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Powdcry milde\\' (BllIllleria gram illis f. sp. tri/iei) is an obl igate biolrophic pathogen, mCilning thallhc 
hast pl ant supplics nutricnts 10 Ihe fungu s. It is known thaI nitrogen (N) can be Irtkc ll up by Ihc fungus 
in Ihr.: fo rm 01' di-amino ac ids thaI havc been synthesiscd by thc planls. Howcver, whel her thc fun gus 
uscs sulphur am ino ac ids or inorganic sulphalc 10 mect it s sulphur (5 ) rcquircmcms has remained 
unknowll . Stab le S-isolopc ana lysis was lIscd 10 cvalualc Ihc Iran slocalion of su lph ur from Ihc hosl 
planl inlo Ihe pathogen. Sulphur has fom naturally occurring stable isolopes. Compollnds cnr ichcd with 
olle of Ihe S-isotopcs can be lIscd as trac ers 10 fo lio \\' the path 01' Ihe substanecs. 

Winter wheat (Triticum aestivtlm L. , cv. Kan z ler) grown in thc fidd was s ll bjected 10 nal ural infection 
w ilh powdery milde\\'. Thc discasc scvcrity of S-fcrli lised planls was highcr than in thc non S-fcrtil ised 
planls. ThllS S-ferti li sat ion had an inll llcncc on the d isease caused by B. graminis. Thc sulphur 
coneen lration wit hin the funga l mycclium ami inside the corres ponding underly ing Icaf areas varicd , 
depend ing on Ih e fllnga l developmclll. Non- infected leavcs contained Icss su lph llr than thc inlccted 
Icafarcas . The isotope composi ti on diflcrcd marked ly - fungal lllyce liulll was enriehed in 3

J S comparcd 
10 the lInderlying leaf material. These rcsults imply thai apart of fc rtili ser sll iphur had rcached thc 
pathogen it sclf. 

Zusammenfassung 

Einlluss von Schwefeldüllgung auf die Schwcfcltranslokation im \Virt-Pathogen
System \Vinterwcizcn (TriticuIII aesth1uIII) /Echtcr Mchlt.1U (/Jlllmeria graminis) - Echter 
Mehltau (B/l/l1Ieria g raminis f. sp. Irilici) ist e in obl igat biot ropher Parasit , d.h. , dass der 
Pil z von der Wirlspnanze se ine Nährstoffe bezieh t. Obwohl bekannt ist, dass de r P ilz 
Stickstoff (N) in Form von Diaminosäuren pflanzlichen Ursprungs aufnehmen kann, war 
bisher unklar, ob er se inen Schwcfelbedarf aus S-hal t igen Aminosäuren oder aus anorga
nischem Sul phat deckt. Eine Isolopcnanalyse wurde eingesetzt. um die S-Translokation 
vom Wirt zum Pathogen zu unte rsuchen. 

Im Feld angezogener Winterweizen (TririclIlI1 aestivlf ll1 L., C\'. Kanzler) war dem natürlichen 
Mehltaubefa ll ausgesetzt. Di e ßcfa l1 sdich tc schwefelgedüngter POanzcn war im Vergleich 
zu rnanzen ohne Schwefeldüng ung höher und zeigte som it e inen EinOuss der S-Düngllng 
allfdas ßef'al lsbild von B. gralll illis. Dic Schwcfclkonzent ration im Myzel und im befa llenen 
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Blatt waren je nach En twi cklungss ladiutn des Erregers unterschiedl ich. Nich tbefa llene 
Blätter enthielten wen iger Schwefel als beHlllcnc ßlaltmichen. Die !sotopenzusall1ll1cn
selzung wies deutliche Un terschiede auf - der 3J S-Gchalt des Myzels war gegenüber delll 
des be!~lIl cncn Blattes erhöht. Die Ergebnisse deuten einfallt' hin, dass e in Teil des im 
Dünger entha ltenen Schwefels VO I11 Pathogen aufgenommen wurde. 

I.lntrod uction 

Sulphur (S) is a major plant nutrient. For dccades, it has been depositcd on agricultura l 
systems frol1l the atmosphere as dry and wel deposition. SCIINUG (199 \ ) reported that in 

1955/ 1956 abati! 80 kg S/ha were deposilcd from thc alll1osphere. Between 1989 and 1994 , 
these atlllosphcr ic depositions decreased substantially (GRÜNllAGE ct a\. 1992, ZIMMERLI NG 
1994) 10 less Ihan 20 kg S/ha a. 

Agricultural systems need different al1lounts of sulphur, depending on the crop cul li
vated. Whcat plants, for cxample, need about 50 kg S/ha a during growth and development. 
With f~1 11i ng atmospherie s uppl y, p lants are 110 longe r ab le to obta in thcil' s u lphur 
requiremcnt by take up from the soi l 1101' through uptake of atmospheric S02' Furthermore, 
the soi l reservoir is no longer rerilled and sulphur deficiency becomes evident, making 
su lphur fertilisation necessary. 

Such changes in nutl'icnt supply of plants call dircctly cffcct devclopmelll allel growth 
of plant pat hogens. Obl igate b iotrophie pathogens e.g. powdery m il dew (Blllmeria 
gramil1is f. sp. rrilici) feed exclusively on their hosts via haustoria in the host's epidermal 
ce ll s (ßR!\UN 1995), and hence dcpcnd on thc hos l's nutritional status (GÖTZ 1996) to get 
nutrients and metabolites . Changes in the nutrient su pply of the p lants may thcrcforc 
directly effect growth, dcvclopmcllt and sprcad 01' thc pathogen. Consequently, slilphur 
fertilisation co uld possibly either lead to a reduction of the infect ion 01' cnha nce the 
pathogcll's growth , lead ing to more severc infcctions in the fie ld. 

Mechanistica ll y, it is not clear how sulphur is trallsferred from the host to the pathogen. 
It s supply ean be asslired by the uptake 01' am ino acids as e.g. in the case of nitrogen 
(Boyu~ el al. 1994 ined., IMC 5 Val1eOllVCr, Congress Vo lumc, SCl-IMIDT ct a\. 1994, GÖTZ 
1996), or by using thc inorganie S-pool o f thc host. 

To evaluate thc effect of sul phur Oll the developmenl and spread of a pathogen, analysis 
of the stable S- isotope composi lion in differcnt compartments of an agroecosystCll1 SCCIl1S 
to be a reasonable method of identifying S-sourecs. 

Stable S-isotope analysis proved to be a va luable 1001 for identifying sources of sulphur 
(WI NN ER el <11. 1978, KROUS E & GRINENKO 1991). Sulphur consis ls narurally of four stable 
isotopes present at different relative abundances. Dur ing chemieal, physical allel biological 
processes, these isotopes are turned over at different ra les (TIlODE 1991 ) leading to sulphur 
pools 01' differen t isotope composition. In order to trace sulphur within a given system, 
the primary condit ion is a distinct differencc betwcen the isotope composition 01' thc 
sulphur in thc source anel that in thc sink. SlI lphurous f'ertiliser enriched in the )~S -isotope 
applied 10 the field induced change in S-i sotopc cOll1position of the so il su lphur pool and 
has bee il used to trace the fertiliscr on it s way through the host -pathogen systcm. The 
S-i SOIOPC compos ition of slIlphurous compoullds extrac ted fr0111 host or pathogen is 
expectcd to provide information on thc origin of sul phur transloca ted within the system. 
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A fi e ld sllldy was also carried out 10 eval uale the influellcc 01' sulphur fe rtili sation on 
di sease severi ty and developmenl 01' thc ob li gate biotrophic fung us BllIflleria gralllinis 

f. sp. tritiei (powdery mildew) on winte r wheat (Tri ticum aesfivulII L. cv. Ka nzler) fo llowing 
natural infect ion . Plant growth, disease severity anel pathogen deve lopmellt was eva lu31cd 
regu larly during the season. Stable S- isotope analys is was uscd to eva luate wh ether 
slilphur from the 3

4S-enr ichcd fcrti lisc r pan icipalcd in the changcs in s ul phur s uppl y to 
the pathogen. 

2. Materials and mcthods 

Winter whea t (TrificulII aesfivlfIll L. cv. Kanzler), high ly slisceptible 10 B/ullleria gralllillis 
(De.) Speer r. sp. tritiei MarchaI (mi ldew sllsceptibi li ty: 9; Beschreibende SOrlenli s te , 
Bundessortenamt 1993), was cultivated in a fie ld where N-rertili sa ti on was carr ied out 
accord ing 10 local farming practi sc. While two plots rellla ined as control areas , anothcr 
two were addit ionally fe rtiliscd using ASS (Ammonium nitrate sulphmc) equ ivalcnt to 50 
kg S/ha. This fertili ser was enriched in 14S (o J4S-value = +9,4 %0 ). One of each out 01' these 
plo ts was treated with fungicid e. 

Thc abbreviations lI sed are as folIows: 

ASS: Ammon ium l1itrate-su lphate-bo ron 

KAS: Nit ro chalk , 110 S present 

U: 110 fungicide used 

G: treated wit h fungie ide 

Tab. I Abbreviations uscd for the diff(:rent treatments 

treatment N-fe rtili salion s -rertil isatio l1 

KASU Ves 11 0 

KASG Ves 110 

ASSU Yes yes 

ASSG Ves yes 

fun gic icl e applical ion 

untreatecl 

app lied 

ulltreated 

applied 

Plan ts in the fi eld were s ubjcctcd to naturally occurrillg in fcctioll with /3/lfIlleria grall/illis. 

The evaluation 01' di sease severity (in % 01' lear area) was carri ed out according to GÖTZ 

(1996). 

Sampie collcction: 

Soil , p lant alld funga l samp Ies werc collected from all plots at different developmental 
stages 01' both thc plants and thc fungus. At difTercnt dcvc lopmcnta l stages 01' thc fun gus, 
mycc lium was separa ted froll1 the underlying Icaf without des troying the epidermal layer. 
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These !lQW mycclium-frcc Icaf arcas were punchcd Olll (0 1,0 CI11) . Thc sampies were 
lyophy liscd ami grouncl 10 fine powdcr pr ior 10 analysis (V ENSCIIOTT & BOYLE 1994). Thc 
fungal myccliulll stages analyscd rcprcscnt thc incrcasing ripening 01' thc cleistothecia 
from wllitc myccliulll wit h primordia (gtvl l) that still has elose contaet 10 thc host, 10 white 
mycc lium witll black fi"ui t bodics (gNI3), at wh ieh stage thc cant ac I to the h051 is intcrruptcd 
(GÖTZ & BOY!.E 1998). 

S-a ll a lyscs: 

S-conccntration was dctennincd lIsing an automatcd S-,-lIla lyser (Leeo SC 132). Stable 
S-isotopc ana lys is was carricd out as dcscribed in GIESE/o.'1ANN cl al. (1994) on an e lemental 
analyser coupled to an isotope ratio m<lSS speclfolllclcr (CarIo Erba NA 1500 and Finnigan 
MAT Delta S). 

Thc organic allel inorganic sulphur frac tion in <1 11 sampies was ach ieved using the method 
01' Ji\GER & STEUIlI NG (1971), wherc an aliquot ofcach sampIe is eombusted in a slream of 
oxygen to evolve SO~ out 01' the organic fraction whilc inorgallic S rcmains in thc ashes. 
Sulphur from bOlh f'raction s was prccipi tatcel as BaSO~ allel S-isotope analysis carried out 
on this slliphatc. 

3. Rcsu lts a nd Disc lIssion 

Thc plants f'rom plots w ith additional fllng ic ide applieat ion showcd lower disease severity 
(ASSG, KASG, Fig. I ) anel a highe r to tal shoot growth Ihan planls from plots w ilhollt 
fungic iele. /JIl1lJ1eria grallli/'lis r. sp. '/'ilici showcel infection by vegetative anel generative 
myec lium aeeording as dese ribed by 

7 
to GöTZ CI <1 1. (1996; Fig. I). Disease 
scvcrity e<lllscd by bOlh l11ycc liu tll 
types is higher in S-fcni liscd pI als 
(ASS), as cornparcd 10 11011 S-fertil i
S,ltion (KAS), irrcspcclivc 01' thc ~ 

• 

6 

presenee 01' lack 01' fungieide treat-
ment. In bOlh only N- fcrtilised pl ots 
(+/- fungie ide) the pa r<lsitc cxprcs
sed a near ly idcn ti ca l d iscasc scvc
r ity. ThllS S-I'c rt ili sat ion increased 
thc d iscasc scvcrity 01' powdcry mi l
dew on wheat. As known frolll GOTZ 
& BOYLE ( 1998), the dcvc lopmcllt 0 1' 
generat ive mycc li ulll dcpenels on thc 
phys io logieal state anel fitness 01' thc 
host plant and seems to be forced 
by S-fcrti li satioll (Fig. l ) independent 
01' fung ieide applieat ion. 
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Fig. Discasc intcnsit y [%] of dc vc lopmc11Ia i stages 01' lJIu/JIer;a gramillis. Mcan of Ihc last threc 
evnlu:ltions, n= 10 I\SS: N+addiliona ll y S-fcrtiliscd. KAS: only N-f'cniliscd, U: no fungie ide 
application. G: fungieide applicalion 
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Because of this independence, the following data represent reslilts from plots without 
fungicide application (ASSU / KASU). Thc total sulphur concentration of non- infected 
control leaves was lower than that of the leaf area directl y innuenced by the ear liest 
(youngest) generative [ungal slage (gM I) (Fig. 2). The parasite seems to induce a strong 
s ink, not on ly in the directly infected leafarea but also in the myceliuJ11 itse lf. However, the 
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additional S-fertilisat ion on the ASS 
plots seems to lead to a S-concen
tration in the leaves which is high 
enough to rul fil thc parasite 's needs. 
Wh ilc the S-conccntration in leaves 
from plants grown on the non 
S-fenilised p lot dropped s ubstan 
tial ly in the course of fruit body 
deve lopment (gM l /gM2), it remai
Il ed nearly cOllstant in thc samples 
from the S-ferti lised 1'101. This migh t 
be indicative 01' too little s ulphur 
available tor an ongoing rapid fungal 
dcveloplllcnl in the non S-fertilised 
plot. Regarding the ll1ycelia, a sil11ilar 
cffect became v isib le: we found 
higher S-concenlrations in the matll
ring mycelia (gM2/gM3) rrom S-reni
liscd p lants than in those from leaves 
01' non-S-fertili sed plants . 

Fig.2 S-concentration [mglgDW] in Icafand m)'cc liulTl ofd ifTcrcnt dc vc lopmcntal stages of BII/meria 
graminis samp led from S-fcrti liscd (ASS) ami non-S-fcrtiliscd (KAS) plots 

At gM3 both treatments showcd higher S-conccntration in thc lcavcs than in thc mycelia. 
Wc aSSUlTIe that at Ihis developmental stage, a lrans loca tion 01' sulphur in direct ion 01' thc 
pathogen is reduced (GÖTZ & BOYLE 1998) and hence a s light accul11ulatioll 01' S-col11pounds 
in thc intlucnccd Icaf areas becomes visib le. The S-Ievels observed in non-infectcd controls, 
however, is not reached (Fig. 2). 

Thc application of S- fertiliser resulted in a highcr sulphur support 01' the leaves and 
higher pool sizcs in nearly a ll stages determined. The concentration was also somewhat 
h igher in thc furthcr-dc ve loped generative mycelia. The pla11lS of these plots were bettel' 
ab le to support the inf'e cted sink Icavcs with sulphur. The pronounccd development of 
the clei stolhecia bcginning at gM2 is independent 01' I'urther support wi th Ilutrients by 
the host (GÖTZ el al. 1996). Thi s might enablc thc plants to increasc dcfence reactions on 
thc basis 01' nutr ient acculllu lat ion, as e.g . encasement 01' thc haustoria (GÖTZ & Bon.E 
1998). Thus the nutritional barrier between host and parasite bccol11cs large r. This results 
in an increase in S-pool sizcs in thc directly innuenced leaf areas with a para llel reduction 
of su lphur concentration in thc myce1ia. 
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Com parable investiga tions bascd on stable S-isotopc analys is led 10 thc same conc\ u
s ion s. Thc plant organ s of whca! [rom thc S-fertil ised plots showed more positi ve 
Ö 34S-va lues in depenctencc o f physiologieal and dcvclopmcllta l stage Ihan those of pi anIs 
from non- fe rtili sed pl ots . As thc sul phur addcd 10 thc system through fe rt il isat ion is 
enr iched in 34 S , sampies conta ining Ihis sul phur should show more positive 0 J 4S-values 
compared 10 sam pies from non- fc rtil iscd plols. 

Invcst igat ions of thc o 3~ S - va lu cs in different dcvclopmcnta l stages of the mycclium led 
10 more positive öHS-valucs WhCll fun gnl sampies originated from thc fertilised plot (Fig. 3, 
ASS). Mycelium as we il as its d ircctl y influcnccd lea f areas and sam pIes fro m non-fe nili sed 
control plants however, showcd lowcr 1)J.lS-values (fi g. 3, KAS). The observed contin uo us 
increase of 8 J4S-va lues in lea f and fungus samplcs with developmental stage, from the 
fertili sed plot, is due to a cont inuous uptake an el trans location of fert ili ser sulphur during 
p lant growth. 

T hc generat ive myceli ulll stage I (gM I ) and thc lea f area it d irectly in fluenced was 
depleted in 34S, lead ing to negative 1) HS-va lues (Fig. 3). This means that more 32S-isotopes 
are preseIll in these sampI es from non- fcni lised plots. Pre liminary studies showcd timt 
during plant metabolis l11 , sulphur fracti anation takes pi ace, leading to an orga nic S-fraction 
with more negative Ö JJS-va lues than in the inorganic S-frac lion, where 34S is pass ively 
enriched (KROUSE ct al. 1992). Thc dcpl ction o f HS in bath myceliul11 and leaves of gM 1 
from the non S- ferti li sed plot could 
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prcsumab ly be causcd by a specific 
w ithdrawal 01' the organ ic S-frac tion 
by the fungus duc to a lack of sulphur 
in the plants. Thc fungus wi ll accumu
late the J2 S-isotope especia lly in the 

phys io log ica lly acti vc young gene
rati ve myce liulll (gM I ), resulting in 
negati ve 1) J4S-va lues. As thc plant is 
not ab le to t rans loca te ino rg ani c 
S rap id ly into thc d irect ly in fcclcd 

r . .::8 3 
lea · a rcas, these regIO ns are - for a .... 
cerlain period of t ime - deplcted in r 
sulphur. During the fo ll owing devc- !.O 2 

lopmenta l stages the p lant suppli es 
more inorganic sulphur to thc funga l 
m yce li ull1 to en s ure the nll tric nt 
sup ply for the growing cJc istolhcc ia, 
lead ing to more positive ö 3JS-va lucs 
in sampies of gM2 (F ig. 3, KA S). 

o 

- I 

-2 

. IC:l fKA S 0 myccl iunJ KAS 0 leaf ASS o rn ycchllnJ ASS 

J J 
k af not r gM2 gM3 
inrec(cd 

stages 

Fig. 3 Ö HS-va lue of Icaf alld mycd iu111 o f di lTc rcn l dc"c lopmcll lal stages of Blullleria gramillis as 
influcnccd Ihrough fertiliSil tion w il h HS-cnrichcd lertil iscr 
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Calclliating the proportion 01' sulphur dcrivcd from the 34S-cnr iched fertiliser in the 
myce lium 01' the different developmenta l stages as weil as in the associated leaf areas 
(f'ig. 4) will give a elue as to where fertiliscr sulphur was going. In thc non-infcclcd control 
Icavcs harvcstcd from the fcrtiliscd plo t, more than 50 % of the su lphur could bc ca1culated 
to be 01' fcrtiliser origin . Infection by powdery mildew caused a reduction in the proportion 
01' sulphur dcriving from the fertiliscr in the leaf areas inOuenced direc tly, while this 
proportion inc reased in the fungus. Thi s e lTeet was morc pronoullccd with grcatcr 
dcvclopmcnl 01' thc parasitc. 

The stage gM2, expressing brownish fruit bodies, takes more sulphllr from its host to 
support thc need 01' nutricnts du ring this dcvclopmcntal stagc. During gM 3, the lear 
rep lenishes its S-reservo irs again using fertili se r-derived inorganie sulphur. Thi s bceomcs 
vis ib le in an increase 01' the fertiliscr-derived sulphllr proport ion in thc myee li ul11 (Fig. 4). 
BOYLE ( 1996) suggestcd that thc sulphur supply of th is obligatc biotrophic fungus mainly 
originales from the inorgan ic sulphur fraction of il s hosl. Because 01' thc pronounced 
thiekncss 01' thc encascmcnt 01' thc haus toria at gM3, the transloca tion from the host to 
the pathogen was more or less brollght to astandstill. The nutri ents aceumulated in the 
mycel iul11 ami will then be transported into thc elc istothccia, but thc lcaves st ill bchave as 
a si nk. This led to an accumulation oftotal sulphur as well CIS the ö HS-va lues in the directly 
influcnced infcctcd leaf areas, as cxpressed by the proportion of fcrt ili scr-derived sulphur 
01'61 % (F ig . 4). 
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Our data vcr ify that the t11cthod of 
determining the stab le S- isotope 
di stribution on the basis 01' natural 
S-isotope-variability is su itab le for 
acquiring information on the sulphur 
source of ob li ga te biotrophic fungi 
such as powdery mildew. The results 
s uggcst thc hy pothesis that the 
pathogenic fungus not only aets as 
a sink for S itself: but also alTccIs the 
sulphur mctabo lism 01' the host. 

Fig. 4 Propo rtion 01' fertiliscr-borne sulphuf [%1 in leHf anel myccliulll of d ifferent dcvc lo pmelltal 
stages 0 1" Bll/Illeria gramil/ is 
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