2017 Polyversum 179 7.92 94.7 70.5 2.38 2.40°  70.6 1.73 68
P 0.674 0.053  0.913 0.063  0.613 <0.001 0.839 0.483
density (covariate) - 0.449 - 0.042 0.028 0.908 - -
untreated control 165 7:97 88.1 77.1 3.37 3.87>  48.9° 2.09 47
Albit 172 7.90 87.0 72.4 3.08 3.60% 5713 1.75 49
2018 Polyversum 161 7.75 86.3 74.5 2.56 3.06°  76.1° 1.83 46
P 0.990 0.934  0.995 0.867  0.229 0.007  0.023 0.424
density (covariate) - < 0.001 - 0.024 <0.001 0.018 - -
2017 182 7.48 88.6 68.1 2.36 2.45 67.9 1.90 190
2018 166 7.99 87.1 75.8 341 3.53 60.6 1.87 142
P 0.649 0.127  0.910 0.121  0.003 <0.001 0.168 0.866

P — probability of one-way ANOVA, different letters indicate statistical differences between treatments for Tukey’s HSD

(honestly significant difference), a = 0.05
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Table 3. Effect of year, biological control and cut order on lucerne dry matter forage yield (DMY, t/ha); crude protein
(CP, g/kg); crude fibre (CF, g/kg); water-soluble carbohydrates (WSC, g/kg) and organic matter digestibility (OMD, %)

Annual DMY Cut DMY Cp CF WSC OMD
2017 12.19 2.44 210 213 40.9 74.5
Year 2018 7.64 1.53 214 216 39.0 74.6
P <0.001  <0.001 0.032 0.130 0.003 0.673
untreated control 10.58P 2.12b 213 215 38.6° 74.5
R Albit 8.832 1.772 2082 217 41.1b 74.5
Polyversum 10.33 2.07° 215 211 40.2%b 74.6
P 0.040 0.003 0.011 0.110 0.004 0.960
1 3.824 209° 2172 47.5¢ 74.8b
2 2.20¢ 2122 2212 40.5> 75.4b¢
Cut 3 1.67° 2082 2232 35.92 73.12
4 1.40° 194> 230P 36.32 73.22
5 0.842 238¢ 180¢ 39.7b 76.2¢
Cut < 0.001 <0.001 <0.001 < 0.001 <0.001
Year x treatment 0.932 0.896 0.309 0.162 0.917 0.210
Cut x year < 0.001 0.056 < 0.001 < 0.001 < 0.001
Cut x treatment 0.913 0.256 0.415 < 0.001 0.153
Cut x treatment x year 0.497 0.048 0.026 0.009 0.474

P — probability; two or three-way ANOVA with interactions, different letters indicate statistical differences between

treatments or cuts for Tukey’s HSD (honestly significant difference), a = 0.05

traits of forage quality. Interaction with treatments
was significant only with cut for WSC, where the Albit
treatment had higher WSC content than the control in
the second cut. Analyses of triple interactions showed
that differences in forage quality (CP, CF, WSC) be-
tween treatments were detected, especially in the first
year from the second to the third cut (data not shown)
where the Albit treatment had forage with lower CP
and higher WSC and CF.

Component weights of PC1, PC2, and PC3 explained
together 93% of the variability (Figure 1). The PC1 axis
characterizes the relationships between density, root
morphology (RB, TD), and forage quality (OMD, CP,
and WSC), whereas PC2 and PC3 demonstrate negative
relation of yield to root branching (LRN, FRM) or forage
quality (WSC). The analysis separated the biological
treatment Albit (right side of Figure 1) and Polyversum
(left upper side of PC3) from the untreated control.

DISCUSSION

Effect of biological control on forage yield and
root disease score in association with root morphol-
ogy. Application of Albit caused an average reduction
of forage yield of about 16.5% with lower values in
the first (—11.8%) than in the second year (-23.7%)

60

of the experiment. This is in contrast to the results of
Kharchenko et al. (2008), where Albit was associated
with increased fresh yield of lucerne of about 15-20%.
The negative effect on forage yield obtained in our study
could be associated primarily with reduced intensity
of root branching and TD in lucerne under this treat-
ment in 2017, corresponding with PCA analysis. These
results are in line with a positive correlation between
lucerne yield and root branching published by Hakl et
al. (2017). Polyversum reduced FRM in the last year of
the experiment without any negative correlations with
TD, RB or forage yield. In summary, application of Albit
may cause a negative lucerne yield response through
damage to stem regrowth with subsequent reduction
of root development and branching. The negative yield
effect was more pronounced in the dry year of 2018.
Our study suggests that an inappropriate date of foliar
application about crop management and environment
can probably cause a negative lucerne yield response,
which is in contrast to the positive effect reported by
Kharchenko et al. (2008).

A positive effect of P. oligandrum in the reduction of
disease infestation has been reported in many studies,
especially under greenhouse or laboratory conditions
(e.g. Daraignes et al. 2018). In last year of our field experi-
ment, application of Polyversum caused even significant
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Figure 1. Relationships between forage and root traits under biological control of lucerne over the two years analyzed
by principal component analysis. Annual DMY — dry matter forage yield; CP — crude protein; CF — crude fiber;
WSC — water soluble carbohydrates; OMD — organic matter digestibility; PD — plant density; TD — tap root diameter;
RPI - root potential index; RB — percentage of branch-rooted plants; LRN — lateral root number; FRM - fine root
mass; IP — percentage of infected plants; PRDS — plant root disease score

increase of IP up to 76%, in contrast to 49% at untreated
control. However, any negative yield effect was not ob-
served due to low PRDS from 1.7 to 2.1. These results cor-
respond with the few studies reporting negative effect of
P oligandrum application. Boc¢ek et al. (2013) reported
a negative effect on disease incidence in strawberries
in one year out of two with significantly reduced yield.

A negative effect of Polyversum application in lucerne
seems to have been promoted under conditions of
drought stress in the second year of the experiment.
The growth period from April to September 2018 was
warm (+3.5°C above normal) and dry (-75 mm below
normal) with a marked reduction in forage yield from
12.2 to 7.6 t/ha. This is in line with the negative effect
of drought on lucerne productivity through reduced
stem length and density (Saeed and E1-Nadi 1997). Our
study also demonstrated that this stress also resulted in
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cessation of common development of root morphology
traits. Tap-root diameter did not differ between years;
this was in contrast to regular annual increase about
3 mm per year reported by Hakl et al. (2017).
Influence of biological control on forage qual-
ity. Application of Albit led to generally lower forage
quality in terms of lower CP and higher CF content in
the harvested forage of some cuts. On the other hand,
there was a higher WSC content. Lopachev et al. (2013)
reported that high doses of Albit reduced the content
of CP in barley, similar to the CP decrease in lucerne
after Albit application. The impact on plant CP content
could be associated with fact that the poly-beta-hydroxy
butyric acid contained in Albit is also produced by
Rhizobia as an energy source (Kivanc and Dombayci
2016). According to Ratcliff et al. (2008), there can be
a conflict of interest between rhizobia and legumes
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due to a metabolic tradeoff between N, fixation and
poly-beta-hydroxy butyric acid accumulation. It seems
that application of preparations containing poly-beta-
hydroxy butyric acid in lucerne stands could influence
these relationships with negative impacts on CP con-
tent. Results of PCA also suggest possible correlations
among root morphology traits and forage quality, but
more definite conclusions would need to be supported
by monitoring of stand structure parameters.

In summary, the different methods of disease control
should be tested under field conditions because results
show that negative effects on forage yield and quality can
be observed. There are questions about the optimum
timing of the application during the cutting schedule
and also the impact of drought and temperature on the
efficacy of the applied preparations. This study does not
diminish the potential importance of biological control
methods for forage legume crops, but it does highlight
that applications under field conditions may not always
give beneficial outcomes, in contrast to results of labora-
tory experiments, because of complicated interactions
between plant, organism/preparation, and environment.
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5 Sumarni diskuse

Prvni studie ,,In-field lucerne root morphology traits over time in relation to forage yield,
plant density, and root disease under two cutting managements (Hakl et al., 2017) byla
klic¢ovou pro pochopeni vyvoje kotfenové morfologie vojtésky seté v ramci viceletého
experimentu. Zakladnim cilem bylo posoudit morfologické vlastnosti kofent ve vztahu k
odrudam vojtésky, frekvenci seci, obdobim odbéru vzorkt kofentl, vynosu nadzemni hmoty,
vyskytu kotenovych chorob a k hustoté porostu. Vyvoj kotene vojtésky v case byl pozitivné
spojen s nardastem praméru hlavniho kofene (TD), zatimco zmény hustoty byly kliCové pro
vyvoj parametri vétveni kofenového systému. Byla rovnéz zaznamenana pozitivni korelace
studiemi (Mclintosh et Miller, 1980; Saindon et al., 1991). Intenzivnéji rozvétveny koten
vykazoval vys$§i hmotnost na jednotku délky, ale rovnéZ i vys$si hodnoty primérného napadeni
kofene (PRDS). Tato studie ukéazala, ze vyvoj kofenil vojtésky v polnich podminkach béhem
Ctytletého obdobi je ovliviiovan piedevsim vékem rostlin a zménami hustoty porostu. Vliv
odridy nebo managementu je v porovnani s vysSe uvedenymi vlivy minimalni. Pfi hodnoceni
zdravotniho stavu rostlin je tfeba brat v uvahu, ze vice rozvétveny kofen dosahuje ptirozené
vysSiho stupné napadeni nez rostliny s nevétvenym hlavnim kotfenem bez ohledu na stari
rostliny.

V ramci této studie byl rovnéZ zpracovan navrh pro optimalizaci hodnoceni morfologie
kofenll pomoci indexu potencialu kofent (RPI), ktery v sob¢ integruje dva klicové parametry:
prumér hlavniho kofene (reprezentuje velikost rostlin) a hustotu porostu (PD), ktera je klicova
pro vynos z jednotky plochy. Problémem je totiz fakt, ze PD a TD jsou spolu v negativnim
vztahu, tj. ¢im méne¢ rostlin, tim vyssi primérny TD. Index potencidlu kofenti kombinujici oba
tyto parametry vykazoval vyznamné uz§i vztah k vynosu, nez tomu bylo u ostatnich
morfologickych parametrii (TD, RB, PD, RDM). Bylo jasn¢ prokazano, ze hodnoceni kofenové
morfologie je velmi uzite¢nym néstrojem pro charakterizaci porostti vojtésky seté, které mize
pomoci efektivné vysvétlit rozdily ve vynosech nadzemni hmoty.

Publikace ,,Development of lucerne root morphology traits in lucerne-grass mixture in
relation to forage yield and root disease score (Hakl et al., 2018) pomohla porozumét vyvoji
kotenovych parametrt vojtésky seté ve smési s travami. Parametr RPI se osvédc¢il jako uéinny
nastroj pro srovnavani odrud ve smési a umoznuje vysvétlit rozdily v jejich vynosech pice a

vynosotvornych prvcich. Vynos vojtésky a hustota porostu byla pozitivné spojena s hustotou
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rostlin na m?, RPI a hmotnosti kofenti (RDM). Tato studie zdiraznila, ze pfi efektivnim
hodnoceni morfologie kofenli vojtésky by se neméla opomijet hustota rostlin, TD a pocet vétvi
hlavniho kotfene (LRN) s vypoctem RPI, pfipadné intenzitou vétveni (IRB). Nizsi hustotu
vojtésky lze povazovat za faktor, ktery podporuje vyvin kofeni rostlin. U vojtéskotrav lze
vynos predikovat pomoci hustoty rostlin a hmotnosti kofentl na m? 1épe, nez kdyz je vyseta v
monokultufe. Pii ptitomnosti trav spolu s vyssi hustotou vojtésky v porostu doslo ke zvyseni
hloubky rozvétveni kofent, ale travy ve smési neovlivnily ostatni parametry rostlin vojtésky
s rozvétvenym kotfenem. Nizsi stupenn napadeni kotfenti u varianty L90 pii sou¢asném nizSim
vétveni kofenll na urovni porostu (RB) jasn¢ ukazal, jak je vétveni kofentl a jejich zdravotni
stav vzajemné tizce propojen. Zmény ve stupni napadeni mohou byt tedy vysvétleny rozdilnou
morfologii rostlin mezi variantami, coz je tfeba vzit v ivahu pii hodnoceni vysledkt. Vétvici
rostliny v zapojeném porostu jsou navic jednozna¢né produktivnéjsi, coz mize kompenzovat i
jejich opticky vyssi stupen napadeni.

Nejvyssi pramér kotenového kréku byl zaznamenan v porostech s nejnizsi primérnou
hustotou rostlin vojtésky, v souladu se vysledky Chmelikové et al. (2015). Pfitomnost travniho
komponentu snizovala vétveni kofend vojtésky pouze v kombinaci s vys$im vysevkem
vojtésky. Studie tak naznadila, Zze upfednostiiovani vojtésky ve smési prostiednictvim
zvySovani jejiho vysevku muize vyraznéji zpomalit jeji rozvoj kofend ve smési, protoze pti
vy$§Sim podilu travy a niz§im vysevku vojtéSsky bylo dosahovano obdobnych hodnot
kotenovych parametrti. Je tak otazkou, zda pouzivané vysoké vysevky vojtésky ve smési nejsou
v tomto smyslu negativni. Pochopeni vzajemnych vztahii mezi vyvojem kofenové morfologie,
hustotou porostu a vynosem vojtésky ve smési miize pomoci pii optimalizaci vysevniho poméru
I pti hodnoceni porostu.

Z vysledki uvedenych v publikacich Hakl et al. (2017) i Hakl et al. (2018) vyplyva, ze
posouzeni kotfenové morfologie je cestou k efektivnéjSimu hodnoceni porostl vojtésky seté.
Stanovit efektivni metodu hodnoceni morfologickych parametrti bylo klicové pro nasledné
hodnoceni vlivu biologickych ptipravkli na vynos a vytrvalost porosti jetelovin, pfi¢emz
metodické poznatky shrnuté v téchto publikacich byly v nasledujicich experimentech plné
vyuzity. Ukazalo se, Ze jednolety interval hodnoceni je dostacuji, nebot’ zmény morfologie od
podzimu do nasledujiciho jara nejsou vyznamné. Parametry kofenli u kazdého vzorku byly
vztahovany k jeho hustoté, kterd fungovala jako kovariata u vybranych analyz. Mimo hustoty

(PD) byl sledovan primér hlavniho kotene (TD) a jeho vétveni (LRN, RB), coz se
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Vv ptedchozich studiich ukazalo jako hlavni parametry ve vztahu k vynosu porostii a zdravotniho
stavu kotfentl.

Cilem publikace ,,Effect of Pythium oligandrum and poly-beta-hydroxy butyric acid
application on root growth, forage yield and root diseases of red clover under field conditions*
(Pisar¢ik et al., 2020), ktera obsahuje stéZejni vysledky této prace, bylo ve tfiletém polnim
experimentu zjistit vliv vybranych biologickych piipravkl na hustotu porostu jetele Iu¢niho,
vyvoj kotfenové morfologie, vynos a vynosové parametry. Dal§im cilem bylo zhodnotit vztahy
mezi kofenovym vétvenim a primérnym stupném napadeni kofene u jetele lucniho.

Aplikace ptipravku Polyversum stimulovala rozvoj priiméru hlavniho kotfene a vétveni

kofentl rostlin jetele luéniho, zejména v poslednim roce experimentu. TO je v souladu
Stvrzenim, Ze organizmus Pythium oligandrum stimuluje rdst rostlin (Benhamou et
al., 2012), ale tento efektbyl ziidka studovan na Kkofenech ziskanych v ramci
terénnich studii. Wulff et al. (1998) popsali stimulaci prodlouzeni kofent u hydroponicky
péstovanych sazenic okurky pfi jejich inokulaci organismem Pythium oligandrum. U rajcat
P. oligandrum vyrazn¢ zvysilo rozvoj lateralnich kofent (Pharand et al., 2002).
To odpovida rozdilim mezi variantami ostfenymi piipravkem Polyversum a kontrolni
variantou (v praméru o 55 % vys§i podil vétvicich kotenil) v prvnim roce sledovani
experimentu. Rozdilny efekt intenzity oSeteni na odriidy byl zaznamenan v parametru TD, pfi
intenzity aplikace odriida Callisto.

V ptedchozi publikaci Hakl et al. (2017) je uvedeno, ze zmény Vramci vétveni
hodnoty hustoty porostu jetele vyssi ve vSech letech ve srovnani s hodnotami Marley et al.
(2003), ktera uvadi 300, 200 a 135 rostlin na m? v prvnim, druhém a t¥etim roce experimentu.
Nejvyrazng&jsi rozdily v kofenové morfologii byly pozorovany v poslednim roce po ptirozeném
poklesu hustoty rostlin. Tento vysledek naznacuje, ze pozitivni ucinek pripravku
Polyversumna TD a RB mohl byt ¢astetné potlacen vysokou hustotou rostlin v polnim
experimentu.

Na rozdil od vojtésky nejsou u jetele lucniho k dispozici studie dokumentujici vyvoj
morfologie kofent v ¢ase. V letech 2017 a 2018 doSlo Vv porostu jetele lu¢niho ke stagnaci riistu
TD (8,9 mm vs. 9,1 mm) pii vysokém poklesu PD (377 vs. 203 rostlin), coz bylo v rozporu
s pfedchozimi poznatky o kontinualnim narastu TD u vojtésky (Hakl et al., 2017; Hakl et al.,

2018). Zda se, ze jetel lu¢ni nemohl kompenzovat pokles PD v prubéhu ¢asu zvysenim TD a
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vétvenim kofene. Zmény RPI jetele lucniho v uzitkovych letech byly zavislé pouze na zménach
Ortiz et al. (1999) uvadi, ze kotenovy kréek je také spojen s produktivitou rostliny, proto by
bylo vhodné posuzovat i parametry kofenového krcku jetelovin.

Ob¢ intenzity ostfeni ptipravkem Polyversum vroce 2018 vyznamné snizovaly
PRDS vpriméru 08 %. To je vsouladu se studii Pharandaet al. (2002), ktery
pozoroval pozitivni u¢inek P. oligandrum na snizeni poskozeni kofent raj¢at patogeny z rodu
Fusarium. Gerbore et al. (2014) zduraziuje, Ze je poticba vice terénnich experimentt pro
objektivni posouzeni efektivity vyuziti P. oligandrum. V poslednim roce experimentu byla u
93 9% rostlin pozitivni detekce chorob. Toto vysoké procento napadenych rostlin je v souladu
s tvrzenim Hejduka (2006) o rostoucim vyznamu kofenovych onemocnéni v prubéhu
uzitkovych let pti péstovani jetele luéniho.

Byly pozorovany pozitivni korelace mezi ttidami LRN, TD a FRM. PRDS se vyznamné
nelisilo mezi tfidami LRN na rozdil od vojtésky, jak je popisuje Hakl et al. (2017). Pozitivni
vztah mezi LRN a TD u jetele luéniho vykazuje stejnou zavislost, kterou u vojtésky popsal
Johnson et al. (1998). Nékolik studii uvadi pozitivni vliv rozvoje systému adventivnich kofenti
na zlepSeni odolnosti rostlin jetele (Montpetit et Coulman, 1991a; Smith 1989). Adventivni
kofeny jsou charakterizovany jako kofeny o priméru do 2 mm a jejich vyskyt se hodnoti na
subjektivni Skale (Montpetit et Coulman, 1991b). Podle Christie and Martin (1999) nemusi byt
jetel luéni svice rozvétvenym kofenovym systémem tak silné¢ ovlivnén individualnimi
infekcemi, protoze ztrata lateralniho kotfene neni tak kritickd jako ztrata hlavniho kofene.
Existuji také viditeIné pozitivni vztahy mezi FRM a LRN, jak bylo popsano Johnsonem et al.
(1998) pro vojtesku, ale tento efekt nevedl ke zménam PRDS mezi tfidami LRN. Pozitivni vliv
ptipravku Polyversum na PRDS v poslednim roce experimentu nebyl ptimo spojen se zm&nami
v morfologii kofend. Na rozdil od vojtésky zvySeni LRN nekoreluje s vys$sim stupném
napadeni, ale pouze s vys§i hodnotou TD. Tyto rozdily mezi jetelem a vojtésSkou vSak
zduraziuji fakt, Ze kofenové choroby a morfologie kotfenii by mély byt posuzovany v polnich
experimentech spolecné.

Rok 2018 jasn¢ ukazal potencial pfipravku Polyversum pro zvySeni vynosu jetele
luéniho, u intenzivné osetfované varianty doslo ke zvyseni ro¢niho vynosu pice o 18 % oproti
kontrolni variant¢. Tomu nasvédcuji 1 vysledky dalSich autor o pozitivnim efektu P.
oligandrum na vynos plodin (le Floch et al., 2003; Patkowska et al., 2009; Bocek et al., 2012).

Tento pozitivni vliv vS§ak nemohl byt spojen vyhradné s parametrem PRDS, protoZe u obou
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variant oSetfenych piipravkem Polyversum bylo pozorovano niz$i PRDS oproti kontrolni
varianté. Zvyseni vynosu jetele lu¢niho tak mohlo byt spojeno pedevsim s vy$$im rozveétvenim
kotfene jetele lu¢niho, protoze mnohé studie uvadéji pozitivni G€inky rozvétveni kotenli na
vynos pice vojtésky (Lamb et al. 2000; Hakl et al. 2017). Podpora vétveni kotene ¢i stimulace
je v souladu predchozimi studii, které popisuji pfiznivé uéinky podpory rustu plodin po
kolonizaci kofeni organismem P. oligandrum (Benhamou et al., 2012; Gerbore et al., 2014).
Zvyseny vynos jetele luéniho korespondoval s vyssi vySkou porostu, jak uvadéji Hakl et al.
(2012) u vojtésky. Vztahy mezi kofenovou morfologii a nadzemni biomasou poukazuji na to,
jak je dulezité hodnotit uc¢inek biologickych piripravkii na porosty jetelovin s ohledem na vyskyt
kotenovych chorob spolu s kofenovymi morfologickymi rysy a vynosem nadzemni biomasy.

Nebyl zaznamenan zadny vliv piipravkll na maximalni délku lodyh a hustotu lodyh na
m?, to je v rozporu s vyzkumy Kharchenka et al. (2009), ktefi po aplikaci ptipravku Albit
zaznamenali vy$si hustotu lodyh a soucasné i vys$i vynos jetele. Pfi porovnani variant
s odli$nou intenzitou aplikace ptipravku Polyversum bylo jasné prokazano, ze jen pravidelna
podzimni aplikace neni dostate¢na pro zvySeni vynosu navzdory ziskanym pozitivnim rozdiliim
ve vybranych kofenovych parametrech nebo vySce porostu. Wysocki et al. (2017) uvadi, ze
vysoce intenzivni aplikace P. oligandrum u jahodniku vykazovala pouze sporadicky pozitivni
vliv na vynos.

Pfi zhodnoceni ekonomické névratnosti jetele luéniho pro rok 2018 (kap. Ptilohy, tab.
2) vychazi nejlépe intenzivni oSetieni ptipravkem Polyversum se ziskem 2889 K¢ na ha, diky
nizké cené ptipravku nasleduje Albit se ziskem 1531 K¢ na ha. AvSak v ramci kompletniho
ekonomického vyhodnocent tfi let trvani experimentu (kap. Ptilohy, tab. 1) ani jedno z oSetfeni
neni rentabilni, protoZe v prvnich dvou letech experimentu nedoslo k vyznamnym rozdilim ve
vynosech. Piipravek Polyversum mé nesporné urcity potencial, ale je nutny dalsi vyzkum pro
optimalizaci naasovani aplikace ptipravkda.

Cilem dalsi z publikovanych praci ,,Biological control in lucerne crops can negatively
affect the development of root morphology, forage yield and quality* (Pisarcik et al., 2019)
bylo posoudit vliv pfipravki Polyversum a Albit ve dvouletém polnim experimentu na hustotu
rostlin, morfologii kofenového systému, vynos a kvalitu pice vojtésky seté. Tato studie, na
rozdil od experimentu s jetelem, dokumentuje, Ze pfi aplikaci biologickych piipravka lze
pozorovat i negativni ucinek, protoze interakce s proménlivymi podminkami prosttedi mohou

siln€ ovlivnit G¢innost téchto pripravka.
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V experimentu doslo ke sniZzeni vynosu vojtésky seté u varianty oSetiené piipravkem
Albit v priméru o 16,5%. To je vrozporu svysledky Kharchenka et al. (2008), ktery
pozoroval zvySeni vynosu pice vojtésky o 15-20 % pii oSetieni piipravkem Albit.
Tento negativni G¢inek na vynos pice by mohl byt spojen zejména se sniZzenou intenzitou
kofenového vétvenia TD v roce 2017. Tento trend je v souladu s pozitivni korelaci mezi
vynosem vojtésky a vétvenim kofene zminéné v pfedchozi praci Hakl et
al. (2017). V experimentu se nepotvrdil pozitivni efekt piipravku Polyversum na stimulaci
kofenového systému, jak uvadi Pisar¢ik et al. (2020) u jetele lu¢niho. Varianty oSetfené
piipravkem Polyversum vykazaly niz§i FRM v poslednim roce experimentu bez negativnich
korelaci s TD, RB nebo vynosem pice. Aplikace pfipravku Polyversum pusobila taktéz
negativné na zdravotni stav kofenti, podil napadenych rostlin byl v roce 2018 76 % oproti
neosetfené kontrole, kde bylo jen 49 % napadenych rostlin. Tento vysledek koresponduje
spraci Bocka et al. (2013), kteti zaznamenali vy$$i vyskyt onemocnéni a nizs§i vynos u
jahodniku. Negativni G¢inek byl pozorovan také u vinné révy, kde bylo detekovano po osetfeni
P. oligandrum vice geni patogenniho organismu P.chlamydospora, nez tomu bylo pied
oSetfenim (Yacoub et al., 2016). V experimentu s vojtéskou byl vSak stupen napadeni celkové
na nizké hodnoté€ kolem stupné 2, a pravdépodobné proto nebyl u varianty oSetfené ptipravkem
Polyversum zaznamenan negativni u¢inek na vynos pice. V tomto experimentu nebyly
v parametru RPI Zadné rozdily mezi variantami, protoZze zmény v kofenové morfologii byly
detekovany pouze v parametru FRM misto PD nebo TD. Aplikace pifipravku Albit sniZila
vynos a soucasné i utlumila rozvoj morfologickych parametri kofent vojtésky. Negativni efekt
na vynos byl vyraznéjsi v suchém roce 2018. Dtvodem negativniho ucinku na rozdil od
pozitivniho u¢inku uvadéného Kharchenkem et al. (2008) by mohl souviset s nevhodnym
nacasovanim aplikace. Tyto vysledky zduraznuji potfebu testovani biologickych ptipravkd v
polnich podminkéch. Také je nutné zabyvat se dlouhodobym dopadem biologickych ptipravka,
aby bylo mozné predvidat mozné negativni ucinky na Zivotni prostiedi (Gerbore et al., 2014).

Varianta oSetfena pripravkem Albit vykazovala také nizsi kvalitu pice vojtésky, to se
projevilo zejména niz$im obsahem hrubého proteinu (CP) a vyssim obsahem hrubé vldkniny
(CF) ve sklizené pici. Na druhé strané byl v pici vyssi obsah vodorozpustnych sacharidii
(WSC). To koresponduje s pokusy Lopachevaet al. (2013) ktery uvadi, Zze vysoké davky
piipravku Albit zptsobuji niz$i obsah CP v jeémeni, podobné jako CP klesal po aplikaci
pripravku Albit u vojtésky. Tyto vysledky dokladaji, ze nékteré ucinky biologickych

ptipravkli by mohly byt detekovany také v kvalitativnich parametrech picnin.
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6 Zavér

Jetel lucni a vojtéska setd tvoti hlavni podil picnin na orné pideé, které jsou zdrojem
kvalitnich objemnych krmiv s vysokym obsahem bilkovin a dobrou stravitelnosti. Kofenové
choroby jetelovin vSak pfedstavuji vyznamny limitujici faktor pii jejich péstovani a
Vv zemédéElské praxi stale neexistuje zadny doporucovany zptisob pifimé ochrany.

Vysledky této prace vyzdvihuji roli vyvoje kotfenové morfologie v posouzeni
vynosového potencidlu porostli jetelovin, kde monitorovéani kofenového systému muiize pomoci
s vysvétlenim rozdili mezi odliSnymi experimentalnimi variantami. Vétveni kotene, kofenové
vlaSeni, primér hlavniho kotene, podil nemocnych rostlin a stupen napadeni kofene se ukazaly
jako kli¢ové parametry pfi posuzovani efektivity vyuziti biologickych ptipravki u vojtésky seté
a jetele luc¢niho.

Piipravek Polyversum v hlavni experimentalni ¢asti prace snizoval stupenn napadeni
kotene a soucasné¢ stimuloval vétveni kofene jetele lucniho. ZvySeni vynosu pice bylo
zaznamenano pouze pii intenzivni aplikaci pfipravku a bylo vice spojeno se stimulaci ristu
rostlin nez ochranou pfed houbovymi chorobami. Projevila se také rozdilné reakce odrtd jetele
luéniho na intenzitu oSetfovani ptipravkem Polyversum. V roce 2018 vlivem intenzivni
aplikace pfipravku Polyversum doslo ke zvySeni vynosu pice o 18 %, coz jasné prokazuje, Ze
biologicka ochrana mize byt G¢innym nastrojem ke zlepSeni vynosu jetele lu¢niho. V polnim
experimentu s vojtéskou setou se vsak aplikace biologickych piipravka projevila spise
negativng. Na variant¢ oSetfené piipravkem Albit bylo pozorovdno snizeni vynosu pice ve
spojeni s niz§im rozvojem parametri kofenové morfologie, a také niz§i kvalitou pice. Aplikace
ptipravku Polyversum sice neovlivnila vynos pice, ale zvy$ila podil nemocnych rostlin a také
tlumila rozvoj FRM ve druhém uZitkovém roce porostu. Zjisténé negativni UCinky
pravdépodobné souviseji s nevhodnym nac¢asovanim aplikace a také s kombinaci sucha v letech
2017-2018. Soucasné tyto vysledky nesnizuji potencidl vyuziti biologickych piipravki
V porostech vojtésky seté, ale zdiraziuji, Ze pouziti biologickych pftipravkli v polnich
podminkach muzou komplikovat slozité interakce s ostatnimi necilovymi organismy,
rostlinami a prostfedim. Pro pochopeni vSech téchto vztaht je tfeba dalSich vyzkumu v této
oblasti. Prakticka doporuceni a vyssi ekonomické efektivita vyuziti biologickych piipravkl
Vv porostech jetelovin budou nyni zaviset na optimalizaci na¢asovani aplikaci, coz zlstava

vyzvou pro dalsi vyzkum.
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Shrnuti stanovenych hypotéz:

Hypotéza 1. Vybrané parametry morfologie koifenii vojtésky seté maji vztah k vynosu a

zdravotnimu stavu jetelovin pii péstovani v polnich podminkach.

Primér hlavniho kotene a jeho vétveni prokéazaly vztah k vynosu pice a zdravotnimu

stavu kofent, hypotéza byla piijata (Hakl et al., 2017; Hakl et al., 2018)

Hypotéza 2. Rozvoj morfologie kofene vojtésky seté je v jetelovinotravni smési ovlivnén

podilem travniho komponentu.

Piitomnost travniho komponentu zvysovala hloubku vétveni kofenli vojtésky, ale
vétveni kofent bylo sniZzeno pouze v kombinaci s vyssim vysevkem. Hypotéza piijata

(Hakl et al. 2018).

Hypotéza 3. Pouzivani biologickych ptipravka v porostech jetelovin zvysuje jejich vynos a

vytrvalost.

U jetele byla hypotéza v publikaci Pisarc¢ik et al. (2020) pfijata, intenzivni aplikace
ptipravku Polyversum zvysila vynos jetele lu¢niho v druhém uZitkovém roce o 18 %.
U osetfeni pfipravkem Albit nebyly statisticky prikazné rozdily. V pokusech
s vojtéskou setou (Pisarcik et al. 2019) mélo oSefeni ptipravkem Albit negativni vliv na

vynos, ptipravek Polyversum nevykazal rozdil oproti kontrolni varianté.

Hypotéza 4. Pouzivani biologickych ptipravkl v porostech jetelovin snizuje jejich napadeni

houbovymi patogeny.

U jetele byla hypotéza byla ve studii Pisarcik et al. (2020) ptijata, ptipravek Polyversum
m¢él pozitivni vliv na potlaceni napadeni kofene u obou Urovni intenzity aplikace. V
praci Pisarcik et al. (2019) doslo k opa¢nému efektu, ptipravek Polyversum zvySoval
podil napadenych rostlin v druhém roce experimentu. Piipravek Albit nevykazal uCinky

na zdravotni stav kofenti u obou druhti jetelovin.
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Hypotéza 5. Aplikace biologickych ptipravkti v porostech jetelovin piinasi pozitivni

ekonomicky efekt.

Hypotéza nebyla pftijata, aplikace pii vyhodnoceni celého obdobi trvani experimentt
nepfinesla pozitivni ekonomicky efekt ani u jetele, kde byl zaznamenan pozitivni vliv
na vynos. Mezi klicové vyzvy pro budouci vyzkum patii optimalizace aplikace
biologickych ptipravki, predevsim u jetele lucniho, kde se projevil vysoky potencial

zvyseni vynost.
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8 Seznam pouzitych zkratek

CF hrub4 vlaknina (crude fibre)

CP hruby protein (crude protein)

FRM kotenové vlaseni (fibrous root mass)

IRB intenzita vétveni kofene (intensity root-branching)
LRN pocet vétvi hlavniho kofene (lateral root numer)

2

PD hustota porostu (plant density) - pocet rostlin na m

PRDS stupen napadeni chorobami kofene a kofenového kréku z pii¢ného fezu kofene (plant root

disease score)
RB podil rostlin s rozvétvenym kofenem (root branching)
RDM hmotnost kotfene (root dry matter)
RPI index potencialu kofent (root potential index)
TD pramér kofenového kréku (tap-root diameter)

WSC vodorozpustné sacharidy (water soluble carbohydrates)
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9 Prilohy

Tabulka 1: Ekonomické zhodnoceni pokusu s jetelem luénim ve tfiletém experimentu (2016-2018).

Varianta Kumulativni Kumulativni | Néklady na aplikaci Ptinos aplikace
vynos susiny v navyseni za 3 roky! (K¢&/ha)?
t/ha (2016-2018) | vynosu (t/ha)

Albit 35,73 0,23 2038 -1348
Polyversum 1x 35,62 0,12 3058 -2698
Polyversum 3x 37,68 2,18 9175 -2635

Kontrola 35,50 - - -

Velkoobchodni cena pifpravku Polyversum v roce 2018 byla 720 K¢&/ha, Albitu 210 K&/ha, priimérné cena sluzeb
(postiikovani) 299,4 K¢/ha.
2Pfi vypodtu pouzita cena 3000 k¢ za 1 t suiny jetele luéniho.

Tabulka 2: Ekonomické zhodnoceni pokusu s jetelem lu¢nim v roce 2018

Varianta Vynos Navyseni Néklady na Ptinos aplikace (K¢&/ha)?
susiny (t/ha) | vynosu (t/ha) aplikaci!

Albit 11,85 0,68 509 1531
Polyversum 1x 11,77 0,60 1019 781
Polyversum 3x 13,15 1,98 3058 2882

Kontrola 11,17 - - -

Velkoobchodni cena piipravku Polyversum v roce 2018 byla 720 K¢&/ha, Albitu 210 K&/ha, primérna cena sluzeb
(postiikovani) 299,4 K¢/ha.
2P¥i vypodtu pouzita cena 3000 k& za 1 t susiny jetele luéniho.

83



Obrazek 1: Odbér kotent jetele luéniho na podzim 2018 ze 100 cm fadku

Autor; Martin Pisarc¢ik

Obrazek 2: Sklizen porostu jetele luéniho sklizecim strojem Haldrup (1. sec, dne 6. 6. 2017)

Autor: Martin Pisarc¢ik
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Obrazek 3: Znazornéni jednotlivych stupiiti napadeni kotene

Stupen Diskolorace | Rez kofenem
0 0-1%
1 1-5%
2 6-20%
3 21-40%
4 41 - 60 %
5 61 -80 %
6 81-95%
7 100 %

Autofi: Josef Hakl a Martin Pisardik
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