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ABSTRACT 

France MOrlll PléHlt SCleIlCl' 

VL' ',: -,'1 A.RBUSCULAR MYCORRHIZAL EFFICIENCY 

ON APPLE ROOTSTOCKS: 

EFFE..CTS .IF GENOTYPES AND HERBICIDES 

There has bee',' "It' ',,', , ., 

rootstocks al 1\j \ .,';. , <' '1.' ••• ' ! \ 

) the compatlbillty of comrnonly lItillllHI élppll~ 

<md even less research rngardll1[J Hw effncts 

of herbicides used l, l ,JPcr .~~, on the VAM symblosis of applc trees St lIU I(!S 

demonstrated that early inoculation of young apple plants, pnor to 

transplanting, results ln healthy and vigorous plants wlth bctter urowth éllHI 

nutrition than uninoculated plants. We studled the cfflclency of VA Il Hl !)cli 

species and isolates on young app1e rootstocks, produced by li ~llm 

propagation. Mycorrhlzal inoculation promoted plant growth, dry n1éiSS 

production and leaf P concentration. Mycorrhizal efficlency was as:-,oclélted 

with larger external hyphal network but showed no relation wlth the I!lternal 

colonlzation. Desplte the hlgh P-fertliity of the soli lIsed, wowth e!lhél!lCmTl(!!lt 

due to mycorrhlzal Inoculation was attributed to an IInprovod P nlltntlOll. 

ln a second experiment, the effect of herbicides currently used ln orchards was 



tested on the mycorrhlzal symbiosis. Paraquat, simazine and dlchlobeml were 

applied to soli wlth mycorrhizal and non-mycorrhizal apple plants. Mycorrhizae 

Increased herbicide toxlclty in apple, as demonstrated by the greatly Increased 

plant rnortallty. While both paraquat and simazine decreasecl spore germination 

ln vitro, none of the herbicide treatments affected root colonization ln sail. 

Effects on the photosynthetic rate, measured after herbicide application, 

Indlcated a physlologlcal interaction between mycorrhizal colonization and 

dlchlobenil, Involved in the toxic response of apple plants. 
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RÉSUMÉ 

M.Sc. France MOrin Plant SCience 

EFFICACITÉ DE CHAMPIGNONS MYCORHIZIENS A VESICULES ET 

ARBUSCULES SUR DES PORTE-GREFFES DE POMMIERS' 

EFFETS DU GÉNOTYPE ET DES HERBICIDES. 

Il existe peu de recherche sur la compatibilité entre les porte-ureff()S dl! 

pommiers couramment utilisés et les types de champignons à VA, el ()flClH(! 

moins concernant les effets des herbic:des appliqués en vergers sur la symbiose 

mycorhlzienne des pommiers. Des études ont démontré que l'inoculation 

précoce des pommiers, avant leur transplantation, procure des plallts SélHlS nI 

vigoureux, qui ont une croissance et une nutrition améliorée. ALI cours de ceUe 

recherche, nous avons étudié l'efficacité de plUSieurs espèces et IsolellS de 

champignons à véSicules et arbuscules (VA) sur de Jeunes porte-greffes de 

pommiers, issus de la propagation ill vitro. L'inoculation mycorhllwllnu a 

favorisé la croissance végétale, la production de biomasse et la concentration 

foliaire en phosphore. L'efficacité mycorhlzlenne était aSSOGH1C au 

développement extensif du réseau d'hyphes extraradlculalres mais n'étall pas 

relié au pourcentage de colonizatlon racinaire. Malgré le haut niveau do 

phosphate du sol, l'augmentation de croissance sUite à l'inoculation 

ill 



rnycorhlzlenne a été attribuée à une meilleure nutrition phosphatée. 

Dans une seconde expénence, on a évalué les effets d'herhicldes couramment 

utilisés en verger." sur la symbiose mycorhizlenne. Les herbicides paraquat, 

SlmaZine et dichlobénll ont été appliqués au sol de plants mycorhlzés et non­

mycorhizés. La mycorhization a augmenté la phytotoxicité, tel que démontré 

par la mortalité plus élevée des plants mycorhizés. Alors que le paraquat et la 

simazine ont tous les deux diminué la germination in vitro des spores, , aucun 

traitement herbicide n'a affecté la colonisation des racines dans le sol. Les taux 

de photosynthèse mesurés après application des herbicides ont révélé une 

Interaction physiologique entre la colonisation mycorhizlenne et "3 dlchlobénil. 
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Section 1 

CONTRIBUTION OF CO-AUTHORS TO MANUSCRIPTS FOR PUBLICATION 

The relevant section of the regulatlon follows: 

"Candidates have the option, subJect to the approval of thOlr DopéHtment, of 

Including. as part of thelr thesls, copies of the text of a paper(s) SlIlHlllttud for 

publication, or the clearly-dupllcated text of a publlshed pélper(s), providpd t!J,1l 

these copies are bound as an integral part of the thesis. 

- If this option IS chosen, connecting texts, providing loglcal Imd{jes Iw! wnnll 

the different papers, are mandatory. 

- The thesls must still conform to ail other requlremonts of the IfGlIld(~llrw!-' 

Concerning Thesis Preparation" and should be ln a Iiterary form that IS III 0 fi! 

than a mere collection of manuscnpts publlshed or to be published. The thesis 

must include, as separate chapters or sections: (1) a Table of Contents, (2) éI 

general abstract in English and French, (3) an introduction whlch clearly statns 

the rationale and objectives of the study, (4) a comprehensive nennral revlew 

of the background literature to the subJect of the thesls, when thls review IS 

appropnate, and (5) a final overall conclusion and/or summary. 

- Additional material (procedural and design data, as weil as descriptions of 

equipment used) must be provlded where appropriate and III SUfflCIGllt dOtill1 
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(e.g. In appendices) to allow a clear and precise ]udgement to be made of the 

importance and ongmallty of the research reported in the thesls. 

- ln the case of manuscnpts co-authored by the candidate and others, the 

candidate is requlred to make an expllclt statement ln the thesis of who 

contributed to such work and to what extent; suprvisors must attest to the 

accuracy of such clalms at the Ph.D. Oral Defense. Since the task of the 

examiners is made more dlfficult in these cases, It is in the candidatt~'s Interest 

to make perfectly clear the responslbllitles of the dlfferent authors of co­

authored papers." 

Therefore, 1 must mention that the contents of sections 3 and 4 are drawn fram 

manuscripts for publication. The manuscript from whlch section 3 is drawn 

was co-authored by myself, Chantal Hamel, J.André Fortin, Raymond L. 

Granger and Donald L. Smith. The manuscript from whlch section 4 was 

drawn WélS co-authored by myself, Chantal Hamel, J.A. Fortlrl and D.L. Smith. 

Donald L. Smith, my supervlsor at McGllI University, provided funds, assistance 

and supervisory gUidance from the outset of the research to the revlewing of 

the manuscripts before submisslon for publication. 

Chantal Hamel of the Institut de recherche en biologie végétale (IRBV) of the 

Université de Montréal, also provided assistance and supervisory guidance 
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through al! thls work. She revlewed the flrst manUSCllpt and asslst{:1d me 111 

writing the second manuscript. 

J. André Fortin of the IRBV acted as a counsellor. He éllso élllowcd Ill!! 10 lise 

his laboratory and greenhouse 1acllitles. 

Raymond L. Granger of the Saint-Jean-sur-Richelieu Research Station of 

Agriculture Canada, acted as counsellor. He provlded the pélstellrl7(~d sOli lIsed 

in the experimellts, ând arrangEld for me to obtalll eqlllprnent élnd I!!ctHl1Cé11 

assistance at Saint-Jean-sur- Richelieu to do the plant follar éll1éllys()s Dr 

Granger also reviewed the docur'lent presented in section 3, befom SUIHllISSIO:l 

for publication. 
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Section 2 

GENERAL INTRODUCTION 

2.0 Apple production 

Since the planting of the flrst orchard on Mount Royal hillsldes, ln 1650, th~ 

crop has bücome the most Important fruit produced ln Quebec. In 1988, the 

farm value of apple production represented $20 884 000. Followlng the 

devastatlflg winter 1980-19981, replantlflg has favoured the Ifltroductlon of 

new varieties, although the cultivar 'Mclntosh' remains dominant, representlng 

75% of the cultlvated areas. The replanting has also favoured the production 

on dwarf and seml-dwarf rootstocks and enhanced the advantages of weed 

control, with a consequent increase use of herbicides (Maltais, 1985). 

2.1 Herbicides 

The application of herbicides has became wldespread ln orchard management, 

especlally wlth dwarf trees. The suppression of weed competition promotes 

rapid growth of the young trees and elimlnates the difficult task of mowing 

near trunks wlth the assoclated risks of harming trunks and roots. Hence, 

herbicide utllization has proven to be beneflclal both ln control of undergrowth 

and for Improved tree performance (Skroch et al., 1975; Heeney et Qi., 
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1981ab; Rupp and Anderson, 1985). 

The herbicides currently used ln orchard management vary accordlllO to Il1clflY 

factors such as the year of planting, the target weeds and thelr devploplll()lltdl 

stage. For Instance, the non-selective herbicide paraqllat (Grdrnoxolle), Illdy 1)(' 

used in the year of planting and ln subsequent years. Resldu,ll herblcld()s, slich 

as simazine and dichlobenil (Casoron), are recommended for lise oilly <lltm tlle 

year of planting. When used alone, they must be applied before the mneruellC() 

of the weed leaves (Conseil des Productions végétales du Québec, 1987). 

2.1.1 Herbicide residues in orchard soils 

ln general, preplant herbicide Incorporation at 1 ta 2 kg ha 1, Imlds to élll 

éjverage accumulation of 1 to 4 ppm, dlstributed in the surface 4 to 8 cm 01 

sail. StudYlng the effects of sOII-actmg herbicides ln orchard sOlls, Clay élnd 

Davlson (1977) showed that only small quantities penetra te below the top 10 

cm of soil. These results are consistent with Skroch's (1975) fmdll1gs ShOWlllU 

that simazlne, dluron, terbacil and dlchlobenll were present Ir") the top 15 cm 

but were below the detection level in the 30-60 cm sOli layers, éI ynar é.tfter 

application. 

2.1.2 Herbicides and VA-mycorrhizae 

8y their nature, herbicides are designed to antagonlze plallts and not fungl. Il 
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IS not surprrsmg that rnany studles have r eported no ef1ect of various herbicides 

on fungl, especlally when applled at normal dosages. HowE'ver, after flfty years 

of Increasmg use m varrous crops and ecosystems, ~1erbicides héwe 

demonstrated unforseen effects on non target organisms (Trappe e1 ru., 1984). 

Herbicides have been shown to affHct fungl and nematodes as weil as plants 

(Trappe et al., 1984; Edvvards, 19B9). 

The few reports on the effects of herbicides on vesicular-arbuscual (VA) 

mycorrhizae range from detrimental, neutral to beneflclal (Trappe et al., 1984; 

Edwards, 1989). In a revlew on herbicide/mycorrhizae interactions, Trappe et 

al. (1984) have emphaslzed that sorne herbicides can drastically affect 

mycorrhizal fungl and mycorrhlzal formation. For instance, Nemec and Tucker 

(1983) showed that paraquat application, even at much below the reglstered 

rate, caused a slgniflcant decrease ln the percent of citrus root Infection. Pope 

and Holt (1981) measured a detrrmental effect of high paraquat dosages on the 

colonizatlon of ash trees by Glomus fasciculatum (Thaxter) Gerd. and Trappe. 

They found that the percent root colonlzatlon, the production of mycorrhlzal 

hyphae and the vlabliity of the fungus were ail reduced. 

Certain herbicides have been shown to promote mycorrhizae formation. Nemec 

and Tucker (1983) observed that sirnazllle increased the percent colonizatlon 

of citrus roots, when applled at the reglstered rate. At 5 tlmes the regls1ered 
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rate, there was a slgnlflcant decrease III growtl1 and VA mycofllHldl 

colonlzatlon. In Schwab et al.'s (1982) expenment, Simel/ille dppllcdtIOI1l'V(~n 

induced VA-mycorrhlzae in Chenopodium gUlllona Wlild / ,1Il otl1('1 WISP mm 

mycorrhizal species. 

The application rate is clearlv an Important factor ln the ef fects of 11prhlcld('!-. 

ln addition, the formulatlon, the application technique (follélr V(~I sus so" 

applled), the sOli persistence, the soli type, the cllmatlc condilions, tlH! hosl 

crop and the VA-fungal species, ail affect the respOllse of tlle rnycorrlllléli 

symbiosis to herbicides (Trappe et al., 1984; Edwards, 1989). 

Mechanlsms proposed to account for effects of pesticides on rnvcorrlllléHJ 

include a direct effect on the VA-fungl versus an Indirect effee!, throu{lh IllI! 

host plant. Since the host plant may often be more sensitive thelll Ils 

associated VA-fungi, partlcular IV when photosvnthesis-\I1hlbltory herbicides me 

used, a plant mediated influence is Ilkply tr) be more COrllrTlon (Garc\fl-RoIll(!r(l 

and Ocampo, 1988). Pesticides may stlmulate VA-rnvcorrhlléW !hrouoh élll 

inhibition of competlng soli organlsms, or bV IIldUClllg the host plant to Illcrease 

the amount of photosynthate allocated to root exudates (Schwab!H 1:11./ 1982; 

Nemec and Tucker, 1983). 

Variations III herbicide tolerance arnong VA-fungal specles have been 
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demonstrated (Sleverdlno and Lelhner, 1984). Garcla-Romera and Ocampo 

(1988) showed that mdlgenous endophytes were more SE~nsltlve to the action 

of MCPA than ~ mosseae (NICOl. and Gerd.) Gerd. and Trappe. At an 

mtermediate application rate, G. mosseae colonization even improved host 

resistance to MCPA compared to other VA-fungi and non-mycorrhlzal contrais. 

2.2 Vesicular-arbuscular mycorrhilzae 

It seems that terrestnal plants and mycorrhizal fungl have evolved ln association 

almost from the appearance of vascular plants, slnc:e fossil eVldence Indicates 

that some of the earliest land plants were mycorrhizal. Fossiis of Rhynla and 

Asteroxylm dated 370 million years old show rnycorrhlzal associations 

remarkably IIke those now found in PSllotum, the closest relative living of thesl3 

fossil genera (Simon et al. (1993). 

The first account of veslcular-arbuscular mycorrhizae in the literature occurs ln 

1842, when Karl Nagell descnbed hyphae, arbuscules and what seems to be 

II1traceliular veslcles, ln the roots of IriS (Trappe and Berch, 1985). Flrst It was 

thought that the endophyte had a degeneratlve influence on the plants, but it 

was soon noted that the colonization seems to cause little harm to the hosto 

The term mycorrhiza was first used by Frank in 1885 to describe the symbiotic 
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association between soil fungi and the roots of a hast pl,lllt Sll1ee ttWl1, 

mycorrhizae have been classlfled morphologlcally éllH! éllléltOllllCdlly IIHo 

ectomycorrhlzae, veslcular-arbuscular mycorrtllzae (VA- rnycOI rill/élp), CIICdC('OliS 

and orchidaceous mycorrhlzae (LewIs, 1973). 

Vesicular-arbuscular mycorrhizae are by far the most commol1 Iyp() élild Il,IV() 

the widE!St hast range, occunng on almost 90% of VélsclIlélr pl,lIllS Tllny dW 

found in liverworts, Pteridophytes, some GymllOsperrns élnd 1ll0S 1 AI l~JI()Sp()r Ill~, 

but appear to be absent III the masses (Plenchette, 1982; Hnrley é1l1d Snlllll, 

1983). Gerdemann (1968) listed fourteen familles th<11 <1m l1evm or Iélrl!ly 

mycorrhizal, Including the Brassicaceae, ChenopoclJa.c;na.ll, Çyp_méIC(!iW, 

Juncaceae and Caryophyllaceae. VA-endophytes are bclleved 10 Iw ItH! m()sl 

abundant fungi ln the soli and are sa wldely dlstrd)Uwd tlldt Vlltlléllly 110 ,>()II~ 

are free fram infection. Geographically, they occur frorTl the troplcs to ttll! 

arctic, but the occurrence of a given endophyte can be locallzcd (Masse, 1978, 

Plenchette, 1982). 

The fungl Involved ln the VA aSsociations dre phycn~~lyC(:;OIIS, Wlttl 110 r;ros~ 

walls and multinucleate hyphae. They are part of the EndoÇJOl1élCniH! félmlly, 111 

the class Zygomycetous (Masse, 1978; Plenchette, 1982). VA ~rWCI(!~ 

identification IS largely based on sarl collected spores, Wllh noarly 150 ~P()CIOS 

within six genera currently recognlzed (Schenck and Pere?, 1990) 
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VA-mycorrhlzae are characterized and named after the formation of two 

intracellular structures formed ln the raot cortex: veslcles and arbuscules 

(Mosse, 1978; Maronek et al., 1981; Abbott and Robson, 1982; Plenchette, 

1982; Mllier et al., 1986). Veslcles are thought to serve as storage organs 

(Jabaji-Hare et al., 1984), whlle arbuscules are the site of nutrient exchanges 

betw€'en the fungus and the host-plant (Smith, 1980). These two structures 

plus the extramatrical hyphae, extendlng away fram the plant root mto the 

surroundlng soli, are the vIsible manifestations of the symbiosls. Unllke some 

other mycorrhlzal fungl, VA-fungl have very Iittie host speclflclty and can 

colonlze any potentlal host plant. A single plant may be Infected by more than 

one mycorrhizal fungus, whlle a single hypha may infect several adjacent 

plants. 

Since early Investigations showed apple tree (Malus spp) to be endomycorrhlzal 

(Boulet, 1910), the symblonts involved have been identlfled as a wlde range 

specles of the genera Glomus, Gigaspora, Scuteliospora and Acaulospora, 111 the 

Endogonaceae famlly (Miller et ru., 1985a). A study of soli samples from a 

Quebec orchard, revealed the presence of 7 specles of Endogonaceae (Dalpé 

et al., 1986); Glomus constrlctum Trappe, Glomus mosseae (NICOl. and Gerd.) 

Gerd. and Trappe and Sclerocystls rubiformls Gerd. and Trappe made up 90% 

of the mycorrhizal fungi observed. Sampilng depth showed that ~ 

constrictum, ~ mosseae and S. rubiformis populations were more dense ln the 
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surface layer (O-15cm) than ln the deeper layer (15-30cm). 

2.2.1 VA-mycorrhiza effects on plants 

VA-fungi penetrate host roots, colon Ize the cortical zom~, é1nd trlgnm ctlélllges 

in plant morphology and physlology (Smith and Gianirlazzi-Pearson, 1988). The 

most documented effect of V A-mycorrhlza IS an improvod plant ni owt h and 

nutrition, involving malrlly phosphorus. Other major beneflclal effects IIlcludn 

an improved resistance to dlseases caused by sollborne pathogclls (Dehll(!, 

1982) and resistance to drought (Runjlll, 1989). Overall, VA-rnycorrhl.til(! 111éty 

provlde the host plant with an ecologlcally competitive él(lvantage, facllltéltll10 

plant survlval, growth and nutrition especlally under stress conditions 

(Plenchette et ru., 1981). 

The plant growth effect has been wldely documented on a vanüty 01 plants, 

including citrus (Klelllschmidt and Gerdemann, 1972), tobacco (Oaft élnd 

Nicholson, 1966), corn (Covey et al., 1981), as weil as apple (Plenchette ru ~LI., 

1981; Koch et al., 1982; Plenchette et QI., 1983ab; Hoepfncr ~J al., 1983, 

Geddeda et ill., 1984; Miller et al., 1985a; Gnekow and Mélrschrlnr, 1989) 

These effects are generally observed ln solls contalr1ll19 low or mOd(!ri-11O P 

levels. 

Apples show a strong dependence on VA-mycorrhlzae (Covey et aJ., 1981; 
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Koch et ru., 1982; Geddeda et al., 1984}. Hence, expenments conducted in 

fumigated salis showed that non-Inoculated plants were stunted compared to 

the inoculated treatments (Koch et al., 1982; Geddeda et al., 1984). Botl1, 

grawth and P uptake were slgnlflcantly Improved ln mycorrhlzal treatments 

(Koch et al., 1982). Further studles on P-deflclent solls demonstrated that in 

addition ta the IIlcreased P content, mycorrhlzal apple trees may contaln more 

Cu and Zn, than non mycorrhlzal contrais (Plenchette et Qj., 1983a; Gnekow 

and Marschner, 1989). 

Plenchette et aL, (1983a,b) observed that mycorrhlzal growth enhancement 

remained obvious at high soil P levels even though the minerai levels of 

mycorrhlzal and non-mycorrhizal apple plants were simllar. Such stimulation of 

plant grawth wlthout increased minerai uptake, suggests the possible action of 

a hormonal mechanlsm IIldllced ln the host by the fungl. 

The major mechanism by whlch mycorrhizal fllngi Improve P-liptake in 

mycorrhizal roots is through an extension of the P-depletlOn zone (Kucey et al., 

1989). The physlcal extensions provided by the extramatrical hyphae increase 

P-uptake ln a sOli volume far fram the roots, whlle the hyphae's greater 

absorblng surface Increases uptake close to the 100ts, as compared to non­

mycorrhlzal raots (Gray and Gerdemann, 1969; Plenchette, 1982). Owusu­

Bennoha and Wild (1980) observed that the depletlon zone radius for 
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mycorrhizal onion roots, was tWlce that of non mycorrhlzal raots. 

Though mycorrhizal plants absorb more phosphorus than non Illycorrtllnll 

plants, both utillze the same P pool (Sanders and Tillker, 1971; Powell, 1975; 

Owusu-Bennoha and Wild, 1980; Glanillazzi-Pearson Qi ~!I , 1981), whlch IS 

the P available in the sOli solution (Tinker, 1975; Glanlnélzll-PeiHsoll ~J ~ll , 

1981 ). 

VA-mycorrhizal plants show no capaclty to dlrectly solubili/o Illsoluble 

phosphate such as rock phosphate, but they may ald plants lItllllllln sllcll 

sources (Mosse et ill., 1976; Mosse, 1977). ThiS abliity IS éI consequcnc(! of 

their increased efficiency to exploit the soil solution (Gerdemann, 1975), wllich 

leads to an increased mobilization of P fram the solld phase Into solution (Kuc(!y 

et aL, 1989). 

2.2.2 VA-mycorrhizae efficiency 

Though most VA-fungi are capable of forming a symbiosls. to at Ica st some 

degree, with most potentlally mycorrhlzal plants (Mosse, 1978; Hélrley and 

Smith, 1983), there are dlfferences Hl the efflcacy of the symbioses (Abbott 

and Robson, 1978; Abott and Robson, 1981). Experimentai eVldonco shows 

that considerable variability exists between specles and even cultivars 10 

different VA-endophytes (Miller et al., 1986). For Instance, Granger Hl al., 
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• (1983) found that Inoculation of Glomus versiforme (Karsten) 8erch 

significantly increased growth of Malling 7 apple rootstock while Mallmg Merton 

11 growth was not increased. In addition, the edaphlc conditions play a major 

influence m the establishment of the symbiosis. Hence, certain host, fungi and 

soil comb mations seems more efficient ln promotmg apple growth (Benson and 

Covey,1976, Covey et al., 1981; Plenchette et al., 1981; Hoepfner 3t al., 

1983; Miller et ru., 1985a; Miller et al., 1989). 

2.3 Hypotheses and Objectives 

ï he first hypothesls of thls research was that apple rootstock cultivars respond 

differently ta VA-fungi species or isolates and that some cultivar/VA-fungl 

combmatlons are more efficient in promoting apple growth than others. 

The speclflc objectives related to This hypothesls were : 

. to compare growth, nutrition, dry mass production and leaf surface area of 

rcotstock cultivars inoculated wlth VA-fungl and identlfy the bes( combination. 

. Lise the Dlagnosls Recommendation Integrated System (ORIS) to interpret 

plant mltrient analysls data. 

14 



. measure the percent root colonlzatlon and the extramatrlcéll tlyphéll network 

and determine their relationship to the efflclency of the symbiosis. 

The second hypothesis was that soil applied herbicides affect dlrectly VA-spore 

germination and that mycorrhizal apples respond dlffcrently to herbicides tl1'111 

non-mycorrhlzal apples. 

The specific objectives related ta thls hypothesis were: 

· ta axenically grow VA-spores ln vitro on transformed roots and test herhlcldn 

treatments on spore germination. 

· ta study the effects of application of herbiCides after estahllshmont of tho 

symbiosis on apple. 

· to compare plant responses to herbicide appllCéltlOn ln terrns of wowth, 

photosynthetic rate and mortality, ln mycorrhizal versus nOI1-mycorrhlzal appln 

plants. 

· ta measure and compare the percent raot colonllatloll ln herblGldü tWélwd 

versus control plants. 
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• 
Preface ta Section 3 

Section 3 was taken from the manuscnpt by Mann, Hamel, Fortin, Granger and 

Smith submitted to the Journal of Amencan Society for Horticultural Science. 

The format has been changed to conform to a format consistent within thls 

thesis. The Iiterature clted in this section IS IIsted in the reference section. 

Each table or figure IS presented at the end of this section. 

ln this section, we evaluated the efflciency of several VA-fungi/apple rootstock 

combinations. Advantages of early inoculation of apple rootstocks are 

presented and identification of the best fungus set the stage for the second 

part of the research, testmg the effects of herbicides on the symblosis wlth this 

fungus. 
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Section 3 

Apple rootstock response to vesicular-arbuscular mycorrhizal fungi in a high 

phosphorous soil. 

3.0 Abstract 

The efficiency of the mycorrhizal symbiosis may vary wlth cOrnhll1atlolls of 

cultivars and mycorrhlzal isolates. A 12-week greenhouse expenmellt was 

undertaken to test the efflclency of four isclates from three speclI!s of 

vesicular-arbuscular mycorrhizal fungl on four apple (Malus domestJçn Borkh) 

rootstock cultivars: M.26, Ottawa 3 (Ott.3), P.16 and P.22. The plants were 

grown III a soil from an apple rootstock nursery, contallllrlg a hlOh level of 

available P (644 kg-Bray 1 ha 1). The inoculation treatments were: GIOr::Dll~ 

aggregatum Shenck and Smith emend. Koske, G. intraradlx Shenck and Smith 

and two isolates of G. versitorme (Karsten) Berch, one onglllally from Callforrllfl 

(CAL) and the other one trom Oregon (OR). Mycorrhlzal plants were taller, 

produced more blomass and had a hlgher leaf P concentration thélll the control 

plants. Mycorrhizallnoculatlon also slgnlflcantly Illcreased the leid sllrface ama 

of M.26 and Ott.3 compared to the controls. G. verslforme (CAL)-lIloculated 

plants tended to have the best nutrient balance, the greatest tillai hel~Jht and 

shoot biomass, and produced an extensive hyphal network. Ali the mycorrhlZél1 

plants had slmllar percentages of root colonlzation but the Siln of the (!xtmllal 
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hyphal network vaned markedly wlth the fungal species. G. versiforme (OR) 

had a larger extramatncal phase than G. aggregatum and G. Intraradlx. 

Mycorrhllal efflciency was assoclated wlth a larger external hyphal network but 

showed no relation with the internai colonization. Interactions between fungal 

species and rootstock cultivars indicated that whlle M.26 responded better to 

G. verslforme (CAL) ln terms of plant height at 4 and 12 weel<s and to leaf area 

production, Ott. 3 tended to produce more leaf area wlth G. verslforme (OR). 

Despite the hlgh P fertility of the sOli used, growth enhancement due to 

mycorrhizal inoculation was attnbuted to an imporved P nutrition. 
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3.1 Introduction 

Apple trees show a strong dependency on mycorrhlzae (Covey m ~Ü, 1981; 

Koch et ID., 1982) and ln orchards they form symbioses Wlttl ttlO Iléltwally 

occurring veslcular-arbuscular mycorrhlzal (VAM) flora (Miller Qt éll., 1985<1; 

Dalpé et al., 1986). Mycorrhizae bene fit apple plants through élll Irnproved 

growth and nutrition (Plenchette et ill., 1983ab; Hoepfncr el BJ, 1983; 

Geddeda et .ill., 1984; Miller et aL, 1985b) Involvlng mamly P and III sorno 

cases, other Immobile nutnents sllch as Zn and Cu (Gnekow and MéllSchllt!r, 

1989). Other beneflclal effects Include an Improved resistance to drollolli 

(Runjin, 1989) and diseases caused by soilborne pathogens (Dehne, 1982). 

Under unsterilized P-poor field conditions, Plenchette et f:ll (1981) showed thal 

inoculation of greenhouse-produced apple seedllngs, prlar to field pléllltlll{l, Célll 

significantly II1crease growth as compared to bath phosphorus- fertrilled éllld 

unfertilized naturally mycorrhlzal contrais. These results Indlcate tho ImllOfit III 

planting apple plants pre-colonized with a highly compatible VAM- fun{Jus, evon 

if the plants are ta become colonlzed by the Indlgenous VAM-flora, one() rn Hl(! 

field. 

Host plants show mter- and intraspecific variations in thelr abliity to form amI 

benefit fram association with a VAM fungus. Experrments on wheélt (A/con and 

Ocampo, 1981; Young et al., 1985; Manske, 1990), soybean (Hnckman (Jnd 
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Angle, 1987}, malze (Toth et ru., 1984), millet (Krishna et al., 1985); and 

groundnut (Kesava et Qj., 1990) showed dlfferences ln percent VAM 

colonizatlon and growth response between parents and progenies tested, 

suggestlllg the possslbllJty of breed mg plants for Improved mycorJ hizal 

associations (Glaninazzl and Gianlnazzi-Pearson, 1990). 

The fungal specles or Isolate also Influences the efficlency of the symblosis in 

apple (Geddeda et Qj., 1984; Miller et 21., 1985b). For Instance, Benson and 

Covey (1976) reported that inoculation of apple seedllngs wlth Glomus 

fasciculatllm C.'haxter) Gerd. and Trappe emend. Walker and Koske in a 

fumlgated soli caused a greater growth stImulation than that of G. mosseae 

(NIcholson and Gerdemann) Gerdemann and Trappe. Slmllarly, Miller et al. 

(1985b) showed that III a low P,soll, seven Isolates had dlfferent effects on 

apple growth. 

Mycorrhizal efflclency depends not only on the hast plant and the VAM-fungus, 

but aisa 011 edaphlc condItIons, partlcularly on soil P fertlilty. For Instance, 

Hoepfner et al (1983) fOllnd that InfectIon levels of Çi. mosseae (NIcholson and 

Gerdemanll) Gerdemann and Trappe on apple seedlJngs ranged fram 11 to 41 

%, depending on the :,:')11 tested. Hence, any ex periment testing the practical 

use of inoculation must take the soil compone nt Jnto consideration as weil as 

the mycorrhizal partners. As apple crchard soils are fertile or fertilized, 
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evaluation of mycorrhizal effects on apple should not be conducted LInder low 

P availability. 

Specifie combinations of fungallsolates and apple cultlVéHS could be bettnr théll) 

others. As the benefit of the symblosls to the plant cornes trom the mort! 

efficient exploration of the sOli volume by mycorrhizal hyphae as comp<lred 10 

roots (Gnekow and Marschner, 1989), the best Isolate-cultlvar corllblllatlOIlS 

should be characterized by the production of ail abundélllt extrilllléllrlCéll 

mycelium and a hlgh shoot:root ratio. This experiment WélS Ulldcrtélk(!1l 10 I<!sl 

the efficiency of four isolates of three VAM-fungl on tour élPpl!! roolslnck 

cultivars grown in a P nch sOli, and to determlne the relatlollshlp betw()()11 

efficiency and extent of mycorrhizal colonlzation wlth partlcular refmence 10 

external hyphal network. 

3.2 Materials and Methods 

A factorial experiment (flve inoculation treatments x four rootstock clJlllvélr~) 

was conducted under greenhouse conditions for 12 weeks Four appln (rVlé!llls 

domestlca Borkh) rootstock cultivars (Mailing 26 IM.261, Ottélwél 3 1011.31. 

P. 16 and P .22) were inoculated wlth each of four VAM-Isolates, or WC)W Ilot 

inoculated. The expenment was a split-plot randomlzcd ln fIV(! cOrnpIC!lc! 

blocks. The rootstock cultivars were randomlzed to the main plots whllf.! thn 
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inoculation treatments were randomlzed to the subplots. 

A total of 100 mlcropropagated, non-mycorrhlzal apple rootstocks were planted 

Indlvldually ln 6-inch plastic pots, ln a sandy loam soli taken from the top 20 

cm of the soil profile in an apple rootstock nursery, at St-Jean-Baptlste-de 

Rouville, Québec. The soli contained 2.2 % organic matter and the fertility 

status at the begmnmg of the expenment was: pH = 7.3, 644 kg of P-Bray 1 

ha 1, 2380 kg of K ha 1, 3090 kg of Ca ha 1, 697 kg of Mg ha', 1.6 ppm B, 2.2 

ppm Cu, 360.1 ppm Fe, 34.8 ppm Mn, 12.8 ppm Zn. The soli was passed 

through a 5-mm sieve and steam pasteunzed at 72°C for 5 hours. This 

treatment allowed for destruction of the indigenous mycorrhizal fungi, while 

retaining a portion of the microflora. To alleviate the loss of texture due to 

manipulation, the sOli was amended wlth grade 16 slilca sand (1 part of sand: 

3 part of sOli, v/v). 

Inoculation. 

The fungl tested were: two isolates of Glomus versiforme (Karsten) Berch, one 

fram Callfornla (CAL), the other from Oregon (OR) both isolated from unknown 

hosts plants, G. aggregatum Shenck and Smith emende Koske Isolated from an 

alfalfa field ln Lapocatlère, Ouebec, Canada, and G. IIltraradlx Shenck and 

Smith, isolated from an ornamental plant production field in Pont Rouge, 

Ouebec, Canada. The inocula consisted of leek (Allium parrum L.) roots 
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colonized wlth one of each of the above fungl. One gram (tresh lllélSS) 

of inoculum was placed at the bottom of the transplant hole, Immedlélwly prrm 

to planting. Control plants received one gram of an autoclaved mlxturp of "II 

of the above inocula. To account for effects of nOlllllycorrhlnll orU<IIlISIllS 

potentially found in the mocula, ail plants also recelved 25 1111 of fllt()Il'd 

(Whatman GF/D, 2.7 um) washlllgs of a mixture of the fLinDal II)OCLllél. 

Plants were given small amounts of water, to avold drrpplnD No ((ntlltliltloll 

was performed. 

Parameters studied 

Every two weeks, plant heights were measured to the closest 0.5 CIll At tll!) 

end of the experiment, the plants were harvested, and the leaf arnél of eélcll 

plant was measured wlth a Delta-T Area Meter System (Deltél-T Devlc(!~ Lld, 

Cambridge, England). Roots, leaves and stems were drred al 70"C for 48 

hours and welghed. 

Oried leaves were ground and ashed for minerai analysls. To detmnllrH! N éllid 

P contents, tissue samples were dlgested accorulng to thn rnethod of ISélac: élild 

Johnson (1976) and the nutrlent concentréltlollS Wf!rc! df!Imflllr,,!cJ 

colorimetrrcally (methods 825-87T and 862-87T, Bran and Lllbbl! Clf!) Tttn 

concentrations of the other mlllerais were determllled after nltrrc aC:ld dlnn~Iloli 
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of the tissues (Havlm and Soltanopour, 1980) and measured uSlng an 

mductlvely-coupled argon plasma spectrameter. ORIS (Dlagnosls 

and Recommendatlon Integrated System) indices were calculated from the leaf 

minerai contents (Parent and Granger, 1989). 

A fresh root sample of each plant was cleared wlth 2.5 % KOH and stained 

with acid fuschin (Brundrett, Piché and Peterson, 1984) to estimate their 

mycorrhizal colonlzatlon status. The percentage of raot length contalnlng 

veslcles was assessed by the grid Intersect method (Glovanettl and Masse, 

1980). 

After harvestlng the roots, the soil from each pot was collected separately and 

mlxed thoroughly to homogenlze the extramatncal hyphae. A 5-g sample of 

soil contalnlilg hyphae was suspended ln 200 ml of water and a 15 ml 

subsample of the soli suspension was collected on a fllter (Whatman no 1). 

The external hyphae were stamed with a solution of aCld fuschln (2 % ln 85 % 

lactlc aCld) and rinsed wlth aCldlfled water. The hyphallength was measured 

by the modified line intersect method of Tennant (1975), based on three 

subsamples per pot. 

Statistical analvsls 

An analysis of variance (ANOVA) was run on the data and the differences 
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between the treatment means were further determll1ed wltll Hw BonfellOfll 

multiple range test. Data for the leaf minerai concentrations were analyzed after 

arcsin transformation, except for B, Zn, and Mn whlch dld not requlw 

transformation. 

3.3 Results 

Plant height 

After six weeks, plants inoculated wlth G. aggregatum, G. verslfJllilH~ (OR) dlHI 

G. intraradlx were taller than the controls (Fig. 3 1). Plallts 1Il0clIléllc!d wltll 

G. verslforme (CAL) were slglllflcantly taller than the contrais only by tlle 8"' 

week. From the 8th to the 10th week, the mycorrhlzal plants were tWlce as télll 

as the control plants; for example, at the 1 Qth week the averaoe heluhts wef(! 

17.9 cm compared to 8.7 cm respectively, for Inoculated plants and controls. 

By the end of the ex periment, the growth of the mycorrhlzal plants hml reaclwd 

a plateau, with the result that plants Irloculated wlth ~. !!l1LflCflll!~ WHl 

G. aggregatum were no longer slgnlflcantly taller (P > 0.05) ttlélll the control 

plants. G. versiforme (CAL)-lIloculated plants tended to have the gre;:Jtest fillili 

height. At the 4 th and 12th week, a slgnlflcant interaction (P < 0.05) bHtween 

cultivar and inoculation Indlcated a better response of M. 26 rootstock 10 

inoculation, as compared to the other cultivars. 
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----------- - -- - -- -------

Leaf surface area 

A significant (P < 0.01) cultivar x inoculation interaction revealed that the leaf 

area of Ott.3 and M.26 rootstocks increased in response to inoculation while 

that of P.16 and P.22 dld not (Fig. 3.2). In addition, M.26 tended to produce 

the greatest leaf surface area when moculated with G. verslforme (CAL). 

Dry mass 

The fungal isolates had similar effects on plant root and shoot dry mass (Fig. 

3.3), as in general, mycorrhizal plants produced slgnlficantly greater dry 

weights than the control pla,lts. Plants Inoculated wlth G. verslforme (CAL) 

had a greater (P<O 05) shoot/root dry mass ratio than that of G. Intraradlx and 

G. aggregatum (data not shown). There was no dlfference between the 

shoot/root ratios of plants inoculated with the two G. versiforme isolates. 

Mineral analysls 

The N, Mg, S and Fe leaf contents of mycorrhlzal plants were slmllar among the 

mycorrhlzal treatments, and slgnlficantly lower than that of the control plants 

(Table 3.1). In contrast, the P level of control plants was significantly lower 

than that of the mycorrhlzal plants and was below the critical value of 1.3 mg 

9 1 determmed by Shear and Faust (1980). N was deflclent ln plants of ail 

mycorrhlzal treatments as the concentrations wer'd below the crltlcal value of 

15 mg 9 1 (Shear and Faust, 1980). The negative ORIS indices (Table 1) 
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emphasize that N was IImltmg (Kelling and Schulte, 1986). Altllollgh plant K 

and Ca concentrations were above thelr respective crltlcal levf!l, the ORIS 

indices showed that they tended to be limlting 111 the control treatment. Mn 

was in the sufflclency range for optimum yleld by elther approacl1, for ail the 

inoculation treatments. Overall, the mycorrhlzal plants had a l>ettm nutmmt 

balance as shown by the lower sum of ORIS-Index values (Jones ~t al., 1986; 

Granger and Parent, 1988) as compared to the control plants. The plélllts 

colonized by G. versiforme (CAL) showed the best nutnent balance of ail 

inoculation treatments. 

Mycorrhizal colonization 

At the end of the expenment, P.16, M.26 and Ott.3 were hlghly mycorrl1llal, 

with over 90 % of thelr root length colonlzed, whde P.22 was slgr1lf!célntly 

(P<0.05) less colonized than M.26 and Ott.3, wlth 81 % root colonlzatlon (FI~J. 

3.4). 

Plants of mycorrhizal treatments had sirrlilar percentages of root colollizalion, 

which varied fram 88 to 96 % (Fig. 3.5). No mycorrhlzal COIOl1lzatlOJl WélS 

observed in the non-inoculated control plants. 

Extramatrical hyphal length 

Cultivars had similar (P>0.05) lengths of external hyphae (Fig. 3.4), but Q. 
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verslforme produced more external mycellum than G. intraradix and G. 

aggregatum and there was no significant dlfference between the two Isolates 

(Fig. 5). The presence of some extramatrical hyphae ln the soli of the contrais, 

can be explained by the fact that the stalnrng and measunng methods did not 

dlscriminate between VAM fungi and other fungal mycelium. However, the 

amount of extramatrical hyphae ln the controls was small compared to that 

of the inoculated plants « 1 0 %). 

3.4 Discussion 

Despite the hlgh P content of our soli, ail mycorrhlzal isolates Improved P 

nutrition and apple growth, compared to the non-Inoculated controls. This 

positive effect on plant growth IS in agreement wlth the studles of Gnekow and 

Marschner (1989) and Plenchette et Qi. (1983ab), in whlch mycorrhlzal grawth 

enhancement of apples remained significant in substrates contalnlng high levels 

of available P. In contrast wlth the latter studies, our mycorrhlzal plants 

contained a hlgher leaf P concentrations than the non-mycorrhlzal plants, while 

Zn and Cu concentrations remalned statlstlcally similar to the control plants. 

Such an increase in leaf P-content is commonly observed in mycorrhlzal plants 

growing in P-deficient solls (Koch et al., 1982; Plenchette et al., 1981), but 

is not expected LInder conditions of hlgh P fertility. Nevertheless, ln splte of the 

high P avallablilty of our soli (644 kg ha 1), the improved growth of the 
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mycorrhizal plants was probably due to a better P nutrition, :lS indlcated by the 

leaf minerai analysis. These results emphaslze that the P-nutntlon of apple 

trees is very dependant on the mycorrhlzal symbiosis. Therefow, 

responsiveness ta mycorrhizal colonizatlon is a characteristlc whlch sholiid Lw 

considered in the evaluatlon of apple rootstocks. 

G. versiforme (CAL) was the best fungal Isol8te. It produced élll extensive 

extramatrical phase and the plants inoculated wlth thls Isolate had the bost 

nutrient balance (lowest total ORIS index), greatest final helght, shoot dry mas!> 

and shoot/root ratio. The large shoot/root ratio of G verslfOl{lli~ (CAL) 

inoculated plants can be related to their extensive extramatncal hyphal 

network, which lowered the need for root production. Sanders et Bl., (1977) 

also reported a decrease 111 the on Ion shoot/root ratio wlth effective endophytns 

which they related ta improved P nutrition. 

It is unlikely that the initial delay of G. versiforme (CAL) III prornotlllg plant 

growth, compared to the other mycorrhlzal fungl, was a result of éI delayed 

onset of colonlzatlon as studies on the colonizatlon process have shown thal 

the most efficient VAM-species produced the hlghest and most rapld raW of 

colonizatlon (Abbott and Robson, 1981; Reich, 1988; Miller, Bodmer et Qj., 

1989). The initial delay in plant response may have been due to a nreater dralll 

on photosynthates by G. verslforme (CAL), during the developrnent of a 
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partlcularly extensive external mycellum, which fmally was found ta be very 

efficient. This hypothesis, however, needs to be verified. 

A number of Investlgators (e.g. Krishna et §l., 1985; Kesava et .ill., 1990) have 

demonstrated that the reponsiveness of host plant to mycorrhizal inoculation 

could be Increased through plant breedlng. Although G. versiforme (CAL) and 

M.26 formed the best plant-fungus comblnatlon m terms of leaf surface area 

and III splte that III general, M.26 plants responded better to the mycorrhlzal 

treatments than the other cultivars, the dlfferences were slight and not 

statistically significant. 

The depressed growth rate of mycorrhizal plants observed near the end of the 

expenment was due to a N deflciency, as a result of a dilution effect, I.e. plant 

growth surpassed N uptake. Mycorrhlzal plants grew blgger and depleted sOli 

N, which became Iimiting. Hence, it can be expected that in the presence of 

a sufficient N supply, the exponential growth of the mycorrhizal plants would 

have lasted longer and the flllai gap between them and the contrais would have 

been more pronounced. In contrast, the P-deflclent control plants dld not grow 

enough to reach thls level of soil N depletion. The data clearly show that, in 

spite of the high P availabillty of the sOli, non-mycorrhizal plants were P Iimited. 

At the end of the expenment, the fungal isolates dlffered ln the length of their 

30 



extramatrical hyphae, while they dld not show any significant dlfference ln Hum 

percentage of Internai root colonizatloll. Abbott and Robsoll (1985). worklllg 

on clover, also found that VAM-specles differed 111 the len~lth of extr éHlW!IICal 

hyphae produced per cm of colonized root. 

Although P.22 had a sigllificantly lower percent colorllzatron tllan M.26 

and Ott.3, ail the rootstocks showed slmllar growth respollses ta mycorrh/./éli 

inoculation. These results Indicate that growth enhancemHllt IS more rolaWd 

to the extellt of the extramatrrcal phase thall to IIlte rnÇj 1 root colorll/atloll 

Mycorrhizal efficiencv seems characterrzed by an extenSive external Ilyphéll 

network and It appears that fUllgal isolates should be selected 011 the basis of 

this character, probably along wlth others such as the/r ablhtv to cololl/ze plants 

rapid Iy (Abbott and Robson, 1981). 

ln conclusion, in our P-rich soil (644 kg ha- 1
), the benefit ta mvcorrhlzal 

inoculation was attributpd to a better P nutrition. Althou{Jh M.26 rootstock 

tended to respond better to mycorrhlzal inoculation, the Interaction was rather 

weak. G. versiforme, especially the Cahfornlan Isolate, was best for urowth 

promotion and nutrition of ail apple rootstocks. Large extrélmatrrcal mycelllHlI 

development was associated with mycorrhlzal efficrency. 
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Table 3.1 Leaf minerai concentrations and DRIS~ rndices of apple rootstock cultivars moculated wlth dlfferent VAM isolates 

Inoculation 
treatments 

N p K Ca Mg S B Cu Fe Mn Zn 

---------------------------- mg g- ------------------------------------- ------------------------ ug g-1 -----------------

G. versiforme(OR) 13.0va 1.90 a 23.1 a 10.6 a 3.37 a 1.67 a 55.4 a 16.0 a 142.9 a 48.6 a 41.4 a G aggregatum 12.7 a 2.30 a 21.6 a 10.8 a 3.18 a 1.54 a 57.1 a 18.0 a 142.4 a 48.0 a 43.6 a G. intraradlx 12.4 a 2.01 a 21.8 a 10.6 a 3.23 a 1.65 a 56.6 a 15.7 a 137.8 a 50.2 a 46.2 a G. verslforme(CAL) 14.3 a 1.96 a 22.7 a 10.2 a 3.37 a 1.72 a 55.8 a 17.2a138.8a 47.2 a 40.6 a Control 18 9 b 1.24 b 23.1 a 108 a 3.84 b 2.04 b 605 a 1 5.2 a 180.4 b 50.3 a 43.7 a 

ORIS index" Total ORIS rndex 

G. versiforme(OR) -36 9 0 -14 41 100 
G. aggregatum -36 9 5 -12 35 97 
G. rntraradix -36 9 3 -14 38 100 
G. versiforme(CAL) -33 7 0 -13 38 91 
Control -15 -5 -18 -18 56 112 

lORIS = Dlagnosls and Recommendatlon Integrated System. 
v Values are means of 20 repl/cates. Withrn a column, means followed by the same letter are not slgnlficantly dlfferent 
(P < 0.05, BonferrOnl test). 

x The most negative index IS for the element most reqUired and the most positive index glves the element least required (KeJ\Jng and Schulte, 1986). 
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Figure 3.1 Helght of four apple rootstock cultivars grown in a nwsfHy 5011 

under greenhouse conditions over twelve weeks. Values are rneüns of 20 

replicates. The bar represents the range at P < 0.05 (Bonferroni test) 
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Figure 3.2 Leaf surface area of four apple rootstock cultivars, grown in a 

nursery soil under greenhouse conditions. Values are means of 5 replicates. 

Within rootstocks, bars with the same letter are not significantly different 

(P < 0.05, Bonferroni test). 
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Figure 3.3 Shoot and root dry weights of apple rootstock cultivars, inoculated 

with different VAM isolates and grown in a nursery sail undcr grcenholJsc 

conditions. Values are means of 20 replicates. Withln a series, bars with the 

same Jetter are not significantly different (P < 0.05, Bonferroni test). 
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Figure 3.4 Percentage roet colonization and extramatrical hyphal length of 

four apple rootstock cultivars grown in a nursery soil under greenhouse 

conditions. Statlstlcal analysls for root colonization does not consldE!r non-

mycorrhizal contrais, since ail values were zeros. Bars are means of 25 

replicates. Withlll a series, bars with the same letter are not signlflcantly 

different (P < 0.05, Bonferronl test). 
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Figure 3.5 Percentage root colonlzation and extramatncéli hyphéll lel1!ph of 

four apple rootstocks Inoculated wlth different VAM Isolates. Valuns are 

means of 20 replicates. Within a series, bars with the same letter arc not 

significantly different (P < 0.05, Bonferroni test). 
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Preface ta Section 4 

Section 4 was taken from the manuscript by Mann, Hamel, Fortin and Smith 

submltted to the Journal of American Society for Hortlcultural SCience. The 

format has been changed to conform wlth the one used in this thesls. The 

literature clted in thls section is Iisted ln the reference section. Each table or 

figure is presented at the end of this section. 

ln section 3, dependency of apple rootstocks on varrous VA-fungl was 

charactenzed and ~ versiforme (CAL) was Identlfied as the best performlng 

fungus. In section 4, we examine the effects of herbicides currently used ln 

orchards on establrshed apple mycorrhlzae, wlth G. verslforme (CAL). We also 

evaluate herbicide effects on spore germination in vitro. 
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Section 4 

Mycorrhizal colonization increases herbicide toxicity in apple 

4.0 Abstract 

Herbicides are increaslngly used ln orchards. Slnce apple trees me stroll{1ly 

dependent on mycorrhizae, we have examlned the effect of three cOllllllonly 

used herbicides on the host plant and on the endophyte. The symbrosls WélS 

allowed to establlsh for 8 weeks on tissue-cultured P16 apple rootstocks 

inoculated with Glomus verslforme (Karsten) Berch Linde. grücllllollse 

conditions. Simazlne (1, 2, 10 and 20 ug a 1. 9 1), dldllobenil (1, 5, 10 (lnd 25 

ug a.i. g-1), paraquat (0.5,1,10 and 100 ug a.l. g 1) or water WBS thon appllcd 

to mycorrhizal and non-mycorrhizal plants as soil drench. The response of 

mycorrhizal plants to herbicidal applications was larger, and thn relative 

elongation rate was more sharply reduced in mycorrhlzal plants (76%) than III 

non-mycorrhizal plants (33%). SIX weeks after application, dry rnass reductioll 

due to herbicides were slmllar (39% and 36%) for mycorrhlzal and 11011-

mycorrhizal plant shoots, respectlvely, while reductlon ln root dry mass WélS 

larger for mycorrhizal plants (63%) compared to non-mycorrhlzal plants(46%). 

A spore germination test run wlth G. intraradlx on herblcldeamended (0,1,10, 

100 and 1000 ug a.1. 9 1) water-agar had shown that Hlther dichlotwllii or 

paraquat, even at the lowest concentration, could reduce germination ln Vitro; 

none of the herbicide treatments aftected root colonizatlon. Simazine drd not 
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affect hyphal elongation m vitro suggesting that the weil known Improved 

absorption capacity of mycorrhizae could explain, at least in part, the increased 

phytotoxlcity of the herbicides, since it was found that plant mortallty was 

higher among mycorrhizal than non-mycorrhlzal apple trees for ail the herbicldal 

treatments. The Increased CO 2 assimilation rates of dichlobenil treated 

mycorrhlzal plants, contrastmg wlth the decreased CO 2 assimilation rates of 

control plants measured 1 week after dichlobenil treatment, indicates a 

physlological interaction between mycorrhizal colonization and dichlobenil in the 

toxic response of apple plants. 
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4.1 Introduction 

An intimate relatlonship between vascular plants and arbuscular mycorrhlléll 

fungi has developped during the course of 400 million years of coevolutloll 

(Simon et aL, 1993). The arbuscular endophytes are sa wldely dlstnbuted that 

virtuaily no soils are free from them (Mosse, 1978), élnd most plélllts forlll 

arbuscular mycorrhizae (Harley and Smith, 1983). Applf~ (lY1ql~t~ <1Qms~stlc~I 

Borkh) is no exception. Since the early IIwestlgatlolls SI1OWII1t) élpple 10 he 

mycorrhlzal (Boulet, 1910), a wide range of mycorrhlzal fungal specles were 

found in symbiosis with apple trees (Dalpé et al., 1986; Miller et al., 1985). 

Mycorrhizal fungl are normal component of apple plant root systems. The 

arbuscular mycorrhlzal symbiosis of apple Insures a go ad uptake of Illltnunts, 

particularly phosphorus, zinc, and copper (Benson and Covey, 1976; Covey et 

aL, 1981; Gnekow and Marschner, 1989), and the mycorrhlzal syrnbiosis 

improved apple plant resistance to drought (Runjln, 1989) élnd to (liseases 

caused by soilborn pathogens (Dehne, 1982). Apple shows él st ronO 

dependance on mycorrhlzae (Covey et al., 1981, Geddeda et al., 1984), and 

growth enhancement of the plant due ta mycorrhizae remains obvlous eV81l at 

high soil P-Ievels (Plenchette et aL, 1983ab) 

The application of herbicides has become a wlde spread practlce III orchard 

management, especiaily with dwarf trees, and It now seems that some 
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herbicides can drastlcally affect arbuscular fungl and mycorrhlzae (Trappe et aL, 

1984). Some herbicides can affect arbuscular fungi elther dlrectly or through 

their effects on the host plants (Garcia Romera and Ocampo, 1988). One such 

herbicide, simazine, Induced mycorrhlzal fungal penetration in Chenopodium 

gLJlnOna, an otherwlse non-mycorrhlzal specles (Schwab et aL, 1982). Most 

of the time, however, herbicides have elther no effect (Burpee and Cole, 1978; 

Ocampo and Barea, 1982; Smith et ID., 1981; South, 1981) or affect 

negatlvely the mycorrhizal symbiosis (Nemec and Tucker, 1983; Pope and Holt, 

1981; Sieverding and Lelhner, 1984). 

Paraquat, a non-selective herbicide, is recommended for application in orchard 

the year of plantlng and ln subsequent years (Conseil des Productions Végétales 

du Québec, 1987). The residual herbicides simazine and dlchlobenil are 

recommended for use after the plantlng year. Therefore, we have tested the 

effect of Increasmg rates of paraquat, slmazlne and dlchlobenll on mycorrhlzal 

apple rootstocks and on elongation, in vitro, of mycellum from spore clusters 

of a Glomus sp. 

4.2 Materials and Methods 

Pot expenment 

A 2x 13 factorial experiment was run under greenhouse conditions. Tissue­

cultured P16 apple rootstocks elther colonized by the arbuscular 
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endomycorrhizal fungus Glomus verslforme, or kept unlnfected were treated 

with four levels of slmazine (2-chloro-4, 6-bls-ethylammo-s-trlalll1t1; l, 2, 10 and 

20 ug a.\. 9 1) , dlchlobenll (2, 6-dlchlorobenzonitrtle; 1, 5, 10 and 25 un él.1. 9 '), 

paraquat (1, 1'-dimethyl-4,4'bipyridinlum; 0.5,1,10 and 100 ug a.1. g ') or wlth 

water. Herbicide concentratIons had been selected to tnclud{~ tlle 

recommended rates (2 ug a.i. SlmaZlne, 5 ug a.1. dlchloben" and 0.5 lI~J éI.1 

paraquat 9 , sOli) according to the ConseIl des ProductIons Véoétélies du Ouélwc 

(1987), and levels of tOXIClty already reported ln the IItmature (DVOfélk, 1968, 

Hogue and Neilsen, 1988; Lord et al., 1972; Lord and Greene, 1975, RobInson 

and Lord, 1970). The herbicides treatments were applled as soli drench, and 

were replicated in four blocs. 

Applp rootstocks were planted in 4 L pots contalntng a sandy loam 5011 takon 

from the top 20 cm of the soil profile in an apple rootstock nursery, at St -Jeélll­

Baptiste-de-Rouville, Québec. The soil contained 2.2 % organic matter and Hl(! 

fertility status at the beginning of the expertment was: pH -: 7.3, 644 kg of P­

Bray 1 ha 1, 2380 kg of K ha 1, 3090 kg of Ca ha " 697 kg of MO tlél " 1 6 ppm 

B, 2.2 ppm Cu, 360.1 ppm Fe, 34.8 ppm Mn, 12.8 pprn Zn. Ttw 5011 WélS 

passed through a 5-mm sieve and steam pasteurtzed at 72"C for 5 hours. ThIS 

treatment allowed for destructIon of the indigenous mycorrhizal fungl. To 

a/leviate the problem of structure loss due to manipulatIon, thH 5011 was 

amended with grade 16 slllca sand (1 part sand: 3 parts SOli, v/v). 
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Half of the plants were Inoculated with 1 9 (fresh mass) of corn roots colonlzed 

by Glomus verslforme and cut Into 1 cm fragments. The Inoculum was placed 

at the bottom of the transplant holes, Immediately prlor to plantmg. Control 

plants received one gram of autoclaved Inoculum. To account for the effects 

of non-mycorrhizal organisms posslbly carned in the inoculum, control plants 

also recelved 5 ml of filtered (Whatman GF/D, 2.7 um) washings of the 

mycorrhlzal inoculum. 

The symbiosis was allowed to establish for 8 weeks before application of the 

herbicide treatments. The different herbicide treatments were prepared in 500 

ml of dlstilled water and applied as sOli drench to the designated pots. 

Plants were always watered according to thelr needs, givlng Just enough water 

to avoid dnpping. They were fertilized once, after 6 weeks, with a phosphate­

free Long Ashton nutnent solution to alleviate an anticlpated nitrogen 

deficiency. 

Measurement of plant photosynthetlc rates was made to evaluate the Impact 

of the herbicide treatments 1 week after their application, using a Licor-6200 

photosynthesls meter (Li-Cor, Lincoln, NB, USA). The photosynthetlc activity 

of the penultimate fully expanded leaf of each plant was recorded in duplicate. 
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Plant height was measured every other week. SIX weeks after herbicide 

treatment, mortallty was recorded and plants were harvested Plant dry rllass 

was recorded after drymg at 70 uC for two days and percnntcloe of fOot 

colonizatlon was measured using the grrd Intersect method (Glovdlwttl and 

Mosse, 1980) after staining root samples wlth aCld fuschlfl (Brufldrntt tH al., 

1984). 

Spore germination test 

Spore clusters (for a total of 20-30 spores) of !!l vltro-cultured (Bécard élild 

Fortin, 1988) Glomus intraradix Schenck and Smith were deposltod on sterile 

gellan gum solidified water (0.4% Gel-Gro and 0.05% MgSOI\.7H,,0) amendcd 

with Q, 1, 10, 100 and 1000 ug a.i. 9 1 of SlmaZlIle, dichlobenll and parélqllélt 

ln petri plates. 

The herbicides were diluted in sterile water to the deslgnated COllcentratlons 

They were either disolved, or suspended and kept under agitatIon, fil sterile 

water under the laminar flow hood. One millilitre of the dlfferent 

concentrations of the herbiCides was spread over 20 ml of sollcllfled wator. 

Petri plates were Incubated at 28"C for 7 days. Hyphal length wa~ thnn 

measured by the line intersect method (Tennant, 1975) under a dlsseCtlrl{j 

microscope bearing a grid (1 Ox 1 a 1-mm squares) III the eye piece. Tho hlÇJhest 

concentration of simazine and dichlobenil interfered with the measurernent, and 
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as the mycelium cou Id not be clearly seen, their length was not measured. 

Statistical analysis 

Slnce mycorrhlzal and non-mycorrhizal plant dry mass dlffered, dry mass 

reductlon was calculated as the percentage of dry mass reduction of herblcide­

treated plants relative to the respective (mycorrhizal or non-mycorrhizûl) non­

herbicide-treated control. Simllarly, we considered the relative elongation rates 

(I.e. elongatlon week 1 initiai height l) ln our analysis. 

The data was subjected to analysis of variance using the general linear model 

(GLM) procedure of SAS (SAS Institute, 1989). The Duncan's multiple range 

test was used to compare treatment means and Imear contrasts, to compare 

the average photosynthetlc rates of simazine-treated plants and paraquat­

treated plants to non-herblclde-treated plants (Steel and Torrie, 1980). 

4.3 Results 

G. intraradix colonlzed apple rootstocks effectlvely. On average, 92 % of 

inoculated plant root systems contalned mycorrhlzal fungl at harvest (data not 

shown), whlle no colonlzatlon was found ln non-mycorrhlzal plant roots. After 

a lag phase of about 5 weeks, the mycorrhizal fungus increased plant growth 

rates (Fig. 4.1). From the sixth week on, the mycorrhizal apple rootstocks were 

significantly taller than non-mycorrhizal controls. 
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Relative plant elongation rate of mycorrhizal plants was reduced from 0.72 cm 

week" cm" of plant before herbicide application, to 0.17 cm week 1 cm 1 01 

plant four weeks after herbicide application, while thélt of nOll'l11ycorrhllill 

apple had dropped from 0.09 to 0.06 cm week 1 cm 1 of plant (délta Ilot 

shown). The increased susceptlbllity of mycorrhlzal applc rootstocks WilS 

independent of the level and type of herbicide used, as indicatcd by thl1 

absence of an inoculation by herbicide interaction. 

At harvest, 6 weeks after the application of herbiCides, the éldverse cffeet of 

the herbiCides on plant blomass production was slgnlflcélnt (Table 1). Ttw 

reduction in mycorrhizal and non-mycorrhizal shoot dry mass, due ta herblcldl) 

applications, were similar (Table 4.2). However, the reductlon of mycorrtwal 

root dry mass in response ta herbicide treatrnents was more prollollced thall 

that of non-mycorrhlzal roots, and plant mortal/ty was much gf{~ater éHllOIlf) 

mycorrhizal plants than non-mycorrhizal plants (Fig. 2). No control plants were 

killed by simazine application even at a rate of 20 ug a.1. 9 1 5011. 

On average, 23.9 mm of hyphae emerged after 7 days tram spore clusters 

deposited on non-amended gellan gum sol/dltled water (datn not showlI). 

Simazine did not affect hyphal growth at any level appllod (Table 4.3). 

However, as little as 1 ug g , of dichlobenil or paraquat slgnlflcantly reduced the 
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growth of G. intraradix in vitro. Although dichlobenil and paraquat did reduce 

fungal growth in vitro, they had no sigmflcant effect on the percentage of root 

colonlzatlon by the mycorrhizal fungus (data not shown). 

Simazine and paraquat signiflcantly reduced (P < 0.05) the photosynthetic rates 

of mycorrhizal and non-mycorrhizal plants (data not shown). However, an 

herbicide by Inoculation interaction (P = 0.018) indicates that the fungus 

changed the plants response to dichlobenil. While increaslng rates of 

dlchlobenll on non-mycorrhizal plants reduced photosynthetlc rates relative to 

the water-treated control, application on mycorrhlzal plants Increased it (Fig. 

4.3), 

4.4 Discussion 

Few studles have compared the effects of herbicides on mycorrhizal and non­

mycorrhizal plants. Pope and Holt (1981) found a reductlon ln growth and P 

uptake by white ash grown in sail amended with paraquat, only when the 

plants were mycorrhlzal. The authors also measured a direct detnmental effect 

of 1.33 ug 9 1 of paraquat on the production of external mycellum and spores 

by the fungus and on colonlzatlon of ash trees, suggesting that paraquat 

affects plant development through ItS effect on the fungus. 

ln contra st to Pope and Holt's experiment, our work studied the effect of 
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herbicide treatments applied after establishment of the symblosls. SIJ1lllarly to 

Pope and Holt's results, we found an Increase III the taxie respol1se of P16 

apple rootstoeks treated wlth simazine, paraquat or dlclliobenii wtlOn planls 

were mycorrhizal, but found no slgnlfieant effeet of the herbieldns on tho 

pereentage root colonization, although the size of the mycorrlllléli root systems 

was reduced. In addition, our ln vitro germination test showed no effect duo 

to 100 ug of simazine on G. intraradlx hyphae elongatlol1 III gellified waWr 

Still, at the highest rate, 75% of SlmaZlne treated mycorrhizal plallts dled whlln 

there was no mortality among control plants. 

Our results suggest that mycorrhizal fungl could Increase plant sliceptabliity 10 

herbicides through improved uptake of the chemicals. This hypothesis IS 

supported by the recent findings of Nelson and Khan (1992) who 

demonstrated, uSlng compartmentallzed containers and 14C-labelled al rél7l1w, 

that mycorrhlzal hyphae were able to remove atrazine from 5011 and tralls fer Il 

to plants. This observation could also apply ta other chemlcals. 

To our knowledge, there IS no other report on the effect of dlchlohenll 011 

mycorrhizae, but the effects of slmazine and paraquat have been studled by (j 

few researchers. 

Increases in carbohydrate exudation from Chenopodium (jUlnona, when treated 
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weekly wlth sublethal doses of SlmaZlne, was thought ta be the cause of 

mycorrhlzae formation on thls otherwise non-mycorrhlzal plant (Schwab et aL, 

1982). In a later study, Nemec and Tucker (1983) also observed that Citrus 

seeded ln sOli amended with 1.2 ug g' simazlne developped a slgnlficantly 

higher percentage of root colonlzatlon. They explalned thelr results elther by 

an Inhibition of competlng organlsms or, ln agreement wlth Schwab et al. 

(1982) results, an increase of root exudation. 

ln the same study, amending the soil with the highest level of slmazine (7.1 ug 

g') resulted ln the reductlon of mycorrhlzal colonlzatlon level of Citrus from 

64% to 11 % (Nemec and Tucker, 1983). Simllarly, paraquat reduced the 

development of G. fasclclliatum and the mycorrhizal colonization of ash trees 

(Pope and Holt, 1981). 

Our results do not corroborate previous studies. Although dichlobenil and 

paraquat have the potentlal to harm mycorrhizal fllngi as shown by the adverse 

effect of these herbicides on fungal growth in vitro, we dld not measure any 

detrimental effect on root colonization of apple rootstocks following the 

application of dichlobenll, paraquat or slmazlne. We measured, however, a 

reduction in root growth whlch should have led to a reductlon in the length of 

colonlzed roots and may have led to a reduction ln external mycelium length. 

It must be emphaslzed also that the 6 week period between herbicide 
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application and plant harvest was a relatlvely short tmle for ail effect to 

develop, and that killing a plant would result sooner or later III the rcductloll of 

the vigor for its endophyte. 

The absence of a negative impact of slmazme applled evell at very hlOh I()vpls 

on in vitro elongating mycorrhlzal hyphae IS not that surpnslflg. Altholl{}h, altor 

being taken up by roots, slmazme Interfers wlth a vanety 01 plant blochellllcéli 

processes including photosynthesls, plant growth reguléltiOl1, Ilitronen 

metabolism and nucleic aCld metabolism (Esser et al. 1975), the ClwllllCii! 

seems harmless to at least sorne fungl. When simazine was appllcd nt éI rélln 

of 5 ug 9 l, Aspergillus furnlgatus was able to metabolize the herbiCide élS cl 

source of carbon, wh Ile another study has shown that fungal populations of (1 

sandy loam sail were slightly stlmulated at concentrations of 2.5 to 10 un fi 1. 

Many other herbicides were found to have 110 impact on rnycorrhlzaH. Amont) 

them are tri-allate, di-allate, diuron and trifluralin on wheat (Smith et al. 1981), 

chlorpropham, sulfallate and phenmldian on wheat and alfalfa (Ocampa and 

Barea 1982), bromacil, diuron and trifluralin on Citrus (Nemec élnd Tur.knr, 

1983), alachlor and trifluralln on soybean, (Burpee and Cole, 1978), oxadlaloll 

and trifluralin on sweetgum (South, 1981). In contrast, Sieverdmg élnd LClhllnr 

(1984) observed that oxadlazon and oXlfluorfen bath decreased CiissaVél roal 

infection and spore number. Finally, Garcia-Ramera and Ocarnpo (1988) fOlJ/ld 
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vanation III herbicide tolcrance among specles of mycorrhlzal fungl. 

The opposite effects of dlchlobenil on the photosynthetic rates of mycorrhizal 

and non-mycorrhizal plants one week after apr>licatlon are difflcult to explain. 

We know that dichlobenll is absorbed fram the soli by the raot system and 

translocated ln the leaves (Humburg et al. 1989). Dlchlobenll IS a powerful 

Illhlbltor of germination and of actlvely dlvldrng menstems and acts pnmanly on 

growlIlg pOints and root tlpS. However, studles wlth Chlorella and 

Scenedesrnus revealed no effects of dichlobenll on respiration or phytosynthesls 

(Humburg et al., 1989). 

Physiologlcal changes rnduced by mycorrhlzal colonlzation could be Involved in 

this observed Interaction between colonization and dichlobenll application, as 

suggested by the work of Nelson and Khan (1992). They found, in thelr study 

on 14C-labelled atrazine uptake by corn, that the symblosls could change the 

allocation and metabollsm of the herbicide, as shown by dlfferences III the 

proportion of bound and methanol extractable 14C-labelled ~-trlazlne. 

A better knowledge of the impact of the various herbicides used in crap 

production on my~orrhizae should fac,l,tate the development of sound 

production strategies. This is particularly important for the management of 

mycorrhlzae-dependent craps such as apple. 

52 



e 

Table 4.1 Shoot and root dry rrBSS of P16 apple rootstocks 6~eks after herbicide application and 
percentage dry rrBSS reductlon relative to controls, due to herbicide treatrrent~. 

I-erbicide 
t reatrrents 

Control 
Dlchlobeni 1 

1 ug g-l 
5 ug g-l 
10 ug g-l 
25 ug g-l 

Paraquat 
0.5 ug g-l 
1 ug g-l 
10 ug g-l 

-' 100 ug 9 ... 

Sln"6z 1 ne 
1 ug g-1 

_1 
5 ug 9 ~ 

10 ug g-l 
_1 

20 ug 9 ~ 

Shoot 

Dry rrBSS ( g) 

5.19 a 

4.88 ab 
3.57 bcd 
2.08 f 
1.99 f 

4 53 abc 
4.99 a 
4 79 ab 
3 43 cde 

2 15 ef 
2 44 def 
1.80 f 
1.51 f 

Fbot 

Reduct Ion (%) Dry rmss (g) Reduct ion (%) 

0.96 a 

0.05 f 0.77 ab 0.19 c 
0.32 cde 0.53 bc 0.43 bc 
0.56 abc 0.22 d 0.72 a 
0.63 ab 0.11 d 0.87 a 

0.19 def 0.61 b 0.37 c 
0.04 ef 0.75 ab 0.22 c 
0.06 f 0.62 b 0.32 c 
o 41 bcd o 35 cd 0.63 ab 

0.54 abc 0.27 d 0.68 a 
0.49 abc 0.30 cd 0.65 ab 

0.67 ab o 20 d 0.76 a 
0.70 a 0.17 d 080a 

1\kan sepa rat Ion \NI th 1 n co 1 UTllS us 1 ng Cllncan' s m.JI t 1 pie range tes t P=O 05 (n=8) 
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Table 4.2 Effect of mycorrhlzal colonlzation on shoot and root dry mass of herblcide-treated P16 apple 

rootstocks and non-herbicide-treated controls, and on percentages of dry mass reductlon 6 weeks after herbicide 

application z
• 

Mycorrhlzal 
status 

Dry mass (g) 

Herbicide 
treated 

Myeorrhlzal 4.51 

Non-mycorrhlzal 1.92 

Shoot 

Control 

7.39 

2.98 

Red uction (%) 

39 al 

36 a 

Dry mass (g) 

Herbicide 
treated 

0.43 

0.37 

Root 

Control 

1.21 

0.70 

ZMean separation wlthin columns usmg Duncan's multiple range test P = 0.05 (n = 52). 
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46 b 



Table 4.3 Percentage of length reductlon relative to non-herbicide treatod 

contrais in hyphae produced from Glomlls IIltrélradlx spore 

clusters placed on herbicide amended gellifled water after 7 

daysz. 

----- -- ~ 

------- ---- - - --

Herbicides 
Concentrations 

(ug g-1) Simazine Dichlobenil Pélraqllat 

0 Oa Oc Oc 

1 12 a 47 b 57 b 

10 14 a 99 a 71 a 

100 11 a 100 a 100 a 

1000 ND ND 100 a 

------

ZMean separation wlthin columns using Duncan's multiple rançle test 

P=O.05 (n=10). 
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Plant height (cm) 
40~----------------------------------~ 

30 

20 

10 

-e- Non-mycorrhizal 

~ Mycorrhizal 

Herbicide 
application 

o~--~----~----~----~----~----~--~ 

o 2 4 6 8 10 12 14 

Time after planting (weeks) 

Fig. 4.1 Growth of mycorrhizal and non-mycorrhlzal P16 apple rootstocks 

before and after herbicide treatments (four rates of slmazine, dlchlobenil or 

paraquat and a water-treated control, applled as sail drench). The arrow 

indicates the tlme of treatment application. Means (n = 52) are different 

(P<O.05) from the sixth week on. 
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Non-mycorrhizal plants 

Dead 
(%) 

100 

76 

60 

26 

2 3 " 
Herbicides rates 

Paraquat 

ichlobenil 

1--------------------------

Mycorrhizal plants 

2 3 " 
Herbicides rates 

Fig. 4.2 Effect of the mycorrhizal status on P16 apple rootstock mortality 6 

weeks after application of four rates of simazine (1, 2, 10 and 20 ug a.i. g-l) 

dichlobenil (1,5,10 and 25 ug a.i. g-1), or paraquat (0.5,1,10 and 100 ug a.i. 

g-1) applied as soil drench, 8 weeks after inoculation of the plants. 8ars 

represent means of four plants. 
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Photosynthesis 
(ug CO2 m- 2 seë') 

3.5 ,-----------------, 

2 

1 

0.5 

o 1 5 ID ~ 

Dichlobenil rates (ug a.i.lg soil) 

• Non-mycorrhizal 

~ Mycorrhizal 

Fig. 4.3 Contrasting effects of dichlobenll application relative to water-treated 

controls on the photosynthetlc rates of mycorrhizal and non-mycorrhizal P16 

apple rootstocks. CO 2 assimilation rates were measured on the first uppermost 

fully expé'lnded leaf of each plants 1 week after application of the herbicide as 

soil drench. Vertical bars indicate SE and n = 4. 
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Section 5 

GENERAL DISCUSSION AND CONCLUSION 

ln orchards, and in agricultural systems ln general, VA-fungi populations 

constitute an omnipresent resource for promotlng crop production thnt !loods 

to be preserved and further explolted. This can be achleve<l dlrectly, through 

early inoculation with selected efficient species dunng propagation of yOlillU 

plants in nursery production. It can also be done Indlrectly, throllgh sound use 

of pesticides, in order to preserve or even promote 5011 VA-mycorrhlzal tlora. 

Through the research contained in this thesis, we have evaluated the efflclollcy 

of VA-fungi on apple rootstocks and acquired a better knowledge of herbicide 

effects on mycorrhizal apples. 

5.0 Mycorrhizal effects on growth of apple rootstocks 

It was demonstrated in sections 3 and 4 that apple rootstocks were very 

dependant on mycorrhlzae. Non-mycorrhlzal rootstock cultivars were at least 

twice as small as the mycorrhlzal plants, desplte the hlgh P-Ievels of the soli 

The minerai analysis data (section 3) IIldicated that mycorrhlzao slgnlflcantly 

increased the plant P-Ievels compared to the control, whlle the overall nutrient 
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balance was also Improved, as shown by the total ORIS indices. Phosphorus 

was the limiting element to growth of non-mycorrhizal plants, while nltrogen 

was IImlting ln mycorrhizal plants. In the colonized plants, the nltrogen 

deflciency was a consequence of a growth dilution effect. The data clearly 

show that P-deflclency was exclusive to non-mycorrhlzal plants. Hence, VA­

mycorrhizae Improved apple growth mamly through an improved P nutrition. 

Since as much as 90% of the phosphorus fertilizer applied may be rendered 

unavailable to plant uptake (Stevenson, 1986), VA-fungl appear partlcularly 

useful in facllitatmg plant P-uptake. In a low-P soli wlth a hlgh fixing capacity, 

Covey et al., (1981) demonstrated that VA-inoculation could partially substitute 

for apple P-fertilizatlon, and calculated that colonization with Glomus mosseae 

(NICOl. and Gerd.) Gerd. and Trappe was equivalent to a value between 400 

and 800 mg kg 1 of P fertllizer. My research showed that VA-fungi also 

improve growth and nutrition of apples grown ln a 5011 with a high P-avallable 

level. 

Apple rootstocks responded differently to VA species and isolates in term of 

leaf area production. While Inoculation of P.16 and P.22 dld not cause any 

signiflcant effect, ail VA-fungus treatments increased the leaf surface area of 

M.26 and Ott.3. The latter tended to respond best to G. versiforme (OR), while 

M.26 produced the greatest leaf surface area when inoculated with .G.... 
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versiforme (CAL). 

Overall, G. versiforme (CAL) tended to be the most efficient III prolllotll1g flllai 

height, shoot dry mass, shoot/root ratio and nutnent balance. In torrTIS of plant 

height, a weak interaction between cultivars and VA-fungl IPdicélted a bettlH 

response of M26 rootstocks to VA-fungi, compared to the other cultivars. 

The coarse root system of apple rootstocks was very responslve to mycorrtlilai 

inoculation, as demonstrated by the Intense level of Internai colonllatlon. 

P.22 was less colonlzed than M.26 and P.16, but developed as much as the 

other rootstocks, in terms of plant helght, dry mass production and plant 

nutrient balance. These results suggest that growth enhancernent IS 110t 

directly related to the final level of internai colonlzatlon. 

While ail fungi produced similar percent root colonization levels, there were 

differences in the extent of external hyphal network produced. The efficlency 

of the VA-fungi varied in relation with the extent of extramatrlcal hyptléle, Çi. 

versiforme (CAL) producing the most extensive network. Hence, selection of 

VA-fungi for inoculation on apple rootstocks should conslder the abllrty ta form 

a large extramatrlcal hyphal network. 
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5.1 Herbicide toxicity on mycorrhizal apple 

Mycorrhlzae increased apple susceptibility to soil-applied herbicides (Section 4), 

as demonstrated by the greatly increased mortality, among mycorrhlzal apples. 

Nelson and Khan (1992) have demonstrated that mycorrhizae could remove 

atrazme from soli and transfer It to ho st plant. In agreement wlth this fmdmg, 

the improved absorption capaclty of mycorrhlzal over non-mycorrhlzal roots 

could explain the increased herbicide toxicity on mycorrhizal plants. This 

hypothesls seems coherent wlth the greater dry mass reductlon observed on 

mycorrhizal roots over non-mycorrhlzal roots. 

Both mycorrhlzal and non-mycorrhizal plants had slmllar photosynthetic rates 

prior to herbicide applications (data not shown). Paraquat and simazine 

applications decreased the photosynthetic rate of ail apple plants. However, 

mycorrhlzae changed the plant response to dichlobenil to one very different 

from that observeJ on non-mycorrhlzal plants; dlchlobenll application 

decreased the photosynthesis by non-mycorrhizal plants, whlle it slgmficantly 

increased the rate of mycorrhizal plants. These results suggest the Involvement 

of physiological effects of mycorrhizae on the host plants, other than just an 

increased herbicide absorption. 

Oichlobenll and paraquat both adversely affected fungal groWth in vitro, even 

at the lowest rate; dichlobenil was the most toxic. Strong concentrations (100 
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ug g-1) of paraquat and dichlobenil completely mhiblted spore nermtnatlon 

Simazine had litt."} effect on spore germination, even at a rate of 100 ug 9 '. 

These results contrast with the field observations of Granger et al. (1993) 

where simazine residues reduced the population of spores élnd spor ocmps of 

Glomus specles, even one year after cessation of four annuéll applications. 

Soil application of herbicides to established apple mycorrhi7ae dld nol 

significantlv decrease the percent root colonlzatlon. Effects of herblc;I(h~s 011 Ill(! 

extramatncal hyphae remains unknown as we have unsuccessfully élttemptt!d 

to quantify the vitaltty of these hyphae, followmg herbicide élppllcéltlOll. 

5.2 Conclusion 

ln the future, research should be conducted to allow a better undorstandlng of 

the impact of herbicides on the physiology of mycorrhlzal assoclatlOIlS. ThiS 

presupposes a thorough comprehension of the physlologlcal cfrects of 1 he 

fungus over the host plant, which is to be achleved. 

Studies of herbicides effects on mycorrhizal plants are partlcularly IrnportéHlI for 

the management of crops such as apple, which are both extremcly depcl1déllll 

on mycorrhizae and rely greatly on herbiCide applications for wned 

management. Hence, Improved tree performance gamet! throuuh Darly 

inoculation of apple plants may be partlally altered by herbiCide spraytrl{Js. In 
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this regard, our results should be venfied and quantlfled under field conditions, 

with standard application methods, in order to select herbicides that control 

weeds wlthout adversely altering mycorrhizal fungi and mycorrhlzal plants. The 

knowledge of herbicide effects on mycorrhizal apples IS Important for the 

development of sound integrated crop management programs. 
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