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&hizm species Xe pathogcnic to many plmuin and c m  cause severc 

losses in cereds and otbcr crops, as \WU as ornamcntd plants. Traditionai 

tasonomy in P~thiiyn is bascd primarily on grou-th chanctcristics and 

morpholog and has always been diFticult These difficuities result from the 

limited number of morphological charactes arailable for species iden tifkation 

md thc skpificant rariability of thcse chmctcrs. Rapid, simplc and rciiable 

identification of Qthhtm species ma! be possible using molecular techniques. 

'Ihc major objcctiw of rhia ?;tudi- 1m.s to use nbosomd DNA spncer 1-nrintion to 

dm-clop molccular rnukcrs for identiftca tion and ciassi fication of Pythiztnz 

species. 

Thc spaccr rcgïon bcwccn thc 5S rRNA p c s  divcrgcs npidly nftcr 

speciation and \\-as used as a species-specific hybridization probe for 

identification of ndr-e P ~ f l r i ~ ~ n  species. Devrlopmrnt of probes \vas bascd on 

thc amplification of dic Litcrgcnic spaccr (IGS) bcnvccn tmdcmiy rcpcatcd 5S 

rRNA genes with primes complementq to the consen-ed ends of the p e s .  

The species-specific probes recognized the genomic DNA o f  the isolates from 

\\-hich the probe h d  bccn dcrivcd but not the gcnomic DNA from 92 odicr 

tested Pyt/n'um speaes. Furthemore, probes d&r-ed fmm one mating type also 



rccognkcd the opposite m a ~ g  type and reacted satkfactod- \rith other 

al-ailable isolates fmm die same speues. 

Pmbhg of p o m i c  D N  A with the 5s spaccr probc \sas mcfd not nnly 

for identification of P~tI[~itn/ isolates to the species level but also do\vtd fix 

detecrion of dose relatimships benveen species. The cross-hybridizntion signd 

obsen-ed bctrreen sevm species - P. hpk, P. mrumrumbfzm, P. .pinn.clrm, P. 

ht~~nritgc'rnr P. prlmc~undntm, P. ~dndrn.pont~ md P. p n ~ m n p h n  - th n t  s harc 

slrularity Li morpholog); Lidicatcd that thcsc sp&cs arc vcry closc!y rclatcd. 5S 

rRNA spacers from sewn species thnt form the "P. i"rf=nhn 5': spccr 

homolrqg- group" \wrc doncd and scqucnccd. Thc spaccrs OF mmbcrs of thc 

goup wcrc hi<#ly hnmdognus wirh c x h  othcr, but could not cvcn bc diCgncd 

\\ïth the spncm bund in closely related specirs that \\-ere not members o f  the 

hnmolrig p u p .  This sharp disconànuitv mnr correspond to n nnturd specics 

boundan-. ?he cornmon structure of the 5S spncers and n high la-el of sequencc 

slnilxity indiate that gene esch- occurs behveen the IGS regions of these 

sa-cn spccics. b t h  ncighbor-joining and pmimony analysis of 5S spaccr 

vnrinbility support the assignment of a dose relationship betsveen the spmes of 

dic P. i h p h  clustcr and suggcst that d i q  may bc conspccik. 

The interspecific restriction site variation in thc intcrpic region 

benx-cen the large and the smd rDNA gene subunit of 42 isolates represenhng 

5S spacer homology group \vas dso inl-esagxed and the resultç permitted clear 



idcntifcation of indi\idual sualis. Infcrrcd rclationships bascd on RFLP 

malpis o f  the IGS region w e r e  g e n d y  consistent wvith Our grouping based on 

die 5S spacer me. These resuits pmiidc mdcncc chat the IGS rcgions are 

usefùl for in\-estiga~g bt/n'hv tasonomy and systematics and deteminhg 

intmpecific rclntedncss in this gcnus. 
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There have been over 130 speaes describeci for &h,Rm. Species from 

this gmus c m  causc a widc n & t y  of discases on many host phnts. 

Identification md clssification of I>)./Iri~~rn speàes is m d y  b s e d  on 

morpholog- of rcprr~ductirc stmcturc~, which arc typicdy csamincd in purc 

culture. For mm!- f y h k r n  species, however, vnrïnbility in morphnlop u-ithin 

nnd lietween speties is often too large to dowv reliable identification. hlnny 

tnsonomic chlirzcteristics have continuous mthcr thnn discrcte nriatinn, and a 

lnrgc proportion of isnlntcs in î spccics cm  diffcr cnnsidmblr from the Q-pe 

spccics. Man!- imponmt tasonomic chanctcristic.; dso hm-c m g c s  thnt orcrhp 

bcfivccn spccics. Sets of charactca thnt d c h c  spccics ma!- bc incomplctc for 

any particular isolnte due to loss of reproductive structures, which creates 

additional problcms in identification. hIorphologica1 plasticity and 01-cdap in 

phenohpe among species m d e  classification difficult and complicate the use of 

morp hology for es timnting in terspeci fic relatedness. Species nitb similar 

morpholog)- but independent heages may be incorrectiy grouped together or, 

in odier cases, inconsistent morphological chmcters can be used to infer 

rclationships in mon: than one way. As a rcsult, sa -cd  nonmorphological 



apprnachcs har-c been uscd to idcnàf. I>)fhiirrm spccics and to invcstigtc 

relationships behveen hem. 

hlolecuiar approaches pronde a nelx set of charactes Uely to produce 

greater phylogencac accu? than that obtg&abl by u-eightcd and-is of 

morphologicd cntmn m d  diou- for more reliable, simple muid Fastcr 

identification of isolates. The major objective of this study \ras to fmd a DNA 

scqumcc that itvould bc appropriate for spcaes identification and sethg specicj 

boundarics. K C  itl-trc tqing to Gnd a DNA scqucncc that contains sufficicnt 

inter-spccific variability to bc infornatir-c, but \\-ith minimd Litrn-spccific 

\-nriation to bc crmdusirc. Ribosornd gnic scqucnces arc not npproptintc 

becnuse die: chqge ttoo slowly md becnuse th& rntc of c l img is continuou, 

reflecbng evolution over the long term. nie  spacers ben\-een gmes, howxer, 

c m  bc marc uacfd. This is rclatcd to the fact thnt rDNA spacm xc rc lat id-  

free of  structural md functiond consuaints, u-hich doit\* them to evoh-e 

rclatidy npidly. hloreover, the effecr of molecular drive and concerted 

ex-olution p d y  act to minimizc the dewe of litm-specific variation. 

In a numkr  of P~~lizim speties, 5s rRNA arc orgukcd Lito 

tandem arnys unlinked to the rDNA repeat unit (Belhiri et ai. 1992, Relkiri et 

d. 1996). The intr.rgcnic rcgions bcnvccn rcpcatrd, conscmcd gcncs divcrgc 

capidly afier spetiation and therefore can be used as species-specific probes for 

P~flmm speries in fourlie identification by nonisotopic dot blot hybcidization. 



Del-elopment of probes \vas baseci on the amplification of the 5S spacer with 

primers complernentaq to the ends of the 5S rRNA genes. 

Thc anothcr purposc of this snidy \vas to use SS spaccr scqucncc 

cornparisons to d e h c  species boundaPes in the genus &btir.nt. kcause spacers 

Li tandem arrays diverge npidly after speciation but me subject to 

homogenixation before speciation, the!- give rise to a sharp discnntinuity at 

spccics boundarin. We report one such d i scon~uky  \vhich may hdicate that 

scvcn morphological J3 ~ Z ~ L I I  spccics arc in group that cschangcs gcncs. 

Thc ncst p a l  o f  this prujcct was to utilize restriction fiqgment l~nyh 

pdymorphism (RFI,P) anaipis of the IGS region betn-etn the large and the 

s m d  subunit of rDNA to dcvclop spccics-spccifîc fmgcrprlits for identification 

of individual s a i n s  of  closely related speàes that share s i d a r  morphological 

characteristics n i c  data €rom these snidini a n  be usefid not only for spccies 

identification but c m  also provide Lisight into phylogenctic relnûonships among 

&/Ii~t/n species. 



Organization of nuclear rRNA genes 

The oqpnization and cspression of the nudear gcnes cncodlig 

nbosomd RNih have been estmsivelv studicd. In eukq-otcs thc rRNA gncs 

coding for 18S, 28s and 5.8s rRNA arc orgmixcd in opcrons and arc 

trmscnbed br R N A  polmame I forming n Inrgc rRh!.\ precursor. During 

rRNA maturation hvo intemal anscribed spaceis (TS 1 and ITS 2) nre 

discardcd. Each rRNh npcron is scpmtcd from thc ncst b!- art iinrcrgcnic 

spacer (ICS), dso called a nontmscribed spacer (N'E). hlultiple copies of 

rDN:\ units are typically found clustrred in long dùect tandem m y s .  The 5s 

rRNA gmes are transcnied by RNA polymerase III and are also often found 

clustcrcd in dircct tandem rcpeats consisting of the 120 bp gcnc scqucncc and 

the inteigenic spacer (rel-iewed Li Gerbi 1 %E). Studies of 5s rRNA genes in 

man. plants and animals have shmvn dint the gmes are present in multiple 

copies and they are unlliked to the genes codiog for 18S, 5.8s and 28s rRNA. 



The rDNA repcan provide usefi regions for anaiysis of  DNA ranltion 

within a species, and bens-een speties and genera, due to the v q i n g  levds of 

consenation of the DNA (Sastri et al. 1992). Whilc the intergenic spacer region 

has diverged O\-= e~olutionary time, the uanscribed region of the gene has been 

rclati\-cl- highly conscn-ed, prcsumnbly rcfl ecting its hnction as a compnnmt of 

ribosomes (Appels and f Ioneycutt 1989). Thc lcss consen-ed spnccr rcgionr 

contain information for transcription tmination and contribute to the 

formation of thc transcription initiation complcs (Lassar ct al. 1983). 

5s rRNA gene arrangements in diverse taxonomie groups 

Giwn that 5S rRNA p c s  and thc othcr threc rRN-\ gcnes arc 

rmnscribcd by di ffmmt RNA polmmases, the obsrniition thnt 5s rRN.\ gmcs 

of many eukaryotic species are not hked  to their rDNA units is not ~ u r p ~ i n g .  

\\'hat is surprising is that 5S gnes have in fact oftm been round within the 

rDNA locus in the gnome of some fùngi and protozoa (Gcrbi 1985) and 

screral "highd' eukq-otic species, such as nematode and mhropod species 

(Drouin and dc Sa 1995). In these casa %-hm thc 5S gcnc is hkcd  to thc 

rDNA units, it c m  bc t~nscribed fmm the s a c  s t m d  and thus in thc samç 

direction as the other ribosomd genes, such as in Copnirrts &mis (Cassidr et al. 

19W) and in ~i~îy~ehirn cüsnidetim (hfaizels 1976, Hofmann et ai. 1993) or it 



cm bc transcribed from the opposite smnd and &LIS Li the opposite direction, 

such as in Sa~'r- / Imq~r~ ~rni iuc  (hla~am et al. 1 977, W e r  et al. 1 978). 

The h k a g e  of  5s rRNA genes to the rDNA unie of some 'lowver" 

e u k q o  tic speues n-as previously in terpre ted as representing a primitive 

condition. Similad!; die obsemation of the iinkage of  5S p c s  to the rDNA 

units of crustaceans n a s  &O initidy thought to rqresent a primitive conditim 

in this p u p  (Drouin et al. 1987). Hm-ewr ,  a later study shon-ed thnt this 

amngcmcnt, dthough prcscnt Li s a - c d  crustacean spccics, \\-as not consen~d 

in dl rclatcd spccics (Drouïn ct al. 1992). This is also truc for a divcrsc collccaon 

of oomyzctcs and fungi. Roth linkcd and unlinkcd 5S gcncs csist in thc 

oomycete genus P~/%itm (Bellchin et al. 1997). In most Pyhiztm species chat have 

filamentous sporangia (Dick 19901, the 5s gene was found Li the IGS region of 

the rDNA repent unit, invertecl ivith respect to the other p c s .  In most other 

i 3 h ~ t n t  species, with giobose or absent sporangia, 5S gcnes werc unlinlied tn the 

other rRNA p e s  and they w x e  organized in tandem ara-s, simiinr to the 

arrangement in plants and m i m a i s  (Bekhki et al. 1997). This may suggvst r i t h~ r  

that the common mcestor to dl P ~ I / z h v  species had linked 5S p e s  md that 

such linkagc \vas lest in spccics \vith globose zoospormgia or that this mccstor 

did not have such Illikage and it occurred later in the iineage. 

The Idcage rdationship of 5s genes to rDNA repeat unie; is also not 

consen-ed in fun& (Drouin and de Sa 1995). Aithough most ascomycetes have 



5s gcncs h k c d  to chc noncoding strand of th& rDNA rcpcat units, 

S~;/Iip~'~~t'~'hom~t~xpomh, an ascomycete considered to be primitive, and Ymmirt 

kp&itu, do not have th& 5s genes linked to th& rDNA repeat units @la0 et 

aii1. 1982, Clarc et al. 1986). Fir~ally, in most fihrnmtous yeasts, the 5s genes are 

dispersed throughout the gnome in a comples manner (Nerzenberg et ai. 1985, 

Labat et d. 1985, Lockington et aL 1982). Thus, the linkage of 5S rRNA gmes 

to the rDNA Kpeat units of hngi species \vas establishcd and lost rcpeatedly 

d u A g  th& cvolution. 

In protoxom spccics, 5S p c s  havc bccn LOund tinkcd cithcr to thc 

rDNA r e p a t  units or to the repmt unit of mns-spliced leader sequences 

(Drouin and de Sa 1995). Phylogeneùc distribuaon of 5s rRNA &me iir~kagcs in 

the tram-spliced leader (EL) and rDNA repeat unit \vas dso studied in 

nematode spccies. 5S genes were found linked to the rDNh unit in thc 

.\lc'/uidng.nr rrnnmia (Vahidi et aL 1988) whereas Spinma and A~ïanik'hu have th& 

5s genes hked to thc TSL repeat units (Zeng et ai. 199û, Nilscn et al. 1989). 

This linkagc rclationship \vas then lost in .ïfmng~-&ab and some uubck'~idrr species 

(Rckt~sh ct al. 1988, Joshua ct al. 1991, Nclson and Honda 1989)). P h ~ l o ~ n e t i c  

analysis of 5s rRNA gene 1Likages in the rnNA repeat units of arthropod 

species suggesn that several gain and loss el-ents of 5s gene linkages musr have 

occurred during the evolution of this group. The 5s gene litikage to the rDNA 

repeat units of the spider Aramm species \vas lost in the iineage leading to the 



other mhropod groups, such as hesapods and some speaes of bmch.ipods 

(Drouin et d. 1992, Crease 1993). The above results deady show that 5s rRNA 

gcne Iinkagcs n-erc repeatedly established and Iost during the evolution of some 

eukaryohc gnomes. 

In h&er plmn: and &ais the &ked 5s p e s  are typically a m g e d  

into a m q s  of tandem repeats (!Singer and Berg 1931, Sastri ai. 1992). hfost 

mgiosperm snidics have shown that the 5S DNA units are Iocated at multiple 

chromosomal sitcs (Appcls and Honqcutt 1989). Thc units at a gken locus arc 

wry similar in DNA scquencc but marked differcnccj haw becn obsen-ed 

bcnvcm loci. This sugbmts that m y s  at a parti& locus evolre in unison ond 

littlc cschangg, if an., occurs benmen mirs ar diffcrcnr chromosomd loci 

@ppels et al. 1992)). 

The structure of the 5s DNA repeat unit 

5S DNA uni= have been isolated from a range of higher plants, 

induding corn (Mascia et al. 1381), n-heac (Gerlach and Dwr 1980, .-IppeIs et al. 

1992), wild w-hmts (Scola et ai. 1988), rice (Hariharan et al 1987), flas 

(Goldsborough et al. 1982), lupin (Rafa1sk.i ct ai. 1982), soybean (Gonlob- 

McHugh et al. IWO), q-e (Reddy and Appels 1989, Scoles ct al. 1988), pea (Ellis 

ct d 1988). and animais, induding iasecn (Shatp and Garcia 1 988), frogs (Kom 

1W) and mammais (Lcah et ai. 1990). In cmsidccing cn-olutionary changes in 



the 5S DNA unit it is convcnicnc to divide it Lito smdcr rcgions. Thc broad 

delineation of thesc regions is mostiy based on s tud ig  of the 5s DNA units 

fmm s+cs in die Tnhkae afrer alignlig the availabble databases (Sastri et al. 

1992). The 5s DNA unit consists of the consm-ed 5S R N A  gene itself, a 3'- 

do~mstrmm (3'-ds) spccer region, s middle spacer (ms) region and a 9-upstrenm 

( h p )  spaccr region (Fig 1). The division of the spacer region is bascd on thc 

distribution of ïnriation found in the digned sequence database. 

Figure 1. The diagram of the 5S DNA unit according to Sasui et al. 1992. 
The consen-ed 5s rRNA F e ,  a 3'-downsueam (3'-ds) spacer region, a rniddle 
(ms) region and a 5'-upstream (S'-us) spacer region are indicated on X-mis. The 
coefficient of variation for each position of an dgned dam set of TnXi~rui 5S 

- 

DNA sequences is show-n on the Y-aGs. 

The 5s RNA gene region. 

The 5s RNA gene region has been estensively studied in plants and 

animais br sequcncing the RNA genes, and updates of the sequence data-base are 

regularlr published (Erdmann and Wolters 1986). The gene is genedy  n-eU 



conscn-cd in scquencc. Thcdore probes dcrived €rom s-hcat and its rchtircs 

(Scob et ai. 1988) haw been wed to isolate 5s DNA units fmm A~mfo spp. 

(May ford et al. 1 992), I ~ ~ I I J -  rudbtu (hforan et al. 1 992), Ogyu spp (McIntvre et al. 

1 O ? )  md .-lm& spp., Bmmrx i n m i ,  and Zeu mgs (';astri et al. 1 997). Howela 

some Itngth thaiatioon c m  occur in the 5S gene region. It hm bbem suggested that 

the rcgion near the 3' end of the 5s gene is prone to an crror in rcplication (Scolcs 

ct al. 1988) 'and c m  gmeratc a grcat deal of  ciriability in thc Dfi,\. The 

sipifrcancc of th;s rncchanism ic cnh.uiccd by thc obsrnation of Icngth variation 

in thc 'TCTCrC tmct Li 55 DNA units from Pinlrr, thc l~ngth ~ariation in thc '1- 

tracts, rspecidly in Amfifi, and the common occurrence of n duplication in the 

gxw rcgim, ccntred cm the CC;;\C;;\G scqucnce Iocarcd 48 bp from the 3' rnd 

of the gene in some spmes of the Tnh~we as well as Og;u bnriyndw (Sastri et ai. 

1992). Inspection of tlicse 5-pe of chmges suggcsts thar slippagc during 

repiicxion mm- genente obsm-ed duplications and deletions (Efstndians cr d. 

1 %O). 

In addition to the gcncs c o h g  for 5s rRii%\ found in ribosomes, most 

spccics contain gcnc rYiants and pscudogcncs d i f f k g  from thc gmc by a 

variable number of subsatutions and deletions. Both F e  rariants and 

pseudopes have been found withui the genomes of /Yenop.r (Kom 1982), 

Dmuoplkz (Sharp and Garcia 1988), and rnammalian c& (Emerson and Roeder 

1984, Reddy et aL 1986, Soiensen and Frederiksen 1991). In gened, the 



pscudogcnc; arc considcrcd trmscriptiondy inactive, \s-hcrcas thc p c  \-Gants. 

some o f  wvhich differ fmm die p e s  in ody one or a few positions, are u s d l y  

cxprcssed in vivo (Lassar c t  al. 1983, Som- and Fredeeksm 1991). For 

esample, human ceils hm-e been found to contain three pseudogenes md h m  

p e  variants (Dom et d. 1987). Pseudogenes of 5S rRNA genes have been also 

found Li diçpmed familin o f  5s genes in . ? ~ p q i I k r  @ami;k et al. 1986) and 

Scr~m-~pm (Selker e t  al. 1981) md also adjacent to 55 rRN:\ genes in the rDN.1 

rcpcat unit o f  Fjhi~m pmh~~-miIe (Bclkhiri and Masscn 1 996). 

The 3'-downsueam spacer region. 

Thc 3'-ds spacer region is d c f i e d  in broad t c m s  bv a simplc polymcr 

scquencc chnnctcrilicd by tncts of T of vxyLig lengrh immcdiatcly fnllowlig the 

3'-cnd of thc G e  and, in man. cascs \rith a 'TATAT' motif Furdicr 

downsu~mn. Thc clustcr of T rcsiducs is rccognizcd b!- RNA p o l m ~ n s c  11 1 ns n 

signai of tnnscription termination. The 'TATAT' motif is mognizable in most 

of the plmt 5S  DNA units esamined but in some, such as i\f(~tthiih, If@w, Phm. 

and G&irc it is found within 20 bp of the start of the 5' end of  the gene. The 

\-&able position of the 'TATAT' motif relatix-e to the gene suggests that it is not 

equident to the 'TATA" bos  found in the 5' upsheva regions of gencs 

tnnscribed by RNA polynerse II. 



The middle spacer region. 

The ms region is defiincd as the region that separates the 3'4s and %us 

spacer regions. It is the most variable of dl thc spaccr regions and compa&sons 

ben\-een plant species indicate that feu- pcnlities cm be drawn about its 

smcntrç. The changes indude point mutations, deletions and duplications. 

Imgdi nriation in this region c m  nrise frnm numerous deletions or \-xi3bble 

lengths of a simple sequmce such as the Pinlx TCTflC: tract (CuiIis et al. 1388, 

hform ct ai. 1993). 

The 5'-upstream spacer region. 

The 60-30 bp region upstrenm h m  the 5 '-ad of the p c  is dcfined ns 

the 5'-us spnca region. Wthin n tribe such as the Tdicrlr  the 5'-us region is 

relntiwly highly consemed compnrcd ui th  the resr of the spnccr (Scc)les er al. 

1988j. I t  hm becn sqgested that thk region mny c q  inforrnntion imr>h*~d in 

forrning of thc tnnscription complcs. Thcrcforc, it is surprislig that in dic d a n  

basc availablc from a broadcr spcctrurn of spccin, conscn-cd rcgions in thc 

spxer hare not bcen Found. This may suggfft that the prima- recognition 

sequence for forming the transcription initiation cornples for RNA polvmcrmc 

III Lies within the gme region as showwn for Xrmpm 5s DNA, where the TFIIIA 

and TFIIIC proteins bind to the gene (Lassar e t  al. 1983). The spacer region 

wodd be cspected to  bind TFIIIB and m o e  thc actki- of the transcription 



cmnplcs (kssavcris ct ai. 1990, Sorcnscn and Frccdaihcn 1991), but it is dmr 

that the espected t - t  sequences are not consen-ed. 

Chromosomal location of 5s RNA genes 

The p c s  co&g for 5S Rh!..\ rarely ocnipy only a single chromosornal 

location. In .Y'~ropz~~* lrcris man- sites hm-e been reported (Pardue et al. 1973) 

dthough most of the 5S &mes are located nt the telorneres of most of rhc 

clirornosomes. In humms most of rhe 5 Ç  rDNA is locited on the long a m  of 

chrnmosome 1, but s e v d  other minor locations have becn r v r t e d .  The 5S 

RV.\ gmcs in Dmrnphh nztOnqi~.rkr occur in n sin& clustcr o F about 1 60 gncs  

on thc sccond chmmosomc at locaaon 56F (Glowr ct al. 1973). In thc 

nngiospcrmr, am. of RN.\ gnia tend to be locdized to one or n feu- sites on 

onc tr) thrcx homoloppus pairs of chromosomes. :\ dramatic c s c ~ ~ t i o n  io this 

rule is flax (Scfinreberger et ai. 1989) n-here the genes are dispearsed. In the 

tomato, tandemly repated 5S rRhTA gcnes have a single chromosomal location 

on the short a m i  of chromosome 1, in a region close ro the centromere (Iqitnn 

et al. 1991). Studies on the 5s DN:\ l o a  Li species of the Triticeae hm-e shown 

t h ,  withli a spccics, nvo scpmtc loci for the 5S DNA cm cocsist and that 

thnc loci arc characterked by d i f f m t  sizcs of the 5s DNr\ unit. In Seil& 

(Reddy and Appels l989), ThXiim tmi.dii (iagudah et ai. l989), T. m o n o m m  

(Ihorak et al. 1989) and T: aedhtm (Cos et al. 1 992) ththe long 5S DNA units (469- 



496 bp long) are located on group 5 chromosomes, wherm the short mirs (327- 

169 bp Iong) are located on p u p  1 chromosomes. 

An Litcrcstîq cscepaon to thc prcscncc of thc 5s rDNA scqucnccs on 

TdiL~rlz chromosomes 1 and 5 occurs in barlcy. ln th& species die s h m  length 

class of 5S DNA uni& n-as m a :  round on chromosome 2 (Kolch ins~  et ai. 

1990). The additional minor locations of 5S genes were identified on the short 

a m i  of chromosome 1 and the long ami of chromosomes 3 and 4 (IAtch and 

I Icslop-1 Iarrison 1993). In rice, the 5S rDNr\ gene cornples \\--as located at the 

enci of the short ;um of chromosome 9- This cle;ul\- indicates that the 

chn.)mt.)somai location of gmes fmm spccics a-ith homologous gcnorncs c m  not 

Lx. nssumcd n-itliout cspctim~n td prrm t 

The suri-ey of Triticeae spcties 

addition to major hcations of 5S  p c s  

with 5S DNA probes suggests tlint in 

on homolopus chrornosomc g o u r s  1 

and 5, mhor  locations of 5S DNA units rn? nlso bc distributcd throlyhout die 

grnome (Reddy and Appels, 1989). This raises the possibility that these mhor 

sites represent an ancesval snte and that major locations at a p a r t i c h  locus 

(r~wlting €mm thc ampiification of a fcw units) arc of rcccnt ongin. If this mode1 

is correct, the obsen-atiun of a major location for 5S DNA units on chromosomc 

2 on barley suggests that the immediate ancestor to badey nmplified 5s DNA 

units on chromosome 2 The alternative models propose the possibility of a s m d  

ttanslocation in the formation of minor sites of5S rDNA or occasional deletions. 



.In ancestral am!- of repetitire 5s DXil units mal- undrryo n large deletion of 

mmy unie as a rcjult of an tmcqud sistcr chromatid cschangc (Kocbncr ct 31. 

2 386) or Litrachmmosomd rmrnbination event. 

It is o f  interest that other plants shon- more chromosomd sites for 5S 

DN A thm the Triticeae species. Thc 5S rRNA genes in flm (up to 58,500 copies 

per haploid genorne) are distibuted o w r  man!- chromosomes (Schneeberger et 

d. 1389). The 5s gmes in the gpnnosp r . ,  Pinm raddu, have also bcrn shoum tc, 

be dispersed over many chmmosomcs and Li multiple positions ~ L Y  chromosvmc 

(Gormnn et nL 1992). Sirnilnr dispcmed p c  arrangcmcnts nrc also ch.mcrnistic 

of S~1m~f70nr  ~ricw and scvcral othcr nscomycctous fungi (Bamiik ct d. 1986). 

n i e  number of 59 DN.\ u ~ I ~ M  in the gmomcs of a r q g c  of plants is quitc 

vanable. In the flo\vering plants it m g e s  fmm 3600 copies/l C in .\luthioh ~ ~ M I U  

(Hcmlcbcn nnd \Uxts 1988) to about 100,000 copia/  lC in flas (Goldsborough 

et ai. 1982). Purthemiore, whiie i\luithio& has 1.5 pg/lC, flax contlins only 0.75 

pg'lC and hcncc contains about 56 timcs as man)- 5s g n c s  on a pg basis. nicsc 

and orher data on 5s r W A  copy number suggesr that 5s gene nurnber is 

unrrlatrd to grnome complexig-. The snidr of 5s rDNA in spccirs of the Trii'~rle' 

(Vnkhitol- ct d. 1986) shows that changes in the numbcm of 5S DNA unit?; at n 

g k m  tocus can occur relativcly quickly w-ithin an cl-olutionq time f m c .  In a 

su- of  115 accessions o f  Tdkm /MIJL.!,Z (Lagudah et al. 1989) iic \vas found that 



the numbers of 5S DNA uni& (short and Ion& ac 5S DNh loci rariuied ar Imt 10- 

20 fnld. 

Evolution at the 5s DNA Ioci 

It is of Litcrcst to ask if thc cstcndcd DNA scqucncc mrinbility at 5S 

DN.I loti in diffcrent species reflms the tasonomic relationsbips bem-een the 

respective speàcs. The 5s rRN.4 gene regkm h s  been used to study lxghcr ordcr 

rclationships in a dil-erse nnge of organisms (I lori and Osma 1987) but is too 

hyhly  conseri-ed to be informative at the lewl of genus or species. C o m p ~ s o n i ;  

bcnvcen m-id& diverse g n e r a  bxed on rhc gme region (Specht et al. 133 1) hnvc 

found that the 130 bp region contnins too s m d  n number of phylogeneticdy 

infomntk-c sitcs to dlow br andpis of closc rclativcs, and it ~~~~~~~CS tao npidl- 

for rclinblc compnriuisons among distan tly rclxcd tmn (S tcclc ct al. 1 931, Halxn-ch 

1991). Therefore the 5S rRNA çnie sequence dntabase h s  been suggested t r ~  

hare lLnited power Li resolring phylogcneric relationships at q tasonomic ICI-cl, 

unless a veq- small number of taxa are invoh-ed. ' ïhe spacer repjon, on the other 

h.md, has dix-ergcd at a fastcr mtc and appcars to be phyiogeneticaüy useful for 

the studr o f  rehtionships behvem speaes. h p i d y  evoivhg inteqpic spacers 

brhveai 5s gens \vert. used in s t u d i s  of the Triticeae (hum and :lppels 1992), 

P ~ ~ Z I J -  @lem et d. 1992), Atimh (Playford et al. 19921, Ogyu (McIntyre ct al. 

1992) md EIILW&~IS and A4npphom (L'doliac et d 1 995). 



\?C'ithin a trilx such as the Triticeae the spacer region of the 5S DN;\ unit 

h3S been found to be suitable for phylogenctic andysis (Baum and Appels 1992)- 

The rrccs obtaïncd fmrn hc ncighbour-joining mcthod using thc distmccj 

computed scpxately from the and "long" 5S DN.4 unit., yïelded r s d t s  

supporrive of traditional casonomy of Tnticeac. 1 Iowver, die uee obtained fmm 

al1 the sequences aligned togcther produccd conFusing rcsultr. The combination 

of the nrio size classes in the nlignment gcncnted many unknown sites in the data 

due to gaps. \?%cm the "short" and 'long " units N-ere analysed separatel-, the 

g ~ p s  \vert minimkcul Li cach ncw data set. This indicntr.; that the '%mg" 2nd 

"short" 5S DEA units shouid be ueated as sepante chmcters. Tt assumes thnr 

diffcrent clnsscs o € 5S DN.1 units c\ni\-c indcpmdcntlv. Phvlogmctic andvsis of 

.-twrr species based on 5S DN.1 unit sequences dxo suggcsts that at last three 

clnsscs of 5S DN.1 units that csist in -4u& do not cl-olw at the samc rntç 

(PIayford ct al. 1992). This multiple chromosomal location for the 5S DN.\ loci is 

a. complicating factor for the study of relationships benveen species. Howe\-er? 

this problm is not only iimited to the 5S DNA units but applies ro a nnge of 

scqricnccs currcntly bcLig uscd for phylogcnetic nndysis. 

The relntively mpid e~-olution of the 5S DNA spacer region has dso been 

obscn-cd in ricc (hIcInpc ct al. l792). Thc widcly diwrgnit naturc of thc 5S 

DNA spacer Li rice probably reflem the great biologic diwrsity of Ogya .species. 

The second possibility is that independent h q s  of 5s DNA loti esist in Ogya 



spccics (as is thc casc in thc Triticcx) and that cstcnsivc scqucncc diffcrcncc5 

occur behveen them. The nucleotide sequcnce di~ergence \vas s u f i e n t  to d o w  

the 5S DNA cloncs to be uwd as p o m e  specific probes to c i i s ~ g u i s h  bcnr-een 

man! wild md cultivated nce speçies. The tasonornic relntionships behveen Ogyu 

spccics bsed on the 5S DN;\ sequences agreed \\-eu wi-ith relationships bas4 on 

morphoiogicnl chamcters and cytogenetic studies (hfchtrre et d. 1992). ).'fie 5s 

rDNA rcpcat h.u bccn aiso uscd to csaminc thc rclationships of Ei~tw)f/tcs and 

-~-lngophum (L!dolïcic et al. 1905). Parsimon. and!-sis supportrd txsonornic 

r ~ l i a o n  o F E m 3 p J  bnscd on snidics O f morpholog. 

The expression of 5s RNA genes 

'Ihc csprcssirm of  55 RN.\ gcncs hnvc bccn intcnsivcly in\-cstiptcd in 

dic ;\frican c1awcd t o d ,  Xcmpm- i tmi~  (VG'olffe and Brown 1988)- The .Yc'noprt.r 

gmorne contains hvo mnjor types of genes (termed ooqte and somntic type) 

encoding sLn;lnr 5S Bboromd R-\i:Is thnt are diffemtidillr reylatcd d u h g  

del-clopment The somatic type, comprising only 2":) of the animal's 5S DN A, 

encode more than 95% of the 5S RNA synthesized in somatic celis in al1 stages of 

development (Peterson et al. 1980). -YPIIOPIIJ ooatcs qnthaize and accumulate 

mady oocyte type 5s W A .  Because there are oniy 400 somatic 5s genes but 

ovcr 20,000 ooq-te 5s genes p a  haploid genomc, this is a final di ffcrcn tial gcnc 

transcription of orcr 1000-foId in somatic ccUs. A h  feailization and 



del-elopment of the embryo, die oocyte-speciflc 5s RNA genes are repcessed, 

\vldc the somatic 5S RN-+ p c s  rernain h l - c -  This is an esamplc of what m -  

be n cornmon del-elopmrntd rnechanisrn: m-o ppe f d y  have similar 

con trolling elements that are recognized b!- the same factors but are nonetheless 

controllcd diffcrcntl-. What thcn nccounts for thc ooq-tc 5S RN:\ gcncs 

actil-ntion in oocytes and th& repression in somatic cens when the somatic 5S 

gcncdimccion in both ccU ~ p c s ?  Onc modcl for this da-cloprncntd rcylation 

cspl&s thnt diffcr~nccs Li thc stability of anscription complcscs 3sscmblcd on 

major oocyte and somatic jsRV.-\ p ç s  account for diffcrmtial tmscription. 

11 region of about 50 nuclrotides n-ithin the 5S RV.1 gcnc, cdrd the 

"Intcmnl Ccintrd Kegion"(ICR), is andogous in hnction to die promotcr of n 

procanotic gcnc, bccausc it is rcquircd for RN.\ polymcrasc 111 to initintc 

trnnscription at tlic s t x t  sitc of thc gcnc (Dogcnhagcn ct al. 1980, Piclcr ct xi. 

1988;;). IIo\vc~-er, die RNA polymerasc does not recopiae thia DNA sequence 

directiy. I t  recognizes a transcription comples that includes DNi\ in the ICR and 

thrcc or morc othcr molcculcs (Lassac ct al. 1983). The ICR is thc b i n h g  site for 

n 38,000 Ddton p r o t ~  cded mIIIA. Transcription fktor TFIILI  dong nith at 

least nr-O other factors ( F I I I R  and 'FIIIC) form a trmscnption comples on the 

ICR that ciirecm RNA polymerase III to initiate transcription (Fig. 2). The 

importance of transcription comples staldit). lies in its role in the control of gene 

espression (Wolffe and Brown 1987). 
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Figure 2. The transcription comples of 5s RNA genes of ,Y~nopzillr htvis 
according to Wolffe and Brown 1988. 
TFIIIA and TPTIIC bind rapidly to a 5s RNA gcnc foming a 
oSFIIIA/'t'FIIC/5S DNA comples. The TF1 IIA/'i'FIIIC/5S D K A  comples 
matures as TFIIfB is sequestered, forming a complete transcription comples. 
The comples is then competcnt to bind RNA plymerase III and transcription 
initiatcs. 

Oligonuclmtide-directed mutagenesis within the intemal control region 

idcntificd thrcc distinct scquencc clcmnits that rcgulatc transcription nctirity: bos 

A, contaking the cornmon, consen-ed dnss I I I  promoter domain, and m-O 5s 

g n c  spccitic scgmcn ts, tcrmcd thc intcrrncdifitc clcmcn t and bos C (Piclcr ct d. 

1987). Annlysis of individual steps in the formntion of the stgble initiation 

comples reveded that the hm 5S g n e  specific elemena are the m.?;n 

determinano: for the stable binding of Ti711L\. In concrast, TFIIIC binding 

appearj to be dependent on interactions with TTIILA and on direct DNA 

interactions in bos A 3s \veU as in bos C. 

The somatic and oocytc 5s gnia differ by six nucleotides. Thrcc of  thc 

six base diffemces benveen oocyte md somatic 5s RNA genes contcibute to 



di ffcrcn tid tmscription complcs stability. Ir R-is dcmons tnted that somatic 5S 

genes bind four tirnes tighter to TFTII.4 than oocyte 5S gens (Wormington et al. 

IORI). Ir has been dso suggested that the stabfiation of the binding of TFIIIA 

by TFIIIC is in~nlved in this differential stability. When oocyte 5S RN.\ genes 

hccurnc unoccupicd by tnnscription factors, a rrprcsscd  chroma^ stmcturc 

forms that esdudes the subseqwnt h & g  of  these factors (Wolffe and Brown 

1988). Thmefore &socintion of u~iscription factors from oocyte jS RX-\ g~nrs 

during detelopment don-s t h m  to be repressed by chromatli assembly. In the 

snmc cclls, somntic 5S RW.1 gcncs rmn l i  nctivc becnusc thcir transcription 

complcscs arc stablc- 

Roth <wc)-te md somatic 5s DN.\ rrpeats are nssociated with 

nucleosomes (Young and Cnrmil 1983); hou-eter, différences e s i t  in the 

orgnnizntion of c h r o m n ~  owr thc ooqtc muid somatic 5s R?;\ gmcs. It hns 

becn shou-n that nudeosomal m y s  cont3ining histone Hl are responsible for 

mintncwiing thc o o q c  gcncs in a rcprcsscd starc (Schlisscl and Bronm 1984). 

Promotcr clcmcnts of thc rcprcsscd ooq-tc gcncs arc Liacccssiblc to transcription 

factors becnuse the!- are packed into nudeosornes contaking histone Hl-  Histone 

1 is shown to h m * ~  a r01c bod, in detcrmining the orgmbation of nuc1cosorncs 

over the oocyte 5S DNA repeat and in repressing cranscription of the oocyte SS 

RNA genes (Chipe\- and Wolffe 1992). 



Information conceming espression of 5s RNA genes in ocher systems is 

Iimited. The humm 5s r R i A  genes are found in dusters of  tandem repeated 

units. The number ofgenes and dos+ rehreci gene mriants is found to be 300 - 

UXJ pcr haploid human gcnomc (Sorcnscn md Frcddscn 1991). Cornpantiw 

snid!- w-ith the .Y. h~ruri-r somntic 5S gene show-ed that the human g n e  del-iates in 

cight positions. Onc of thcm (a< position 53) is locntcd within the -1 box of thc 

i n t ~ m n l  contn)l region (Pielcr ct d. 138;). The tirnr-coursc of  transcription and 

optimal conccntntions of tmplatc mJ uanscription factors n-crc fi~und t o  bc 

simiIar for both gcncs (IYingcndcr ct d. 1988). It has bccn shown thar if 5'- 

flnnking sequences are rcrnovcd from the human gcncj, transcription is reduccd 

bi- a factor 10 or morc, suggpting that scquences upsueam of the coding region 

are important For the lcrel of uanscription gocensen and Frederikscn 1991). In 

contrnst, die ~ n ù r e  SV-flmking rcgion could be delercd from a X bnu&ir somatic 

5s p c  "thout affccting thc transcription in vitro (Sakonju ct al. 1980). .-\n 

absolute requkement for 5'-flanking sequenccs hss been reported for the 

transcription o f  D. n~t'hnogu~tcr; B. non- and S. rTLI5JW 5s &vil gcncs @hup and 

Garcia 1388, Morton and S p n y c  1981, Tyl~r 1987). Tnnscripriond snidics on 

S ~ ~ m s p o r ~  ~mssa indicate that sequences outside of the gene, in the spacer region, 

are Lnponant for accunte and effiaent transcription, including TATA bos-like 

sequences (ryler 1987). Moreover, because X~~mpora 5s genes differ in th& 

codlig regions, thc possibiiity of diffcfential csprcssion of inchididual p c s  or 



sub-chsscs n - 3 ~  raiscd. Howcvcr, dclction and substitution mutations intmduccd 

into t-&able regions shou-ed diat thcse variable sequences play Iïttle rolc in 

transcription (T'ylcr 1 987). 

In plants a Inrge amount of information is 31-ailable concerning 

orpization md sequaces but not much conc&g gLmr espression. Studics 

crmiucted on rice 5S rRN.1 gene espression shon-ed thnt dormant seeds 

containcd onc spccics of 5S RNA w.vh;lc 18 h grmliatcd sccdiing conwlicd at 

Imt 2 specirs of 3s rRW.1 (I-Iariharnn et d. 1987). Informntion rrprding 

scqucnccs rcquircd for spcùfic tmnscription is limitcd to scqucncc cnmpîrisons 

nther thm funcrional assnvs. Cornpanson of n numbcr of 5S rRK.1 sequenccs 

indicatcs that thc rcgion corresponding to thc Intcmd Control Rcgion OCR) of 

the X /tmù gmrs is higjdy consen-ed in plants (I lemlcbtn and Werrs 1988, 

Gorrnm et d. 1992). 

The structure and huiction of the intergenic spacer 

Each rRN;l transcription unit is separated from the nest by several 

Mobasrs of DNL\ c d d  an inteqgmic spacer. The IGS spacer shows gcat 

&vrrjity among different speàes. Sudi \-xiabHty niscd thc question of whcthrr 

the spacer carries out any hctions.  Currently w e  know thar elements of the 

spacer c m  hare a stroag enhancer effect on RNA polymerase I  scripti ion. 



Length variability and sequence repeti tion in the IGS 

The IGS stmcture, u-h;ch has k m  srudid Li many orp-kms b -  

rc.striction enzyme digestion and sequenting, oftm shou-s intemd repetitions. In 

.Yt~~opm h ~ i s  the repe3ting uni& Xe 60 or 8 1 bp, which begin 260 bp upstrmm 

€rom thc rW.\ ini t iat ion sitc md cstcnd about 1.5 - 5 kb f h c r  upsucam 

(Boscley et al. 1979, SoiIner -Webb and Reeder 1979, hloss et d. 1980). SLnilarl!-, 

thc mousc IGS has R 135-bp rcpcx, ii-hich bc$s about 150 bp upstrcam of tlic 

initiation sitc for umscription and cstends 650-2700 bp upsrrcam (ilmheim and 

Kuclin 1379). Intcmd rcpcrition in thc IGS is dso found in vxious Dm.~ophih 

spccics, n-hcrc 250-bp repeats be* about 50-80 bp u p s t r m  of the initiation site 

(T.ong et d. 1381, R3e et d. 1981, Renknu-irz-Poli1 et d. 1980). 

;\ variable number of repat units \rithin IGS results in differmr 01-crdl 

l cng th  of thc ~mtirc rDN:\ unit both bcnw~n  organisms m d  ct-cn in onc 

indiïidud. The spacer of X Itu~ic varies in length from 7.7 t~ 5.5 kb (Weilauer et 

ai. 1976) muid diis vxîation contributcr dirccdy to lcnçdi hctcrogcnin- \\lthin md 

k h v c m  indi~iduals. Botchan ct al. 1977 dvidcd thc spaccr Lito four rcljons (il, 

B, C, md D), d i f f c ~ g  with rcspcct to thcir 0 1 - 4  nriabilin Compxison of 

four doncd fngmen ts rcveded the consen-ative nature of region -4 relative to the 

length variation obsen-ed in rcgions B and D. Rcgion B consists of multiplc Smd 

sites and varies in lm& from 1 to 1.2 kb. Region D varies in Iength from 0.89 to 

3.8 kb and is characterized by a reylar distibution of BmHI sites. This region 



accounb: for most of the spîca  lengrh ~ ~ t i o n .  The length nriation thnt 

resultd from the insrnion or deletion of units of a rrpeating DN;\ sequencr \vns 

dso found in ChLiese hms te r  (Stmbmok 1978), .md m o u e  md mm (;\mheirn 

and Sourhem 1977). hfapping of mouse IGS shows that Icngth variation k 

I « c . ~ c d  to n spccific rcgion dcfmcd by SA, which 1-a~cs from 1 to 7 kb m d  as 

mm- as 1 5 discrete fngment classes have been idcn tifed in \ d d  and inbred mice 

(.\mheim 1 979, Grumrnt et d. 1979). .\mong T ~ h m  species, zs =-el1 ns ammg 

Lidii-iduals of 3 popdxion of a single spwi~s ,  consid~raD!c spac~r  1 ~ n g h  

11rintit ln occurs (nvm-k and .\ppels 1082, -4pprls m d  D w n k  1982). \X'ithin the 

u-hnt varietirj, specific size c1:usci: cuuld be assigna! tu ~ i t h e r  c11n)mosomer 1 D, 

6B, or 5D. Ir i  Chinese S p ~ ç ,  for eszunplc, the 9.0-9.1 kb spxcr  It~igtiis Jcti\r 

:ilrnost tritirel\- from cliromosome B, wlde the 9.4 kb \-%&nt deni-CS from 

chromosornc 1B. nit cluncd smpks of 9.0 and 9.1 kb w ~ n n t s  diffcr in kngh 

due tc) a single 133 bp spacer repeat unit. 

I ~ n g d i  hcreropeity is rnrdy secn nmong fun& In yem (hrel -e~k and 

R d  1976, Nath and B d o n  1977), scqu~ncc mdysis shuu-cd thst the laq'cr 

r e p a t d  stretches do not occur, althoyh shorter direct r~peats of 4 - 16 

nuclrotidrs \vert. round in rîriable qu.mtirirs (Skryabin et al. 1984). Imgth 

~nriabilih reported in the mconycete I>noui& h-o&iü does no t appm to be dur 

to 1-xiations in the number of subrepeats (\.an 1 leerikhuizm et al 1985). Length 

hctcrogcnci- in thc IGS secms to bc more commoa in oornycctcs thm in othcr 



fun*. Spaccr lenbgh variability \\-as reported Li s e d  b d r i z ~ r n  specirj. IGS region 

of  Ijrle+m zikkllir indudes hvo regions of heteropeity (Klasscn and Buchko 

1990). -1 region located about 1 kb dounstrmm o f  the 3' end of the L q c  subunit 

rRN.1 gene contains a segment whkh is present in multiple versions d i f f e ~ g  k 

siiize bi- ns much as 0.9 kb. Each of 14 esnmined isolatcs showed a unique pnnem 

of heteropeity in this region. The othcr region, located ncar the centre of the 

IGS, consists of n 385-bp repcnt The sizc of the rcpnt scbment is idcntical in dl 

P. ztkiimm isolatcs, but the numbcr of subrcpc';~ts (6 - 12) is high!~ polymorphic 

Lcngch heteropi ty  in the IGS \ v s  also reportcd for i? jmlrpd.. (Re1Mk-i md 

Klnssen 1996)- Tu-O \-ersions o f  IGS Jiffer b!- about 200 bp. Roth versions 

containcd 3 consen-ed 5s gme md p~cudo~gcne w n randcm rcpat .  For man!- 

odier Q~bi tm species having the 5S gene in the IGS, the region benveen the Iarg 

subunit rRT.1 gcnc and thc 5S gcnc nppcnrcd to bc dso wrinblc (Hclhiri et 31. 

1 992). Rcs triction malysis of the IGS o f othcr Qll,ir/~ spccics (f. prnr.mmhm, P. 

.ipin.im P. gb'rltitm and P. imgz~hn) reveaied the presence of pol-morphic 

f u m s  in the samc isolate, rnoiation Li thc numbcr ur polymorphic forms in 

diffewnt isolates of the same species, md inscmons-deletions in multiples of 

approslnately 60 bp adjacent to the 3' end of the large subunit rRNA gene 

(Martin 1 930). 



Functional regions within the IGS 

The 1engi1 and sequence variations in die IGS sugglest that the ICS ma! 

Iack a hctional rolc, hon-cwr sornc regions with spccific Function hm-c bccn 

identified widi;i the IGS. n ie  structure of a h-picd /'mir intergenic spacer is 

shown dingrnmmnticdly in the Figure 3 (Reedcr 1981). On thc tight site, the 

spacer is bnundcd by the gene promotcr, &ch estends from about -142 rn +6 

(hIoss 1982, Soiha-Webb et d 1983). On the left side, thc sp3ccr is bounded b!- 

a transcription tcmwiaaon signal at thc 3' end of cach gcnc (Bakkcn ct al. 198). 

E l - c ~  spacw is punctuated by hro to sewn or  more imperhct duplications of thc 

gmc. promoter (the so-cdled Barn island, becausc it contains a fion~f-II restriction 

rite). Thcse spaccr promoters arc scprintcd from cach othcr and from thc g x ~ c  

promoter by 60 and 81 bp t'mdcm rcpcating clcmcnts. Thc 81 bp rcpcat: '?TC 

~ssentidly the samc as the 60 bp elcments \\-iirh an ndditinnd 21 bp added nn. .\ 

12 ùp saetch of sequence found in the gene promoter at -73 to -1 11 can dso bc 

found u-ithin each 60/8û bp repnt 3s isvcli u: \\-i-ithLi each spaccr promoter. 



Spaœr ôOB1 bp Spaœr WB1 bp Gene 
Prormter Re~eats Promoter Repeats ~romoter 

--- - - -- 
X I  - 

Figurc 3. Orpization of thc IGS of Xcnopzts hczfi according to Rccdcr i 984. 
The white boxes represent the F e  promoter and duplicated spacer promotcrs; 
the blacli boscs reprcscnt thc consmcd 12 ùp rcljon found Li thc promotcrs 
and in thc 60/81 bp rcpcats. 

The IGS duplicxion bas b m  used ro esplin the cnhnnccr-likc 

propemcs of thc IGS in DNII uansmption. It has been proposed dix ire 60/81 

bp rcFcats contain squcnccs that act as cnhanccrs on thc grnc prcimotcr, md ir 

is likcly thnt thc activc corc of the cnhanccr clcmcnts is thc 42 bp clcmcnt R ~ L T  

1984 has proposed that the enhancers act by attnctiny a transcription factor or 

factors \vhidi bhd to the pp~e promotcr and actirate it for transcription. This 

mode! affords n esplmation for the nucleolar dominance of transcription of X 

&mir rDNA over X. U ~ N ~ J -  rDNA, since the former has at Ieatct 24 and the latter 

has only 1 of the 13 bp repeats in the IGS (La Volpe et al. 1985). 1-Iowever, this 

model is not a general esplmation for ail cases o f  nudcolar dominance, sincc dic 

dominancc of mousc ovrr human rDNA uansc~prion Li ccli hj-bnds appcars to 



be due CO inactivation or loss of a gene for a species specific transcription hctor 

nerded to a&\-are human rDNA (hfiestield and Amheim 1984, Onishi et aL 

19234). No enhmcer actil-in- has becn reported for the t - q -  large spacers of  cithcr 

mouse or human ribmomd p c s .  NucImlar doxninancc has also bcm obscn-cd 

in se\-erd genera of plants (Wrdlace 1982) and in crosses hem-m Dmwphih 

nlzh?~~grl.cfdr and Dm.vp/riilr aknt15rr1.r .>.urïcnca and Krider 1 978)). I ton-ener, p c  tic 

csperimcnts have sho\\-II that a locus outside of the ribosomd gme locus is nlco 

invol\~d Li nudcolar domlimcc in Bmsof>lh (Dutica muid I;rid~r 1978). 

If  spaccr promotcm arc truly important fix ~nhanccmcnt of rDXA 

transcription, one rnight espect to fmd them in a \-ide variet. of  species. Thç 

csistence o f  qmccr promoters is not <)bvioious in yemt, since the? Iimr d i \ - ~ ~ ~ g e d  in 

scqucncc, but a countcrpm of the rDNA initiation rcgion cm bc found vcrbcct 

et d. 1981). The region 2330 to 2-13 of the i-eenst IGS 11s been s l i o w ~  to have 

enhnncer-iike activity for rRNA transcription OC'amer et al. 1985). E\-en E. 'n.4 

ha5 four duplicated rDNA promoters (Boros et d. 1983). It is also ho\\-n that 

control of transcription rcsidcs at  thc IcwI of thc individud rDEu.4 uni5 sincc 

during developmental activation of the rDNA cluster sorne units ma!- bc full! 

active whde others are entkely inactive Li transcription & h e m  et al. 1976). 

The signais for termination of transcription appear to be highly consmed 

Li el-olution, both among differmt RNA polymerase gene f d e s  nid dso 

nmong widely divergent species. This signal Licludes a region of dyad symmetry 



followed by the cluster of' T-residues. Such a signal h r  termination is el-m 

r c c o ~ e d  by E mf RNA pdymcrasc, and is found Li thc rDNA gcncs in E. a& 

(Young 1979, Brosius et al. 1981). There is no Gsed termination site in the IGS of 

Dm~'op/Iz& m~'hnogd~f(r. A sim;lar tcfmination signai consishg of a short 

palindrome follon-ed by m oligo-T tnct \vas found at -225 of the Xcnop~u IGS 

and acts as as c"failsafc" tcrminator (Morgan ct al. 1983). In humans, bur possiblc 

termination sites n-ere identifid (Safran? 1989). Lang et d. 1991 pmposed 3 

modcl for termination in\-011-hg a pausc clcmmt mcdiatcd by a protcin factor 

wd a 5' fldmking r e l a x  elemrn t. 

Molecular approaches in the study of phylogeny 

Thc study of molccular phylogen!. b c p  at the turn of thc ccnruq-. 

Immunochcniical studics showcd thar scrololjcal cross-rcacticms w r c  strongcr 

for closclv rclated cirgmisrns hm for distmtlv reIated oncs. In tlic 1960's md 

1970's, protein sequence datn \ns esremid- used to infer ph!-logenetic 

rclationships among organisms. Presenti- DNh anal+ h s  had a geat  impact 

mi molcculx phylogcnc It hns bcen -cd to sntdy both ph.logcnctic 

rclationships among doscly rclatcd species and vcry ancicnt cvolutionaq- 

occurrences, such as the divergence of ph* and k;npdoms. 

At prcscnt thrce basic approaches arc availablc to o b t k  information at 

the DNA IcveI which c m  be used to chamcterize sirniIaritics and diffczenccs 



benvcm species. 1 will disas these in increas-Gig order of resolution, nmely 

restriction enzyme yialysis, hybridimtion analpis, and h d y  sequeocing studics. 

Each approach has its advantagpj and disadvanuges in an evolutionary study of 

repeated sequence of DNA such as that found ar the rDNA lociis. Idediy, such a 

snidv should combinc thcsc threc tcçhniqucs. 

Restriction enzyme analyses 

bstion of' D N  A samples with restriction mdonuclcxwcs and n p a n ~ g  

the DN.4 fragments on a size basis using electrophorrsis is the first s t r -  in 

chmctenzing die rDh"\ of nn orgmism. In e\-olutionaq stud!- the restriction 

enzyme mal!-ses sen-e to mnp the rDNA unit and thus locate regions of 

vnrinbili- u-ithin the unit. I lo\\-cl-cr, R n P s  do not providc uscful information on 

thc rclationships bcnvccn spcacs. Thc rcnson for this is that in such mnlyscs, 

lenghs of DN.1 fragments are rneasured and a single mutation cm led to Ioss of 

a restriction sitc and a ciramatic changc in lcngth of thc DNA fragncat bckg 

assayed. Ir has been es timated that seyuence divergences o 1 3 to 10" 4 1  are USL?U~ 

correhed with much higher di\-ergences of f ~ g m e n t  patterns (-20 to 80" ;.) (Rae 

et al. 1981). In addition, it I: me for the rDNh system that the length variation 

u-ithli thc spccics c m  bc just as cstcnsivc as the variation obm-ed bctmm 

species (DI-onk and Chen 1981, Appels and D v o d  1382, Arnheh et al. 1982). 

The Litemaily repeated sequence nature of the rDNA spacer region mcans that 



length variation is not aln-ays duc to inactivation o f  a restriction m z p x  site, but 

codd also resdt Gom variation in the number of cepeathg units in the spacer. 

In n study of members of the Triticeae to identik species which we 

clnscly rclatcd to the gcnomcs of hcxaploid whnt ,  T ~ t i k m  utrfi17rnt, (Pmcock ct 

d.1981) L n R I  md R m H l  digests were utilired to chancterize the rDNA unit. 

TX-nnk and Appcls (1 987) found estensix-e variation in the lcngth of rhc IGS 

f i e n r s  defuicd by Tuqt in populations of T. ~prh0idz.s: The application of a 

restriction cnq-mc analvsis of thc rDNA region in rchtion to phylogmy has dm 

brrn camtrf out in D m ~ % ~ p / ~ i h  sp. (Co:m et al. 1982). Esamination of published 

data indicntes that the extensive 1-xiation for the spacicer length esists \vithin lines 

of D. i n c h f ~ n p i f f r  derived fmm a naturd popuhtirin (Corn et d. lcI*3 3). 

Tlierefore, phvlogniv o f  this type c m  not be considered reliable because ndequnte 

snmpling of  populntirms n F  the species wns not done. Restriction malyses at the 

rDNA Inas have been conducted nn ChLu>E)'dnmn~trt.r species (Marco and Rochais 

1 98l), Tritrl~n~znrr sp& (Din and En&erg 19791, and ciliateci protozoans 

(Swnion ct al. 1982). In thc casc of Tctmh~mcno thc phylogcnctic rclationships 

detemiinal by rDNA xsniction malyses wcce difftttmt Fnm diose Li esisting 

phylogenies. rDNA mapping was aiso used to study evolution in five )est 

F e r a  (Verbeet et aL l984a). RFLP adysis of mitochondrid and nuclear rDNA 

has been used to estimate intn- and litezspecific relatedness in Phyfophfhoru 

(F6rster ct al. 1988,1990, Forster and Co ffey 1991, hfds et ai. 1 WI), Sertrn~paonr 



(Russcll et al. 19û4), and Fzf~miim oiyponim wtler et al. 1987). The cornparison 

of restriction maps of the rDNA repeating unis w a c  used to detemilie 

tasonomic af6n; ties of some Pyhiifm qxcies wvhich lack de fmitil-e morphologicd 

chnnctcrs and thus w-crc not amcnablc to traditional ta~onomic tcchniqucs 

(Nassen et al. 1987). 

The derelopment of the ~~~~~merase chain raction ( K R )  and in 

automation have rei-oh tionized molecuiar biology and ph ylogene tic mal ysis 

(hIullis and Faionna 1987, Skki ct d. 1988). PCR is a proccss nf DEu'A 

amplification that dlowvs fi~r the deteairin of a single mrilrrulc of twgct DNA. 

Thc trcliniquc h3s \vide npplicntinn in studicj r IF population b io loa  (Arnheim et 

d. 1 990). It \\-as used to detect bncteria directly from en~uonmmtd samples and 

has provided a powvcrful m m s  to esamine the diversity of naturd microbial 

populations, avoiding relinnce on cultimtabdity. 

\White et al. 1990 designed a series of PCR primers based on highly 

consen-ed regions of rDNA These primer5 are applicable to a varie5 of 

organisms and cm bbc uscd as "unirmai" primcrs to ampli. thc DNA rcgions 

rncoding the nuclrar small subunit rRNA md the transmbed spacer region 

between the srnd and the large rDNAs. Because these nvo regions of rDNA 

e\-oI\-e at different rates, anaIysis o f  spacer and coding regions provides diffment 

sensitirities and resolu tion for tasonomic and phylogene tic studies. 



RFLP malysLi of PCR mplified 1 6  rRNA genes \vas uxd to identi- 

bacterioplankton samples collected fiom the Sargasso Sea which do not resemble 

an- pmiously h o n n  bactend species (Giovannoni et al. 1990). The same 

approach has bcm dso uscd to disscct n id  chanctcrizc thc crolutiona~ 

relntionships of a cornples epibiotic microbial communin-, a\-oiding difftculties in 

culturing these opnisms  (Hddad et d. 1995). RF7.P and+ of PCR nmplified 

s m d  subunit ribosomd RN,\ (~srDNi1) and thc Litcrnai trmscribcd spaccr ( I n )  

\vas uscd to study thc gcnctic vmiability in twcnty fil-c isolats rcprcsenting fiw 

4~,/>ir,m rpecies collected from diverse host and geographic origins (Chen et aii1. 

1992). Restriction digestion revedcd litde intmspeci fic \-ariation in thc ssrDN .4 

muid ITS, and R ~ & R  could be reiiably distinguished. f - ,  n w  

morphologicdy similar spccics, P. Irnir'nommr~ and P. g i i i f i i t o b  w hich wcrc 

cnsily sepnnred fmm the other specics under smd!; could not be differenriated 

from each o ther. Da ta prcsen ted sqges  t that P. ~ ~ e ~ o m u ~ e - r  md P. grrrni ihh arc 

not d i s ~ c t  spccies and nccd to be combineci. These rcsults indicare that PCR- 

R n P s  cm bc used as a simple and spcedy tasonomic tool for ecological study of 

P~f11izfrn species. 1-iow-ever, hhtin and Kis der 1 990 indicated die possibiiity that 

comigrating bands from diffment speaes m y  not be homologous and tha 

cornparison of fbgmrnt b4ze alone may not be useM for estimation of 

e\.olutionary rclatcdncss. The planr, inscct and fun@ esamples presented hcrc 

indicare that length of a @\-en sequence as dehed bp reswiction e n d m u ~ l ~ e s  is 



not a useM tasonomic character unlcss many restriction mdonuclcascs arc 

esamined, 

Hybridization and hybrid melting point analyses 

L'tilization of dW.4 as n probc in mclting p in  t anal!-scs hns prolidcd n 

rduable parameter to qun  ti fi- relationships benveen groups of bacteria (Klipper- 

Bdz and Schleifer 1981, hlordaiski et al. 1981, Stackebrandt et al. 1981). hlelting 

point andyscs using probcs from a wcll-dc Gned rcgion of thc p o m c  such as thc 

rDNA rcgion dlows hundreds of species to bc esamined lr-ithin a few weks for 

a qumtitativc assignrn~nt of dic dcgrcc of  rclatcdncss n-ith rcspcct to thc 

sequcncc assayed. ;\ classic csamplc, where mclting point analysis \vas utili~cd, is 

thc studr of ,Y. hc'~is nnd X l n ~ h  (Brown ct al. 1971). Brown ct al 1972 used 

h!-bridkation to show that the 18s and ZûS codkg regions are highly 

homologous benveen tn-O IYt~~~p~~J species, unlikc the dissimilari- benvccn thcir 

IGS sequmccs. Thcy found smd numbm of heterulogous hybrids \\hich meltcd 

approsimatcly 7 C lower than homologous hvbrids. This Tm s-stcd 10"., 

mismatch among cross-hybridizing sequences. It is interesthg to esamlie thesc 

carly studics in rclation to dic structure of rDNA as it is I;no\\n today. Thc 

overd structure of the IGS of X. htvis and X. don& is quite diffcrcnt at the 

restriction enzyme I e d  Sequencc studies have demonsmted an o v e d  

mismatch of appro-xhately 47Oh nith certain stretches shonuig complete 

homolog): In relating this sequencing information to the early Tm data, the 



Limitation of the Tm type mdysis cm bc dcmonstrated. Thc anal~sis 

underestimates the degree of difference benveen two DNA sequences bcing 

compared. 1 f the regions b&g compared are roo dissimilar, the. w i - i l l  not cross- 

hybridize and thus n-ili not bc assayed wvith a giwn probc. 

The use of the d'Tm parameter in an e~-olutionn- study was adnpted by 

:\ppck and I3-orak (1982) k th& mdysk of thc rDNA in spccics of the tibc 

Triticcac. ?hcv wcd as probes 1 I diffcnnt parts of thc doncd rDXA rcgim <if 

u-heat, wvhich wvcrc 100 to 100 bp in Imgh. Fil-e TdiLrmz spcacs wrui. cornparcd 

tn T. mthitm, the eourcc o f  the probc. Tm values for each prolx dlowed thc 

species to be ranked widi respect to thRr relatedness to 7: rlt.him/. 

xqcomycctous and bnsidiomycctous !-cast (Lachancc ct al. 1986, Kurtzmm u i d  

I'hdf 1987, Kumman 1990) and with some limitation for fdamcntous hngi 

(Kuruman 1985, V;kaip 1988). Thrse studics dcnionsuated that the pcrccntagc 

o f  DNh that cross-h\.bridizes bcnveen closel!- related species is very lowv, less 

than 20fl.L, w h k  thc pcrccntagc cross-hybridiiring bctwns mcrnbcrs wvi& a 

species is genenlly greater tha .  90° (Bnms et al. 1991). 

Sequence analyses 

In pnnciple, the DNA sequence of a region of interest is the "ultimate" 

for an cvolutionary study. DNA sequence analysis c m  sol\-e man)- of dic 

problcms associated \ . t h  RFLP and hybndization andysis. rDNA scqucncc 



cornparison cm gcnerate a large nurnber of  charactes for phylogcnetic inference 

and pro~idc a morc accumtc mcasurcmcnt of gcnctic distances behvcen species. 

rDNA nudeotide sequence cornparisons provide a mems for anaiyzïng 

phylogcnetic rclationships over rasonomif I c d s  mgLi6 from s@n (Jorgcnsen 

muid Clustcr 1788) to kingdoms ( n n m s  ct al. 1991, Hcndriks ct d. 1991, Schlcgcl 

1991). rDNA consists of hlghly conscn-ed regions intcspcrsed ~vith nriable 

regions, making it m i d d  candidate for molecular evolurionacy studies, both for 

dose and distmtly related organisms ('White et al. 1990). The phylogenetic 

and!-sis of  nuclcotidc scqucnccs hhas b c ~ n  p c d y  bscd on hr-r) myn catcgxics 

of rncdiods for infcmng trccs. In thc distancc matrix mcthods, cvolutiona~ 

dist-mca are computd for di pairs o f  tasa, and phylopetic tree is consvucteJ 

by us% an alprithm based on some functiond rclationships such as the distance 

\-duc (Felscnstcin 1988). The pnnciplc of mxxiisimum pasimnny mcthods inmlws 

the identification of a tree that requires the srnallest nurnber of e~olution- 

changes to esplain the differences among the tzxa under smdy (Eck and Dxh-hoff 

1966, Rtch 1977). The g n d  assumption of parsimon!- analysis is that el-olution 

talies the shortest route, so rhat the maximum parsirnony trec shodd have the 

minimum of nurnber of chanp.  

Ribosomal RNA gene sequenccs prowd useM as an %cl-olutionaq 

dock" for studyhg rehtionships of fun@ species. Sequenchg of SrDNA 

dcrnonstratcd b a t  the h g - l i k e  protoctists such as the Oomycctes and the 



accilular slimc molds arc not dirccdy rclatcd to fungi but that thcy originatcd 

before the fun@ (F6ntn et al. 19N). The Chytidiomycetes, ho\,-ever, were 

includd with the tme fun@ (Bonman et al. 1992, Li and Heath 1992). Large 

subunit DNA sequence cornparison gm-e good results in a snidy o f  phylogmy of 

somc F~wni~m spccics (Gundct ct al 1989)). Partial scqucnces of morc 1-ariablc 

regions of SrJ3N.A (D3 domain) from 23 spWes o f  the Pythiacem u-ere 

compared to nssess their ph!-logenetic relntionships (Briard et d. 1995). In 

contnst to a hi& 1rve.l of &\-ersin- bund wkhh f3hkn1, P~fopbfhor~ appeared to 

bc ï c n  hurnogmous, uith srnail phvlo~mctic distances among all 15 spcacs 

in\-es&pted. Thrrefore to estabbh fhtions \vithLi Ph~toph!~um, it t necessaq- to 

inwstigpc otlicr scqucnccs such ns iTS, rho\vn to bc uscful by Ixc 2nd Tq-lor 

(1992). ITS regions el-olvc kt md 1-aq- among specics w i t h  n grnus or nmong 

populntions (Gnnzdcs et d. 1990). 

Characterization of the genus PydZum 

'Ihe oomycete genus P~t/urrm is 3 cornmon inhabitant of terrestid and 

aquatic ecosystems. In addition to being saprophytes on kesh o r p i c  substrates, 

species in this genus dso may be imporrant pathogens on a nurnber of economic 

crop plants. IjfhUïm spccics can causc rot of fruit, mots or stems, damping of 

seeds and scedllig. Thac have bccn ovcr 130 spcQes dcscribed for this p u s  

(Dick 1990); many of whidi may diffa by minor morphologicd features. A 



txwnomic account o f  P~îhiztrun has bcen gk-m by hficidleton (1 943) md l y s  to 

species and original descriptions by Waterhousr (1 967, 1968). The re\*ision of the 

species of Fj~hinrrm and dichotomous k q  to spccics idntification was published by 

Van der Plaats-Niterink (1981) and Dick (1990). 

Morphology and reproduction 

The mycelium of P~fhrim is coenoqtic but delicate, coloudess, often 

nith h-phal swcUuig, rarely n-ith chlamydosporcs. I Inustocin are not fomcd. Thc 

\vds are fibrillar Li orgmization, with a cornples chernical stnicturc c o n s i s ~ g  of 

polrsnccharidc, protcLi md Lipid (I lunslc!. 1973, Çictsma ct al. 1 975). Glucms 

constitute about 90" of the w d  and ccUulose, a P - ( 1 4  i inkd glucan, malies up 

about 36" 4 1  of wholc ducan- 

Thc nsesud reproduction tnhs places br- m e m s  of zoospormgk~ and 

zoospores. The sporangiurn is scpantcd from the rest of the myceliurn b~ a cross 

\\;dl. Thc sponngia c m  bc fdammtous or morc or  lcss sphcricd. In somc spccic-j, 

fdamrntous sporangia are hardg distinguishable from vegetatire hyphae or the- 

nrc in flatcd and may Çorm ctcndroid structures. In &%N/m tlic zoosporcs are no t 

fomed in the sporangium itself but in a veside outside i t  Sporangia fom a tube 

through which the spomgial contents more and form a v a d e  at the tip w i t h  an 

undiffemtiatcd mass of protoplasm. 'lhis mass diff'mtiatcs h t o  a numbcr of 

zoospores. The zoospores are bean or pear-shaped with nvo lateraiiy attached 

flagella (Colt and Endo 1972, Kobayashi and Alai 1974,1974a). 



Scsual rrpmducaon tdts places by mms of oogunia and anthMdis 

The oogonia, the fernale organs, are temilid or Litercahq sphericd s u - e l h p  

with a smooth or omamcntcd \\-dl. The anthcri* thc malc orgms, consist of an 

mtheridid ce11 \\-hich can Le sessile on a hypha, interdary, or fortned temindly 

on an antheridial stalk. The anthecidid cell touches the oogonium and penetraies 

it bv m e m s  of a fertilimtion tube. I f  andieridia oiginate from the mgmial stdli, 

thev arc rermed monoclinous. Antheridia are called diclinou if the\- originnrc 

from a different hypha not connectcd \vith die one supportkg the oopnium 

. \ h r  fcrtilization, a single ooapore is usudy produccd insidc thc oog.miurn. The 

oosporc secretes a doublc w d  i~vhich is smnnth csccpt in P. rl;f~ïi.ponm u-hcrc 

th- arc rcticulntc. Onsporcs nccd s c n x d  i~vccks of  rcst bcfi m thcy m cnpnblc < > f' 

g r m i n a k g  (Van der Plants-Nitemink 1981). 

XIort spccics of P$titim nrc Iiomothdic, hmvcrcr iictcrothalism c m  nlso 

occur in PJfhN(nl {Campbell and I-iendi- 1967). For esample, P. phtikinr, P. 

/Itt~'mfh(litimz and P. phdtlznr are heterothallic, dthough Iiomothnllic isolates arc 

sometirnes encountered (f lendrk md Campbell 1968, Van der Plants-Nirernink 

1968,1969, l9?2). 

Taxonomy of the genus pvtaium 

Thc gcnus P~fmulr Li thc prescnt smse \\-as introduccd by Prinçsheim 

(1 858) and was piaced in the Saprolegniaceae- Pringsheim based his genm on 

hl-O fun@ which he named P. monopc'mItA/n and P. en~bopytb~m. The latter one \ a s  



uansfmcd to Lïgeni&z~m (Zopf IBN) ,  so that P. nto~~o~ptnmtm rcrnalicd as 

lectotlpe spmes. Presentiy Pyfh01m is regarded as clpe p u s  of the l a d y  

Fjrhiatrrrr in the Pemnosponles. 

Identification and classification of  P~~htitm speaes k mainly based on the 

morphology of reproductive structures, which arc typicdy esamincd in a purc 

culture. Important characte& tics indude sporangi um presence, s hape md six; 

zoospore producaon; oogunium location, ornamentauon, ske and shqe;  

oospore size and \\-d thickness; and the number, shape, and source of antheridia 

(Van dcr Maars-Nitcmink 1981). Certain spccics arc diffcrcntiatcd by quantitative 

differences, such as the ske of oogonia and oospores, and the number of 

mthmdia per oownium. Idcntifiation of Pyhi~tnt species, \vhich do nor produce 

di the reproductive structure, cm bbe 1-er). dificult (Hendris  and Pnpn 1774). 

P~ti)ti~nt isolntcs thnt do not rcproducc scsudlr and hetcrnthalllic cultures thnt 

require the oppsite mating Npes arc espccially difficdt to idmtit. Thcrcfore the 

isolntes that fail to produce oognnia and oospores in culture n-ere grouped into 

fi\T group based only on zoosporangia criteria: @t/Iizi/n F - zoosprangia s t r i c -  

filmentous, Qthit~m T - zoosporangia with inflated clmcnts, ~ t h i t m  G - 

zoosporangia sphericd or elIipsoid but not proliferous, P~thhmz P - zoosponngia 

sphericd or eilipsoid and proliferous, F@iztm HS - sporangia not hown, h.phal 

bodies are presat  or absent (Van der Plaats-Niternink 1981, Dick 1990). 



Speues-specific probes 

For many &Inim spccics, rariabilig in morpholagy within and bcnvccn 

spccics is o h  too large to allow reliablc idcntification. Man. taxonomie 

c h a ~ c t ~ t i c s  have c o n ~ u o u s  mther than disciete variation, and a large number 

of isolates cm difffer considmbly from the rype speties. hfany important 

t.lsmnmic charactmktics hm-c mgcs thar ovcrlap bctsvccn spccics, which crcatcs 

addi tiond pmblcms in identification. As î resul t, se\-ml nonmorphologid 

approaches have been used to iden tik l3hiint speaes. 

One relatirely new approach is the construction of highly specific DN.1 

pr( hcs for thc idcntificatim of plant p a t h o e c  fungi. Spccics idin tifkation wirh 

a DNA probc cm bc rclatil-cl!* npid and providcs a dcgrcc of obicctivity not 

always possible in traditional methods of species identification. Cloned nndom 

DNA fngments have been used as probes to identi. species of fungi, such as 

F'mm~tm n-y~pontnf 2nd Phnntrl tN/~~jV.n'b (i\ Innicorn c t al. 1 387, RoUo c t al. 1 987). 

For P~tnpilrfho~ speues, DNA probes selecred from =dom clones have been 

developed for P. purir'fiiirr (Goodwin et al. 1 989, 1 990) and P. dnp1~oru (Goodwin 

ct al. 1990a). These doned probes were used to detecr the fungus in mot tissue 

md soi1 samplc as wcll as to distinguish genctic differcnccs among isolates. 

Scrological assay kits also have becn testcd for thcir abat)' to detcct P. ~innmomi 

(Benson 1991). A mitochondrial DNA probe doned from Gmrnunmq~~.rgriinis 

\vas developed for identification of Gazmannons)"~~ species, the causative a p t  of 



talie-al1 discase o f  wheat and barley (I Ienson 1989))). I Iowel-er, this mt DNA done 

hj-bridked also w e d y  to DNA from Plk7hphorc~ spp. and St71mpora L~UJ-J-U 

The selection of species-specific probes codd be simplified b!- 

id~nt~cat ion and dirrrtcd donhg of  spca6c rcgions o f  the gcnomc that arc 

v;iriablc among spccics but conscmcd among isolata of the snmc spccics. This 

approach was used to select probes speafic for several speaes o f  PLytnphfhoru 

(Lee md Taylor 1992, Jme et al. 1993). Tirenty base pair oLgonudeotide probes 

constructed from the transcribed spacer region ben-een the 17s md 5.8s rRNA 

P. Linrrrtntonti 

hImy DNA ptobcs h a ~ c  bccn dcvtsed for thc idcntificatiion of parasitic 

protozoa such as i s s l m i a  (Rarker et al. 1986, Barker 1989), P h ~ ~ r n o d z m  (Delves 

ct d. 1989,I.d ct d. 1989)? and diwmc spccics of tqpmosomcs (Fiidc ct al. 1090, 

Mas@ and Gibson 1990). The intergenic region bem-een 5S rRNA genes has 

been used for identification of  species of the protozoan parasite Einzt~rr \\-hich 

causes cocadiosis in a 1-ariery of domestic animds. 

DN.4 probes havc also don-cd idcn tification of  SC\-cd &/Iihv isolatcs to 

species level. DNA fragnents from mgions o f  the mitochondrial chromosome 

sho\ving interspcafic \-ariation prowided probes for P. ohgandnm and P. &fiL7;m 

(Martin 1 991). A DNA probe recognizing a repeated sequence \as isokted from 

a gcnomic libnry of P. i . t h  (hfatthew et al. 1995). This probe rcactcd oniy 



with P. imgdrn and P.   pi no am The restriction f m e n t  probes from the ITS 

spacer had a higb degree of spefies speùficity for P. z / / . z z m .  when tested ag;zinst 

24 o thcr P~l/>arn spccim Qkvcsquc ct al. 1 994). 



AIATERIALS AND hIEIT-IODS 



Table 1.  Isolates of P ~ f h i ~ m  spccics ~ ~ c d  in this s t ~ ~ d v -  

Species Culture ID Statusb MTc Ref.  NO.^ Origine 

CBS 284.31 
CBS 337.91 
CBS 431.68 
CBS 337.29 
CBS 549.88 
CBS 520.74 
CBS 55388 
CBS 285.31 
CBS 522.74 
CSS 21 6.46 
CHS 77281 
CBS 21 5.80 
CBS 263.38 
CBS 324.62 
il PCC: -UN 143 
CBS 551.88 
LUS 288.32 
CRS 323-94 
(:US 842.68 
CBS 843.68 
CBS 359.30 
CBS 203.85 
cas 154.64 
CBS 223.88 
CBS 21 8-94 
CBS 219.94 
CBS 753.96 
CBS 3 14-33 
CBS 664.79 
CBS 406.72 
CBS 155.64 
CBS 166.68 
CBS 221.94 
CBS 381-64 
CBS 505.80 
CBS 234.72 
CBS 236.72 

NEOTYPE 
NEOTYPE 
TYPE 
TkTE 
PN 
TYPE 
PN 
TYPE 
TYPE f 
PN m 

Ftancc 
xcth. 
U.S. 
China 
Neth. 
China - 
a 

Ncth. - 
d 

Ncth. 
U-EC 
Canada 
U.K. 
Russia 
China 
Kcth. 
Francc 
US. 
US. 
? 
Xcth. 
.-lustdili 
U.K. 
Germmy - 
4 -- - 
# - 
i 

Neth. 

U.S. 



- 

Species Culture IDa Statusb MTc Ref.  NO.^ Origine 

CBS 330-94 
CBS 327.62 
CBS 286.79 
CBS 393.54 
CBS 286.31 
CBS 451.67 
CBS 450.67 
CRS 253.60 
CBS 692.79 
CBS 168.68 
CBS 574.85 
CBS 33 1 -68 
CBS 23-68  
CDS 22-68  
CBS 266.38 
CBS 368.38 
CBS 380.33 
CBS 136.87 
adc 91.24 
CBS 250.28 
CBS 269.38 
CBS 46 1.48 
CBS 469.50 
CBS 493.86 
CDS 263.30 
CBS 49486 
adc 94.03 
adc 94.05 
CBS 287.31 
CBS 265.38 
CBS 49286 
CBS 733.94 
adc 94.1 O 
adc 94.1 3 
CDS 156.63 
CBS 697.83 
CBS 550.88 
CBS 222.88 

PN 

TYPE 
TYPE 

Swi tz. 
Jarnaka 
U.S. 
U.S. 
u-S. 
Canada 
Canada 
German~ 
( h a d a  
U.S. 
CR. 
Ncth. 
Neth. 
Kcth 
K c  th. 
&th. - 
d 

Xonm!- - 
4 

Ncth. 
Neth. 
'lusmlia - 
# 

Polmd 
U.S. 
PoImd 
Keth. 
Neth. 
Germanu 
U.S. 
Poland 
Canada 
Neth. 
Neth. 
A us t d a  

lapan 
China 
U.K. 



Species Culture IDa Statusb MTS Ret  NO.^ Origine 

CBS 573.80 
CBS 515.80 
CRS 579.80 
CBS 251 -28 
CBS 381 -34 
CRS 212-68 
CBS 213.68 
APCC 431 1c 
CBS 3 1393 
CBS 773.81 
CBS 375-72 
CBS 528-74 
CBS 336.88 
CBS 158.73 
CHS 470.50 
CBS 254.70 
--\PCC 4 3 2 1 ~  
CDS 29337 
CBS 738-94 
CDS 3 15.81 
CBS 382.34 
CBS 530.74 
CUS 376.72 
CBS 768-73 
APCC 41 17a 
CBS G98.83 
CBS 157.64 
CBS 203.79 
CBS 651.79 
BR 163 
BR 559 
BR 568 
BR 635 
BR 637 
CBS 225.88 
CBS 169.68 
CBS 289-31 
CBS 776.81 

TYPE + 
TYPE - 

TYPE 
PN 
TYPE 

Ncth. 
Neth. 
Canada 
Ncth. 
i 

Neth. 
Ncth. 
Russia 
us. 
hieth. 
U.K. 
Neth. 
L.. K. 
U.K. 
us. 
Ismcl 
U.K. 
U.S. 
S. A frica 
U.S. 
L x .  
Ncth. 

;\us tr3.h 
Seth. 
Neth. 
? - 
t 
Canada 
U.K. 
U.K. 
U.K 
U.S. 
US. 
Ncth. 



Table 1. Estmdcd 
- - - - - - -  

Species Culture IDa Statusb MTc ReT. NO.~ Origine 

CBS 81 1.70 
CBS 751.96 
CHS 363.79 
CBS 845.68 
CBS 158.64 
CBS 217.94 
CBS 173.68 
CBS 383.34 
CBS 533.74 
CBS 371.50 
CBS 29437 
CBS 275.67 
CBS 390.31 
CBS 274.67 
CDS 376.67 

*-- - C W 3 t  i.12 
adc 85.058 
;\PCC 4 1 2 b  
APCC 4012d 
:\PCC -K) 1 Sb 
CUS 266.69 
CRS 42-48  
CBS 603.73 
CBS 226.68 
(:DS 228.68 
CBS 230-68 
CDS 232.68 
CBS 233.68 
CBS 452.67 
CBS 453.67 
CBS 633.67 
CBS 720.94 
CDS 721.94 
CBS 722.94 
CBS 723.94 
adc 94.1 1 
adc 94.1 2 
adc 94.1 5 

'TYPE 
TYPE 

Neth. 
U.K 
Japan 
U.S. 
;\us trdia 
France 
U.K. 
hrc th. 
Xeth. 
Gcmiany 
US. 
hieth. 
S. =\frics 
U.S. 
Neth. 
Japan 
L\&. 
Li.).=. 
U.K. 
U.K. 
Belgium 
U.S. 
U.S. 
Xcth. 
Ncth. 
Neth. 
Ncth. 
Xeth. 
U.S. 
US. 
U.K. 
Cmada 
Canada 
Canada 
Cmada 
? 
? 
? 



Table 1. Estendcd 

Species Culture IDa Statub MTc Ref. N0.d Origine 

adc 941 6 
APCC 32151 
CBS 3 1 6.33 
CBS 323.65 
CBS 223.94 
CBS 656.68 
CBS I l  t -65 
CBS 114.79 
CBS 171.68 
CBS 21 9.65 
CDS 114.19 
CBS 249.28 
CBS 264.38 
CBS 291.3 1 
CBS 296.37 
CBS 305.35 
CDS 378.34 
CBS 398.51 
CBS 488.86 
CBS 489.86 
CBS 49û.86 
CBS 491.86 
CBS 725.94 
CBS 726.94 
CBS 728.94 
CBS 729.94 
CBS 730.94 
CBS 656.68 
adc 93.06 
CBS 51 8.77 
CBS 157.69 
CBS 295.37 
CBS 1 19.80 
CBS 159.64 
CBS 178.86 
CBS 699.83 
CBS 216.82 

PN 
TYPE 
TYPE 

TYPE 

NEOTJTE 

TYPE 
NEOTYPE 
TYPE 
PN 
PN 

. 
d 

Canada 
Neth. 
1 taly 
Fmcc 
Neth- 
Lebanon 
Spain 
* 
d 

U.S. 
? 
Ncrh. 
xcfh. - 
d 

U.K. 
Ncth. 
* 
4 

Nech. 
Polmd 
Polan J 
Polmd 
Poland 
Canada 
Canada 
Canada 
Canada 
Canada 
Neth. 
Nonva!- 
Neth. 
U.S. 
U.K 
Iran 
Australia 
Neth. 
Japan 
J=P== 



CBS = accession numbcr of sua l is  obtained from Ccntraalburcau roor 
Schimmelculnires, Barn, Nctherlands; APCC = acccssion number of strains obtained 
from the Aquatic P h ~ o m p t c  Cuihirc CoUection, Reading, England; BR = acccssion 
number o f  strahs from Biosystematics Research Centre, Ottawa, Canada; adc = srrains 
not rnaintaind 
bType = strain from which the type materiai \vas derived; AU = authentic suain, 
idcntified by che author of the species; PEU' = st rau i  used for description in Van dcr 
Plaats-Niterink monograph, NEOTYPE = strain desibmated as neotype by Van dcr 
Plaats-Niterink because di type materiai is missing, and ? = unccrwui or unknown. 

hfT = mahg typc; a, b, or +, - = oppositc matlig typc; f = fernale; and m = mdc. 
Ket No. = number by n-hich the isolate is referred to in tel? and fwre captions. 
Xe&. = Nethcrlands; ? = unhown; S w k .  = Swi-»itz~-rhnd; C. R. = Costa Rica; S. 

-4frica = South Africa. 
Speacs with globosc sporangia and/or hyphd sr-ehgs. 
Spcacs o f  which no spomgia or hyphai swehg  arc kno\vn. 



Isolation of DNA 

DNA \vas estractcd from the g~htk isolates according to the mcthod of 

hf6lier et d. 1 992 \\-ith some modification. Freeze-diird mycelium (30 mg) wns 

rstracred in 1 ml of TES buffer (100 mhI Tris, pH 8.0, 10 mhI EDT.1, and Tl) 

sodium dodcqi sulfate) \vith 1 0  to 200 mg of protchasc K at 5S°C fi>r 30 mLi 

\rith occasional gmde stirring. 280 pl of ShI NaCt and 138 pl o f  

hcxadc~lrr imc~l  ammonium bromidc (Ci?AB)/hiaCI (10" 10/0.7 hl) u-crc addcd, 

uid the mixture \\-as incubated for 10 min at 65°C. Nest the lysed suspension \\-s 

cnitrifugrd (16,000 s g) for 10 min at 4°C to remove c d  debns, and the 

supmatant (1 ml) \vas r s t n c t d  with an rqual 1-olurnr of  chk)n)fimn/isoarn~l 

dcohd (24:l, \./Y) for 30 min on icc. Thc CT.\B-protch complcs and SDS wcrc 

removeci by centnfugntion (1 6,000 s g) for 10 min nt TC. 'Ihe supemn tan t \vas 

rr-estractrd b!. adding 450 pl of 5hl ammonium acetate and incubating fur at 

Icast 30 min on ice. This \vas f o h e d  by c m  tnfugation (1 6,000 s g) for 1 0 min at 

4-C. The DNA was precipi~tcd by ad+ i l 5  FI o f  Lopropanol to the aqueous 

phase (1 JO0 pl) md centrifyation (1 6,ûûO s 6 )  for 1 5 min. The DN:\ pellet \vas 

waçhcd for 15 min with 1 ml of 70'6 cthanol at room tcmpcraturc. Aftcr dq ing 

of the pellet, the DNA \vas resuspended in 100 pl of TE buffer (10 miil Tris-HCl 

aad 1 mil EDTA, pH 8.0) and stored fiozen at -20°C. 

Plasmid DNA isolation \vas performed using the allialine lysis method 

(Maniatis et al. 1982). A 20 ml culture of E. dJhf109  containing the plasmid Las 



g m i n  ovetnight at 37°C on LBamp broth (10 g tqptone, 5 g yeast cxuacr, 5 g 

NaCl in 1 L wvatcr, containin6 100 &mi ampiallin) with riprous shaking. CelIs 

wcre pelletteci doa-n by hi& speed centrifugation for 2 min and then resuspended 

in 200 VI of TEG buffcr (50 miif glucosc, 10 mhI EDTA, 25 mhI Tris 1 ICL, p1-I 

8.0) contYning 0.1 &ml Rhiasc. 4-00 pl of frcshly prcparcd 0.2hl NaOFI-lot) 

SDS was added slowly and thcn the solution \\--as miscd by p t I y  Liversion. Nest, 

300 pl of potassium acctate (pH 1.8) n s  addcd, mixd gcndy and the solutim 

\vas Licubated Li ice For 10 min. Cell debris we+e peiietted down by high speed 

c ~ n t r i f ~ t i o n  For 15 min and then the supernatant \vas rccmwif@ for 15 min 

ag.;iin. * f i l h e  supcmntmt \vas csmcted w-ith an rqual rolumc of 

ph~n«l,'chIornfiorm ( 1  - )  md nest writh an equd volume of  

chloro form/isoamyl aIco ho1 (24: 1 ,  r/ v). DNA \vas prccipitatcd b y adding o f  hvr) 

1-dumes of icc cold absolutc ctlianol and incubating at -60°C for 30 min. Ihc 

nuclcic x ids  w r e  rccovcred bj- centrifugation for 15 min ~r 3°C and wl-shed nr-O 

tirnes in 1 ml of 70" .I ethanol. The DNA pellet was air dricd at 50°C for 10 min. 

Purified plnsmid DNA wac resuspended in 100 pl of TE buffcr. 

DNA digestion and electmphoresis 

Endonudease digestions were performed enzymes obtained from 

Gibco BRL (BudLigton, ON) according to thc manufacturer's rccommcndations. 

2 pl of loading buffer (0.2S0'0 bromophenol blue and 400'0, w/v sucrose) was 



nddcd to the D N A  restriction reactions (10 pl) a€tm the recommendcd 

incubation period. 

Eicxtrophoresis \\-as c a d  out in TBE buffm (89 mh1 Tris. 89 mhl 

boric acid, 2 5  mhI EDTA, pH 7.6) on 0.8 to 20"11 agarose submarine gels at 2 to 

10 V/cm. The DNA s i x  m a r k  I Kb Ladder (Gibco BRL) \\--as uscd as ri 

fngment size standard. DNA \KIS visuabed by the addition of ethidium bromidr 

(Signa) to thc agarosc gcl (final conccntration 0.5 pg/ml) and esposurc to 

ultraviolet Lght (310 nm) on a transluminator (Fotodync Incrqwnted, 

hlksissauga, ON). The gels \wrc photopphed undcr ultnviolet Iight using 

polarnid 667 Film. 

Amplification of DNA 

Pol!-merase chah rcaction (PCR) \vas performcd in n \-dumc of 50 pl 

\vi& the follon-ing reagents: 5 pl of 10 s Tq DNA polymense reaction buffer 

(Promega, hladison, WI), 3 pl of 75 mhI MgCl. (final concentration 1.5 mhl), 4 

pl of dNTP misture (fmd concentration of'each nudcotidc 200 @hl), 1 p1 (30 

pmol) of each of  the relevant oligonucleotide primes, 0.25 pl OF Tuq DNA 

polymerase (1 2 5  units) (Promega), 2 pl of template DNA solution, and 33.5 pl 

of' ultrapure water. The DNA template solution consisted o f  30 ng of a crude 

nuclcic aad estract per microliter. All oligoaudeotide primers used for PCR are 

Listed in Table 2. Primers \vere obtahed €mm the Department of hIicrobiology, 



Uniwrsity of hfanitoba, u-herc oligonudmtides n-ere spthesized nith the PCR- 

MATE (391 DNA syntheskr , Appiicd Riosystems, Foster  ci^, CA). The 

amplification \vas perfocmed in a pmgrammable thermal contmller WC-1 00, hfJ 

Rescrrch , Watertown, MA), using the step qc1e program, including denanira tion 

at 9YC for 1 min, mncaling at 50°C for 1 min, and polymcrizarion at 7Z'C for 7 

min ulth Q and & primers, 2 mLi with N2 and Y, 1 min \sith SL and SR, or 0.5 

min with N, and \i,. The PCR mcle was repeated 30 times. IO p1 DN.1 from 

ampli fication rmctions \vas dircctl y elcctrop horesed on a 1 -5" 1) agarose gcl. 



Table 7 OLigonucleotides used for amplification rDNA and oLpnuclcotidc 
probes- 

Primer Location Sequence (5' to 3') 

SBR 

SEL 

SER 

GCGCGCGCGCGCGCGCGC 

GTGTGTGTGTGTGTGTGT 

a Bascd on the 5S rRNA sequences of Qfhi~trn @d~oosponun (Wolters and Prdmm 
1 !l88). 

h Based on the SSrRfuA sequences of S. zmrilae (Rubstor et ai. 1980). 
Based on the LSrRNA sequences of S. ~ e m i a o e  (Guteil and Fos 1988). 



Isolation of DNA fragments from agarose gels 

Thc n-holc PCR product or onc DNA band \\-as elutrd fmm thc qgmsc 

LTI by the freez-squrc*c method vaut!  md Renz 1983). Rmds u-ere cut out of 

rthidium brornide-stincrl gels and frozcn at -60°C Tor 30 min. The plug ~ 3 s  

placed benveen ni-O layers o f  p a n h  (:\mericm National Cm, Grccn\vich, 

Conn.) and thawcd by steady hgcr  pressure. The rcsulting Liquid contining 

DSA \ v s  collcctcd m d  2hI N=iCIJ/3" 1 1  CT.-\B \ v s  addcd tu fmd conccntntion 

1 hi/in 0. The mixture \vas incubated at 55°C for 10 min and esmcted N-O times 

u-ith chlorofortn/isonm!-1 dkohol (251, \-:Y). DNA \vas prccipitntcd br the 

addition o f  nro volumes of absolute ethmoL 

Hybridization 

PCR probes \\-ere labeled with dips ignin  (DIG)-II-dUTP, alkali-labilc 

bv the random primrd merhod acconling to the supplier's instructions 

(Boehringer h h n h e i m  GmbEI, Gmmy). The whole PCR product or one 

DNA band clutcd from the agarosc gel was used as a tcrnplatc for thc Iabchg 

reaction. Oligonudeotide primes i v r e  3'-end labeled with DIG-ddüTP. The 

labeling reaction %-as perfomed using the DIG Oligonudeotide 3'-End Labeling 



K t  accordkg to the manufacnirrr's rccommrndation (Boehrhgm hlmnhcim 

GmbH, Germany). 

Dot blots \wre prcpared by spotting 1 pl of  dennnired (heated at 100°C 

for 5 min) genomic or arnplified DNA target on a Ilybond-N nylon membrane 

(;\mersham Corp., Arhgton Hcights, II,). DEVA w a s  fised to thc mcmbranc by 

cross-llikùig with UV Iight for 4 min. 

.-lmpli fied D N  A which \vas digj~stcd \vith rcstricticm cndonuc1msr.j and 

Corp., AdLigton 1 Ieights, II,) accordhg to die mmufacturer's Listructions. 

hfembranes were prehybridized at 65°C for 1 h in 15 ml o f  hybridization 

solution (1"fl SDS and 1 hf NaCl) with constmt agitation. The PCR probes 

(random labdat) or  d(GC), (3'-tnd labcled) wcw dcnanircd by b o h g  fur 5 min 

before adding to the prchybridimtion solution. I-ivbridization \vas pcrformcd 

\vith p t i e  agitation ovttrnight at 65°C \\.;th SL-SR or d ( G q  probcs, at 55T 

d i  the 5S bxmr probe, o r  at 42T with d(GT), probe. Probe conc~ntmtions \ v~ re  

fmm 5 to 10 n d d  hybrichtion solution. Once hybridization \\.as completcd, 

the membranes a r r e  fvashed bvice, 5 min per msh, in 2~ SSC (1 s SSC is 0.1 5 hl 

NaQ plus 0.015 M sodium citrate, pl1 7.0) and 0.1% SDS at room temperature, 

thm nvice for 20 min in 0.1s SSC and 0.1". SDS at 68°C o r  55°C for the gene 

probe and 42°C for the d(GT), probe. 



Chcmilurnincsccnt dctcction was pcrfomcd with antidigoxigcnin 

an tibody conjwted to alkaline phosphatase and CDP-S tar substrate (Boehringer) 

according to the manufacturer's ins tmaions as follom-S. A fier posth y bridization 

washes, membranes weere washed brie- in buffer 1 (100 mi\[ mdeic atid and 1 50 

miil NaCI, pl 1 7.5) and incubatcd in buffcr 2 (ln3L blocking rcagcnt in buffcr 1) 

for 1 h with gentle Gtation. Anti-DIG-alkdine phosp hatase \\-as added to frcsh 

buffa 2 to achicw 3 dilution of 1:10,000, followvcd bv incubation with gcnnidc 

agitation for 30 min. hkmbrancs \ v m  \vashed twicc for 15 min in buffcr 1 and 

tlicn cquilibntcd in buffcr 3 (100 mhI Tris-HCI, pH 3.5, 100mi\f NaCl, and 50 

mi1 hI@J for 2 min. hfcmbrancs wrc  plxcd on plastic shects, and 100 pl of n 

1200 dilution 0 1 3 25 mhI solution of CDP-Star \vas s p r ~ d  o ~ r  ~xch  15 cm' o f  

membrane- Membranes \ m e  seded Li the plastic sheets and esposed to Kodak 

X-Omnt S-nr film (Eastman Kodak Co., Rochcstcr, Ni') for 1 to 15 mLi to 

record cherniluminescence. 

Cloning ampfified 5s intergenic spacers 

The amplicons produced by SBLSRR amplification of the IGS spaccr 

t w e  cloned into the M I 1  site of Blunctipt hIl3ks+ (Smtagene, LaJoUa, CA). 

For R .pinoam and P. ~&ndmpmm,  5S spacers were amplified Gd, the primers 

SEL and SER and the produce; were doned into the EioRI site of Bluescript 

Ml 3ks+ (Stratagnic). 



Insen preparation 

Thc SBLSBR amplicons wcrc clutcd frorn thc agarosc gel by thc frceze- 

squeeze merhod and digested with 2 unis &vnHI restriction endonudease at 

37°C for 2 h. Thc digest \cis bmught to a rolumc of 100 PI \rith n - ~ c r  and 

estractcd with an equal volume of phcnoi/chlorofom (1:1, KY) and ethanal 

preapicated using 0.1 volumc of 3hf sodium accnte and nvo 1-olurnes of ice cold 

absolute cthmol. DN.4 \\-as resuspended in 1 0 pl of TE biiffer and 1 pl \\-as mn 

<ni die agarose gel to estimate thc insert concentration. 

The mplicons pmduced by SER-SEL amplificntion were subjected 3'- 

end esnnuclensc nctivity of T? DN A polymense as follo~-S. The rcaction misturc 

consisted of: 5 pg of PCR product pkfted b!. ethanol prccipitation, 4 91 T1 

DY:\ pl\-mcnse buffer, 1 pl dCTP (IOmhl) and 1 pl T4 DN.\ polrmcrase 

(Pharrnacia). This \\-as broughr to a wlume of 20 pl and incubated at 37°C fur 30 

min. Thc rcnction was stoppcd by h c a ~ g  at 65°C for 15 min and thc folloliyig 

reagmts rvere added: 5 pl One-Phor-LUI buffer (T'harmacia), 3 pl An> (10 mM), 

1 pl 1'4 kinhse (Phamacia) and 22 pl of \vater. X i e  faction misture \vas 

incubatcd at 3PC for 30 min, foUo\vcd by heatlig at 65T for 15 min. DNA \vas 

purificd by phcnol/chloroform estraction and cthanol prcapitation. 



Vector preparation 

Blucscrip t hl1 3ks+ digcjtcd with BomI II o r  EioM w a s  d c p h o s p h o ~ t c d  

ushg calf intestinal alkallic phosphatase (Pharmacia) accordlig to the supplier's 

instruction. The reaction \vas brought to a volume of 125 pl with TE buffm and 

estncted \vith an equal volume of LTSPC buffer (10 pl 8hI Lia 5 PI 1 hl Tris, 

pl 1 9.5,4 pl  10" 8 )  SDS, 125 pl phenol/chloroform, 1:1, rx). The recel-ered upper 

aquwus layx \vas nest estracteci nith an equal miurne of chloroforrn/isuarnyl 

dcohol (Wl, rs) and the ethanol precipitated 3s descnbed under insert 

preparation. 

Vector-insert Iigation 

I.ig;ition \vas pcrfomed ushg T, DNA ligue (Phamacin) ns recornmdcd 

by manufimurer (h1;uiiat.k et al. 1982). The ligation rmction mkture of cohcsi\-e 

inds consistcd of: 1 pg vcctor DNA, 3 pg inscn DNA, 2 pl 5 s dilution buffcr 

and 1 pi T, DNA The reaction misture \vas brought to a fmal ~olurne of 

10 ~1 and incubated at room temperature for 1 h. The reaction was stopped b!- 

hcating to 65°C for 10 min. 

Calcium chlonde tmsfonnation 

Calaum chloride transformation of E. tv& JM100 ceils w a s  conducted 

according to the procedure @\-en in Shon Protocols in hfolecular Biology 

(Ausubcl ct al. 1992). Cclls a-crc gronn Li 10 ml LR mcdia ormught at 3PC mith 



s h a h g ,  from nhich 1 ail wm used to inoculate 100 mi LB medium and gron to 

c d y  kig phase (approsimately 2 h) at 37°C with shalrLig- Thnitse cch w-rre cMcd 

10 min on ice and subsequently centnfugcd 5 min at 1600 s g at 4°C. After the 

ceUs w e r e  pefleted, they wwre resuspended Li 10 ml cold CaCI, solution (GO mhl 

CaCI, 10 mhI PIPES, pH 7 .4  15 glvcerol) and placed on icc for 15 min. The 

competent ceils we+e spm down again and resuspended in 2 mi cold CaCl, 

solution. ALquots of 200 pl were placed at -60°C for long tcrm storage. 

hppro-simatel' 5 pl of ligation reaction \\--as added to an aliquot of 

competent cclls. The rnixnirc \\-as incubatcd on icc for I O  min. Thc cclls wwre 

t h c n  heat shocked at 4TC in a wvater bath for 2 min. 0.5 ml of 14B medium \vas 

added and the misturc n-2s incubzttcd for 1 h at 37°C: on a roUm drum. Thc entirc 

mixture \vas sprcad-plated on LB + ampic& (100 pg/mI) plaies containhg 32 

p g / d  ?<-Gai (5-bromo-4-chloro-3-indoyt-P-D-g;rlactoprsid) (BRL) nnd 6.4 

&ml I I T G  (aoprop-1-P-D-galactopyranoside)(Sigma) The plates w-ere 

incubated at 3PC 01-ernight and white colonies werc picked and replated on I,B+ 

am picillin plates. 

Each transformant on the nav plates \vas then spotted wrïth 2 pl of 100 

miil IPCG/Po X-Gal (1 O : X ,  rs) and pnn ovcmight Whitc colonics wvcrc 

scrcened for the possession of an insert. Plasrnid DNA --as isolated from white 

colonies and digeswl with BmHI or EaRI and clcctmphorcscd on a 1.5Oh 

agarose !@ 



Piasmid DNA conminhg ~fhirtm inserts wms scquenced mi both 

dircctions with primcrs dcdoped from thc vector (E5 md T7). Sequencing \vas 

cxried out on a Perkin Elmer Cctm DN.4 Thermal Cycler using the Applied 

Biosystms Pr im Rcady Reaction Dycdcosy TermLiator Cyclc Scqucnchg Kit 

(PImt Biotechnologi Institute, National Research Council of Canada, Saskatoon, 

sq. 

Sequence -sis and construction of phylogenetic trees 

Sequences weere muiually altfined using "Cene-Runncr" pro- for 

multiplc aLgning Gaps were introduced Lito die scquences to Licrcasc thQr 

alignment simdarities. The location o f  gîps \ras d\rays chosen to obtali minimal 

nucleotidc differences benmm d scqucnccs. 

The RErIDSEQ proprn \ras uscd CO reformat the £de 0riginati-g from 

"Gcnc-Runnern, aftrr wvhich thc +ment could bc tnnsferred to thc PHMJP 

(Version 3.57) package for ph ylogeny consmiction. Dis tances were in fmcd from 

sequences b y D NAD EST ushg Gmura's (1 980) tu-O-parame ter model, generabng 

the distance mat&. Topology and branch lengths of 5s spacer phylogenetic trees 

w e r e  calculated by ushg the Neighbor-Joining (hl" method (!%itou and Nei 

1987) n-hich is induded in the PHYLIP package. The masimum parsimony 



method ( D N I I P ~ I ~ )  ( F e k s t M  1988) \vas dso used to in\-e~tigatc the trcc 

topolog.. Confidcncc limits for branchcs of thc most parsimonious trcc n-crc 

es timated by booat~p and+ w i d i  1,000 itmctions (DNABOOT). 

In cases when 3 data matris \vas crinsûucted from the restriction 

Irxpents of nmplified IGS region, the presmce or absence of n restriction site 

was coded by a 1 or 0, respecti~ely by using (RF,STDIST). The I(ITSC1.I 

program \\-as used to carty out Fitch and Marçoliash's 1-t-square method for 

cstirnating ph!-logniics from thc distmcc matris. 

Trecs \\-me prc~ccjsed Tor figura using the TREETOOL t rcr editor. .UI 

computcr progarns for construction DNA ph ylogeny wcrc mn from the Genetic 

Data Ent.uonrnm t (G DE 23). 



C b a p r t r  4 

RESULTS AND DISCUSSION 

Development of species-specific probes for Pythium 

Traditional monomy in QfhNuurr is based prima$- on morphoIog. and 

grou-th chmctcristics and has a lw- s  bccn diffidt. Thcsc difficdtia rcsdr fmm 

dic k t c d  numbcr of morphologicai chnractcristics adable  for spccics 

identification and the significant variability of  thesc ch~~tcristics. Thc 

probcs c m  grcatly cnhancc thc ability to idcntik 

'fie mger sequence for gmeration of 3 species-speafic probe must 

eshibit sufGnent inter-speufic rariability to be infomatiw, but minimal 

intnspecific vanation to bc conclusive. Nuclcar ribosomd DNA spaccrs havc 

been shown to sen-e this purpose weil (Drouin and de Sa 1 933). This is relarcd to 

dic Eict that rDNA spaccrs arc rclativcly Cree of stnichiral and funcrionai 

constialits, whch dow- diem to a-oli-e relativeIy npidly. Moreol-er, the effect of 

molecular drive (Dover 1982) and concerted erolution (Smith 1976) genedy  act 

to minunize the d c p  o f  Litra-speufic lia8ation. 



It w a s  prevïousI!- shown that speucs of P j h i ~ r n  with globose sporangia 

g m d y  have th& 5s rRNA genes anmiged into tandem ana- ( B c M  et aL 

1992). The intergenic region bcnveen repeated, consen-ed gencs diverges npidly 

and therc fore m a -  be usehl to del-elop spccies-speci tic probes for p u s  Pyht~rn. 

PCR primes based on a consensus sequence of the consmed 5S rRNA coding 

regions c m  bc used to selectively amplif. the much more variable non 

vnnscnbed spacer. Gene-to-gcne ampiific~tion has been done pret-iously to gain 

acccss to the 5S spacer in plants (Appels ct aL 1992, Cos et al. 1392, Gorman ct 

al. 1992, Playford ct d. 1992) and for p o m c  f n g r p ~ t h g  of  plants 

O<olchinsliy ct al. 1391 ). Probcs dcnvcd h m  thc intcrgcnic rcgion of  5S rRNA 

unit wcrc a1so used for specics identification of the protozoan pnrasirc Eimmrl 

(Stucki et al. 1993). A s i d a r  approach was used in this project to del-elop pmbcz 

fiir idcntificntion of f 3 h k r n  species. This approach has a grcar ndnntage otcr 

other tcdious and costly mcthods for construction of hïghly speaGc DNA probes 

such as m d o m  doning and sequencing 1-ariablc regions. PCR- gcnented 51; 

spacer fragments c m  be uscd for rapid production of species-specific probes that 

does not rcquirc scqucnchg or construction of a gcnornic DNA Libraq-. A 

disad\-antage o f  this mcthod is that this approach is LLnitcd to spctics ha\-hg 

tandem repeats o f  5s p e s  and csdudes Qthi~~m spccies with filamentous 

sporangia that Iack such repeats. 



Probe construction 

Thc probe ivmc dcrircd €rom thc hpc culturcs (or orhcr rccognizcd 

representatives) of bflmrm species haxing 5s rRNA gene arranged in tandem 

rip-ats. De~e-eloping a probe \vas based on the amplification of the IGS region 

Figurc 3. Py%i~lm 5 S  nbosomal RNA tandcm gcncs ehon*ing positions of 
pt;mm used for ampliTication. 
IGS = interpic spacer. 

.\mpiification of gcnomic DN,\ kom dffcrcnt spccies of Pyl~iztnz with 

the pxirners SL and SR yicldcd DNA fragments ranging in sizc from 

approsimately 0.3 to 1.0 kb fragments (Fig. 5). In some cases, more than one 

amplification product \vas p e n t e d ,  although there was usuaiiy a major f%ment 

near 0.5 kb. This indicates that the spacer region between 5s r W A  genes is 

approsimately 0.5 kb in length. In a number of cases, the second most prominen t 

band, about nl-ice the size of a main band, was produceci, which am>- to be the 



dimer perared by amplification across nvo spacer regions. Funhcrmore, other 

additional wwak bands were also prnent in DNA profdes after amplification of 

the ICS region. These additional bands hvbridized uith a probe derimi from the 

most abundant amplicon, suggffring that tftcse produce; were bonujidr IGS 

amplification products, representing othcr variants o f  the 5s rRNh gene ma!, 

differing in the length of the spacer region. 

For d o f  the speties in this s m d ~  escept P. unmdnm. P. r h k m  KU. 

pmngifm~~tf and P. murloponm, the S J S R  products were labeiled and used as 

probes \vithout furrher purification, but for the latter diree speties, the most 

promincnt band w ; l c  ciutcd from thc gcl and labclcd scparatcly. Purification and 

Inbeling of die 0.45-kb band lor P. rlnmdmm. the 0.3-kb band for P. rikimm var. 

~porclngiI;/mtm, and the 0.5-kb band for P. mustophuntm grcady i m p r o d  the 

specificity of these probes. 

To Iurthcr c o n f m  that the labelcd pmducts originared from the 5s 

rREVA spacer, the genomic DNA frorn each speties was also amplified with rhe 

othcr sct of primas. Amplification of thc IGS rcgion n-ith primers N2 and Y Icd 

ro the production of amplicons which were about 130 bp Iarger han the SLSR 

product as \vas cspcctcd €rom thc map. Thc NzY amplification yields the 

product that indudes 120 bp of the h t  gene, the spaccr, and 50 bp of the 

second gene whereas the SIrSR amplicon includes 20 bp of  the k t  gene, the 

spacer, and 20 bp of the second gene. 



Figure 5. SL-SR amplicons of the 5s uttergenic spacer uscd for prepantion of 

bfhiz~m spccics-spcàfic probes. 

I.mc L, 1 kb DNA hdder. Numbers correspond to rcfmce  nurnbm of 

P~/h,Nlm isolates prolided in Table 1: l5, P. 3./r'cltI;;rtnr (CBS 15767); 6, P. 

intc'rn~&nz (CDS 266.38); 7 ,  P. mumspon~n~ (CBS 571.80); 59, P. o h n q r n s r  

(CBS 31 5.81); l, P. unmdnm (CDS 158.31); 18, P. rtkiimm var ztkim~~rim (CBS 

398.5 1): 19, P. zdfimtm mr. prin&hnt (CRS 21 0.65); 71, P. mmfhimrn (CRS 

281.3 11, 57, P. nm-tophonm (CBS 375.71); 38, P. ordozlibmt (CBS 232.37), 28, P. 

~ i o h t  (CRS 159.64); 9 1  P. p~'ni)i'omm (CBS 189.31). 





In order to nonnaiize the amount of target p o m i c  DEA fmm P~~hizttun 

species the 5s rRN.4 gcne probe w a s  constmcted. The 5s gme probe \YS 

obwlicd by aml>lificaaon of P. imph and P. tobtmnrm p o m i c  DNA n-ith 

pnmcrs N2 and Yj (F(F 6)  and isolation of the 120-bp product which rcprescnts 

amplification of the entire SS rRNA F e .  These nvo products purifid from the 

gel were m i 4  m equal proportion md uwd as the tcmplate for the labcling 

reaction. Thc hl-O spccies w r c  chosen bccausc it is ho\\-n (BcUIhiri et 11. 1992) 

that P~~hizm species with globose spormgia have 5s gcnes th3t diffm in hvo basa 

from the 5S gcnes of P~fhizm spccics with fdamentous spomgin. P. iqrtbm 

reprcsem th c former, and P. fonth.v~nz , thc la ter. 



I;i~>wrc 6. 5S r RN A genes O f P. iqtthrr, 67, and P. tont~omrm, 1 17, ampli fied with 

pr ima N, and Yj, uscd for the prcpantion of thc 5S rRN.4 gcne probe. 

LAme L, 1 kb DNA ladder. 





Detection of l3ehium species by hybridization to genornic spot blots 

Probes representhg the entire IGS region were tested for specifkity 

+st 99 P~fhiz~rn spccics (icluding scvm mathg pairs of hetcrothdic spctics 

md the tu-O rarieties of P. nkim~m). Genornic DNzI \vas applied in subsets to five 

hybridkation membranes in concenations determined by preliminq- 

hybrihation with the 5S rRNA gene probe on the basis of the assumption that 

the number of 5s geries L: equal the number of gene spacers. Therefore the 

mount  of wrgct DN;\ in cadi spot \KIS ncariy uniform bcn.1-cm spctics. Thc 

rcsdts of hybridization with the 5s p c  probe arc sho\\n in Fïgprc 7. Athough 

some ciifferences in targj~t amounts were sd present in the fmd spot blor, the 

spcrificih of 5S spacm probcs tcstcd in this study \vas hi& cnough to climinatc 

thc possibility that uncqud targct amount would altcr thc dcgrcc hybridization of 

n probe to the targcr DN,\. Spots contain from 0.05 to 1.0 pg of DX\. 

Of 12 probcs tcstcd for spccificity, 13 rccogùzcd dic gcnomic DNA of 

thc isolatc from which thc probe had bccn dcrkcd but not thc gcnornic DNA 

from other &&nz speaes. Furthemore, probes derireci h m  one m a ~ g  type 

dso rccognized the oppositc mating type nithin the samc spccies. Whcn tcstcd 

for spccifitity ;tgainst othcr 51hi11m spp. the probe d c r i d  fmm thc qpc culnirc 

of P. phzti~~trn (male) recognized ody itself (Fig. 7B, spot 15) and the type culture 

of P. ghtiwmr (Fernale) (spot 16). The P. i w & t m  probe (CRS 266.38, mating 

q-pe hm) dmred from an isoiate used by Van der Plaats-Niterink for the 



description of this spetics (Van dcr Phts-Niterink 1981) recognized od!- itsclf 

Fi. ?C, spot 6) and ùic oppositc mathg  type, P. in/mn&zrun CBS 221  .G8 MT+ 

(spot 111). The P. mrr<mgontm probe, d e r i d  from the type culture (MT+), 

hybri&d strongly only to io: t q e t  D N A  (Eg. 73, spot 3 and wecalily to P. 

m~mponm hlT- (spot 8). The P. n&nupznst probe \\-as decived from the type 

cdture. This probe distinguished only iaelf from JI other specics tested (Kg. TE, 

spot 59)). Thc P. ~ f l r l n d ~  probc \v3s dso deri\-ed from the type culturc md 

rccognid only itsclf and not thc targct DM\ o f  0 t h ~ ~  QfhYmt spccics (Fis. 7, 

spot 1). Thc probc &ri\-cd [rom thc ypc culturc of P. 111fiimnz var. ~thiimrtm 

hybridizcd strongIy to itself @g. 7G, spot 18) and \-en \Y&!- to thc type C U ~ N ~ C  

of P. ~~/INnllm x-;u: ~porr/q&3mv (spot 13) and n-o iso1nrc.s of P. sphtd~m- (CM 

46218 MT-, s p t  11 and CBS 266.69 Sir+, spot 61). *fie  al< ICI-cl 

h~bndiznûon in these tnds wns v e r  fnint md dctectnble nnly nftcr pr~lon~gcd 

csposurc. 



Figire 7. Hybridization of the P~fhri~m 5s rRNA gene and 5s spacer probes 

against spot bloa of genomic DNA. 

Positions of spots are given in the schernatic diaçnm; numbers correspond to 

refercnce numbes prorided in Tgble 1. A, 5s rRNA gene probe (primer pair 

N,-Yj), B, P. g(rwfit71n1, 15; C, P. intmt'di~~m, 6; D, P. mu~m-pon~rn, 7 ;  E, P. 

o~nogz~zzn.w, 559; F, P. unundnmz, 1; G, P. ztkimttrn var. r~kimztrrm, 18: H ,  P. ztkirnrm 

var. ~porun~i+nm, 19; 1, P. tz"Ctn~r!k~tm, 71; J ,  P. rnrl~~topbnntnr, 557; K, P. /ndoz/>i~rn, 

38; L, P. rioh, 28; M ,  P. pmPfomm, 91. 











Ilte 03-kb IGS spacer of the type culture of P. r~kirntim var. ~ r ~ r n ~ n t  

hybridized only to its target D L \  7H, spot 19). nie probe d e P d  from the 

type d n i m  of P. u~untI~i~7m also mcogn;Zcd on- itsclf (Fig. 71, spot 71). Thc P. 

mrlv'opdwnrin (CBS 375.72) probe derived from an isolate usrd b -  Van der Maais- 

XitcrLik in hcr monognph of the , p w s  r3~11iitm (Vm der Plmts-Nitcillik 1981) 

hybridized only to itself (Fig 7j, spot 57). The 5S spacer of  P. ocdo~hilrm (CRS 

39137) recogni;red itself and anorher isolate o f  this species (CDS 738.94) includcd 

in this snidy (Fi. 7K, spot 38 and 211). Ihc probe of P. / i o h  [CBS 159.64) 

d&\-cd from the neonpe strain proposed by V m  der Plmts-h'iterink F m  der 

- Plaats-Nitc~k 1981) nas dso speacs specific (FS. IL, spot 78). I t  rccognized 

itsclf pnmnrily muid cshibitcd fnLit rcaction \virh P. Rrq'~~rnrlt '  (spot 77) muid P. 

rns~rrlfz~nz (spot 88). Rnally, the probe deriveci from thc h-pe culturc of P. pmi,brm 

rccopized itsclf (Fig. 771, spot !Il), rencted wcnkly u-itii P. pol~mrfmz (spot 93) 

and gave f&t signal Li reaction u-ith P. plnofi~trn (spot 5 11, P. n~tt&iponm, (spot 

53) md P. sp. (Type of P. "dmhAn" Paul) (spot 75). 

Intraspecific hybridization with species-specific probes 

Evduation of the speciricity and the range o f  probes \ras periomcd by 

screnlig a variet. of isolates wvithin the same speties. To see whether odier 

kolatcs wvithin dic samc spccies arc also rccognizcd by spccies-spccific probes, 55 

spacer probes n-ere hybridized against as many isolates as were adab le .  Ne@\-e 

controls were included with each hybridization. 



Probe P. inttmtrdillm rccognized all eight isolates of P. in~mc'ahm* 

howe\-er fivo of the isolates (CBS 266.38 and CBS 221.68) had significandy 

u-cz~.I~rr reacticms han the others (Es. 8A). Sisteen tested kolntes of P. ghfi~71iun 

\ m e  recopizcd by the probe, h o w e ~ c r  weali hybndàation u-as obscn-cd \\-ith six 

of tliem (Fig. 8B). Tkis indicares that the 5S spnccr of P. g4~11ihm dcmonstntcs 

estmsive inrra-specific sequence rariability. The 5S spacer of P. .yhwti~i,nr 

hrbridizd dso to three P. ~ Q I I ~ N  isolates (CBS 733.94, adc 94-10 and adc 94.1 3) 

and one isolatc of P. ~ ~ ~ " ' L J I I ~ I I ~  (CBS 65 1.79) (data not sho\in). -1s rcporrcd 

nbove, the P. n~tz~m~pontnr probe derircd €rom the MT+ hi-bridizcd \vcakIy u-ith 

the isolatc of the oppoeite mating - p e  (CBS 573.89 NT-). Whcn testcd f i ~ r  

spccificity uith anodicr iwlatc of P. mtmmpon~n~ (CM 573.XO AIT-) ,  thc p r d x  

rccopkcd dic DNil tvgct  \\-;th high htcnsity (Fig SC). Tlic 1'. ~~hittfi~rn \-x. 

i,/l/tlnnt probc hybridizcd strongly to DN.1 frnm dl ninctccn isnlntcs of hi': 

species (Fig RD). Of thc four isolntes of P. z&mtlm var. .pnrutgi$nm used in this 

stud!-, only nw \vas recognized by the P. r~kinzz~lmr var. .potmgifrn~nr prnbe (CRS 

21 9.65 and CBS 1 1 1-65}; the other n w  racted with the P. ~?inrzm KU. zrknlrrnl 

probe (CBS 111.79 and CBS 171.68) (Kg. BE) Thc P. usrizhhrn probe 

rccognized nvo additional isolates of P. aunthibuun (CBS 2-7-94 and CBS 431.68) 

(Fig. 8F). 



Figpre 8. tlybridization of P~~htitm speaes-specific probes to intnspcàfic 

targcts. 

A, Probes: first column, P. zh~cnnrdztm CBS 2 6 6 3 ;  second column, 5S rRNA 

p e .  Twgcts (top to bottom, both columns) rable 1 prcnldcs refcrence 

numbers): P. ~ I I I ~ C ' & J I ~ Z  6, 141, 112, 190, 191,233,231, 244, P. h?zd~'Tr)~POnfim 7 and 

P. uovgnmz 69 (control). 

B, Probes: k t  and second columns, P. gbuti~7m CBS 455267; third and fourth 

columns, 5S r W A  gLne Targets (top to bottom): k t  md third colurnns, P. 

~ - ) h f i ~ ~ t n ~  15, 16, 121, 132, 133, 134? 167, 168; and sccond and fourth columns, 

175,216,217,218,219,223,Z5,226. 

C, Pnhcs: fmt column, P. nmn.pon:nl CBS 571.80; sccond column, 55 cm.\ 

gene. Targets (top to bottom, both columns): P. nru~rn~pontun 7,8,113. 

D, Probcs: fmt and sccond columns, P. ~tkinznrn var. itfimzm CBS 398.52; third 

and founh columns, 5S rRNA p e .  Targets (top to botrom): fmt and third 

columns, P. itk&mnz var. tthim~tm 18, 103, 122, 130, 141, 173, 176, 177, 178, 198; 

and second and fourth columns, 199,220,201,202,220,224,228,22930 and P. 

ntunn~~ztlun 9 (con trol) . 

E, Probcj: f i t  column, P. rthin.z~m var. z~hUm~nr CBS 378.51; second column, P. 

ztkrinzm var spora~~i/'nt.m CBS 21 9.65; third column, 5s rRNA gene. Targets (top 

to bottom, di columns): P. rtkimm var ~om~i i i /mm 19, 145, 146, 147, P. 

~t l~hfz tn  9 and P. @.~I~LYIM 15 (control). 





F, Probes: fmt column, P. u~unthi'71m CBS 284.3 1 ; second column, 5s rRNh gene. 

Targets (top to bottom, both columas): u~wnthirwz 71,148,15 1. 





Masking of simple sequence repeat motifs in the 5s rRNA spacer 

5S spacer probes deril-ed fiom more than 15 Qrlnjun species hybridiîed 

nith hrgti intensity with a \\ide lange of 51bm*.n isolates (data not shoun). Lack OF 

specics specificity for those pmbcs m q  bc uused by the presence of short 

sirnplc rcpears that are mdomly dist~buted within thc 5s rRNA spacer. To test 

th;s hypothesis and show that the IGS regions of some Qfbi~irn species sharc 

s d n r  sequence characteristics, the 5S spacers amplified n-ith the primes SI. and 

SR (Fig 3) w-ere probed nith the (GT), simple repeat probe. As it is shown in Fig. 

10, rhc (GT), probc hybridizcd snongly to thc 5S rmr\ spaccrs of P. splcndcns, 

P. hu~mzilt'? l? rdrinrh~zm P. tniru~'tr~.s; and P. m~-fruti~m. .;\ u-enkcr signd \vas 

obscn-cd Li the reaction with 5s spacerj of P.~~I/irnz~rn var. ii1;1imttr,m, P. prrcf&mm. P. 

mfritiodr.i mtd P. hn~rlh. *ïhe f&t signai, visible a ftcr prolongcd csposurc, \\-as alw 

dctcctablc in the rcaction with (GT), DNr\ control tqget. 



Figure 9. Amplification of Py%bim 5s spacers with the prLners SLSR. 

Lanes L, 1 kb ladder. Numbers correspond to refermce numbers of bfhiztnz 

isolates provided in Table 1 :  7 ,  P. mutIIipntm, 14, P. @mden.s, 15, P. $utit~tun, 

18, P. ukinmnz, 28, P. & o h ,  29, P. iu.gunzli, 31 P. &mop1~zm, 33, P. td~in~ihfztnz, 34, 

P. rni~rl"pIi~c, 40, P. he'6t-aadntm, 46, P. puddit7im, 48, P. ~tndzihtzm, 49, P. o.c~rrttndr.r, 

50, P. 11eL~vidt~; 68, P. purvetw~~dnim, 79, P. bonde, 88, P. mstratzim, C, control 

\vithout DNA. 





Figure 10. Hybridization of the (G'Q probe againsr 5s spacer ampticons. 

Position of spots are @\-en in the schematic chgram. . Numbcrs correspond to 

refrrence numbcn of ~tbir tm isolates provided Li Table 1: 7 ,  P. m m - ~ o n t n ,  14, 

P. ~ph~zdmr, 15, P. ~-~h-utirtm, 18, P. rtIrim~m, 28, P. fi&, 29, P. inwymrn', 31, P. 

dhoqV~im, 33, P. nfii~~zthmzt, 34, P. rnhwi.t, 40, P. hrli<'~~ndtltnz, 46, P. puddiiwn, 

48, P. u ~ i ~ ~ h t z ~ m ,  49, P. o.~fruiodrs, 50, P. /~~Ghidc'.r, 68, P. pr3mrLw1dnfn~, 79, P. hm& 

88, i? mtrutitm. 





Rmction of 5S rRiY.4 spacers uith the (GT), probe indicates chat the 

kick of speaes spetifiag for some probes ma!* be a reflection of the prescncr of 

shared simple repeat mocifs. To improw the specifcity of those probes, the 

attmpt \vas made co mask a simple sequence Literspersed withùi the gcnomic 

DNA ming (Gy,  microsnrcllitc scqucncc doncd from thc p o m c  of A ~ q z ' I l i . ~ -  

jhI;ne'.c (Femmdez 1997 ). Genomic DN.4 of P~/%ljm spccics \as also hybridized 

ivitli thc P. bo~uIt probc togcthcr \rïth thc (GT),, rcpcnt motif. Thc spccificity of 

the P. Uo~cl f t  probe tshen used together u-ith the (CT),, repeat in die 

hybridizaaon rmction \\-as gmdy improvcd Li cornparison to siçnificant 

amouno of cross rcactivity obsen-ed with the P. 1ionrlL probc alonr Fi. 1 1). 

.-1 similnr nnempt ~t mashg of simple rcpcats \vas made \vith chc P. 

msfruf~im probe .The probe d e r i d  from P. msfruiiin~ CDS 533.74 neotype suaLt 

proposcd bv V m  dcr Plaats-Nitcrink F a n  dcr PIaats-Xitcrink 198I), hybridizcd 

not ody to itself but dso to target DNA of mmy other I3fhizm spccies. Ushg thc 

(O,, rcpcnt togcthcr nith thc P. rnsfr~~z~rrm probc also improt-cd thc spccificity 

of th;s probe. The P. msfrafzm probe recognized itself strongiy although it still 

hybndkcd \vcakl~- to somc othcr Py111i1m spccin (I;ig. 11). 



Figure 11. H!.bridkation of the 5S spacer P. b01ydi CBS 551.88 probe +st 

spot blot~ of genomic DNA. 

Positions of spots are givm in the schematic diagram provided in Kg. 7.  A, P. 

/~n& probe done; B, P. h~yrlhprobe with (GT),, 





Figure 12. Hybridization of the 5S spacer P. m~Yrr/Izfm CBS 533.74 probe W s t  

spot blots ofgenomic DNA. 

Positions of spots are gil-en in the schematic diagram provideci in Fig. 7. 4 P. 

m.rfmf/r/m probe done; B, P. m~tw/ztm probe with (GT), 





Cross-hybridization between 5s spacers fiom closely related priUmn 

species 

During probing of genomic DNA with the 5s rRNA spacer a strong 

cross-hybridization signal was obsmed benveen the followlig speaes: P. 

lnrismniue. P. p o ~ n t u ~ ~ ~ ~ r n  und P. rrnrin11h~z1m. The P. b i i m ~ n i u ~  pmbe d e r i d  €rom 

thc type culturc rccogriizcd itsclf (Fi 13A, spot 63) and two othcr spccics (Fig. 

13A, spot 93 and 203) nith the samc intcnsin-. The P. ~ o ~ ~ m t m v  probc (CRS 

81 1.70) \ras dcnwd frnm m isolatc used br Van der Plam-NiterLik (Van der 

Plaats-Niterid 1981) to portray the species. lts hybridizeed strongly to itself (Fi. 

13R, spot 93), mneded more \ve;ilily to P. hti~muniur (Fis. 13B, spot 63) md gm-c 

n hint signal in renction with rminzfb~t~nt (Fig. 130, spot 203). Similnrly, the P. 

rmi~ïhtztnz probe deril-cd from the type culture rccognized itsel f strongly (FGg 

13C, spot 203), P. Innsmrririur modermly (Kg. I K ,  spot 63) and P. p~nzcl3~tzm 

\\-calil!- (Fig 1 3C, spot 93). 

The strnng cross- h!-l> tidization s i e d  \\-as dso obsen-cd bcnwcn thrcc 

odier specics: P. o h j p n h ,  P. rrmu.~t7fdnzfm and P. ~ d n o . p n m .  The P. ob&ndnm 

probe (CBS 530.74) hybridized strongi~ to iûelf (Fig. 11A, spot 1G1) ,  l a s  

intensely to P. &dnopntm and even more w d y  to P. umurktLn~tm (Fig 14A, spot 

9û and 180). The P. uvnat~tkn~rn probe, derived €rom isolate CBS 55788 (only one 

qresen tative strali in the CBS coiiection), recognized itself and the DNA targen 

of P. oh&zndnm and P. @dnopn/m but not the target DNA of other Qflkm 

species (Fig. 14B, spots 180,90,162). Similady P. hdmpmm probc dm\-ed from 



m isolate CBS 253.60 chosen by Van der Mnnts-Niterink to describe the srecies 

in ~ L T  monograph (Van der Plaats-NitePnk 1981) recognized d three targets 

@g. 14C, spots 90, 162, 1 80) bur d.w DNA o f  P. !rut~a+bibtm (F& 14C. spot 

92). Ho\vcvcr the P. /rut./,aP/riIfm probe, wvhen tcsted for speaficity, did n«t 

r~ro,yiue P. h~dnopnfm t q c t  D N A  (data not sho\m). 

\.%en tested for specificitv, probcs of  P. i ~ z ~ h t y ~  P. mwnihfzrm, P. 

.ipinnvrn, P. kri~~rniigrnrr, P. prlrne'tundnm and P. I~.&~dm.pmm rec~~pized not only 

~XLO"C DN.4 o f  thc isohtc from ws-hich thc probc had bccn dcrivcd but also thc 

gpornic DNA of the other fiw P~4ktm specics (dm not shown). Ench one of 

thc six probes rccobmized di six t q t s  md no others. The probes dso hyb6dkcd 

t o  9 o ther isolates of P. i m y h ~ ,  4 of P. munziihfz~m, 5 o f  P. .pi~omm md 7 of P. 

pm~*"c~andn,m (data not showln). Thrcc isolatcs of P. ihg~fhn  (CBS 733.94, adc 

94.10 nnd ndc 94.13) and one o f  P. pmtwzdn~m (CBS 651.79) \vert not 

recognijred by the P. iq~ihn group probes but were recognized by a species- 

spccific P. g.(,ufimm probe. Anothcx P. pum'undnm isolate (CBS 703.79) wvs not 

rccognitcd by thc P. iqtibn group probes nor b -  m y  othcr avdablc probcs. 



F i y r c  13. Hybridization of thc 5s spaccr P. h i ~ . r / n i u ~ .  P. pobrn:l~hm, P. 

i m i n n h i m  probes e s t  spot blots ofgenomic DNA. 

Positions of spots me giwn in the schematic diagram provided in Fig. 4. Probes: 

4 P. hrimrlni~c 63 (CRS 288.31); B, P. p o & m m f z m  93 ((CBS 81 1.70); C, P. 

umintthfitnt 103 (CRS 5 1 8-77. 





Figure 1 4  I Iybridization of the 5S spacer P. oh@);~dnfrn, P. rynrmfk~mv, P. 

l~dnoponfm probes s s t  spot blots of pomic  DNA. 

Positions of' spoa  arc givcn in thc schcmatic diagram providcd in Fig. 4. 

Probes: A, P. o!I&nddnun 162 (CBS 530.71); B, P. utmm,/nnrn 180 (CBS 552.88); 

C, P. ~ h o ~ p o n t i n i  90 ((311s 253.60). 





Discussion 

Thc potmtial uses of specics-spccik DN.1 pmbcs in plant pathology 

and systematics arc mmy. Unambiguous and reliable detection o f  fungal 

p d m p s  such as Fj-&%ium spp. is criticd in disme diagnosis and Li ccologicd muid 

cpidemiologicd rcsearches. A nurnber of approaches ha\-e becn tied in thc 

smrch h r  P~r%il /m spcaes-specific probes. DNA restriction fngments of thc 

mit~chondnnl chrc>mosorne of P. ob&mdntm and P. ghzh~tnz providecl probes 

nith varjing Icds of isolatc and spctics spccifici~ (Martin 1991). The restriction 

fngmcnt probes d&\-ed fmm the arnplified of the intemnl transcribed spncer 

( I ï S I )  of P. I/llimr/m var. ~t/Iim;rn, tcstcd q p i n s t  11 P ~ f / > i l / m  spccics, hnd a high 

d c p c  o f spcric5 spc~ifitity, hc )wx-cr rccognizcd no t only P. itkimim \-x. ~îIfinnnrn, 

but dso P. ~tkin~~tnrn, var. .pom~gii/mtn~ and s e v d  strnins of P ~ / / h m  group G 

(i krcsquc 1 994). ;\ DNA probc, rcprcscn ting a rcpatcd scqucncc, isolatcd from 

;i Lyxiomic lib- of P. i m g ~ t b ~  was tested for renctivity with 13 P~-//l>Nlm spccies 

w d  rccognkcd P. ihgtth~ and P. spinmm (hfarthcw ct al. 1995). 

Thc rcsults prcsmtcd in our studr indicarc that amplifmg the 5S rRNA 

interpic spacer is a good source of probes for rapid identification of speaes 

that hare 55 p e s  in tandem armys. Even thougti the presence of SL and SR 

sequences, which comprise both ends of 5s rmA gcnes, in the probe and 

genomic target did not lead to background hybdization when conditions o f  

masimum strhgency w e r e  used. Sometirnes amplification of the 5s spacer 



produced more than one product. In these cases, spcci ficity of  the probes was 

achicwd by separacion and labcling of thc most promincnt DNA band hlanv SI.- 

SR mpiification prndun; indiate the esistence of more than one version o f  the 

5S spacer and therefore further analysis of PCR products is necessa<). before 

conclusions an bc dnwn about cvolu tionai). rclationships among isolatcs. 

13 SS spacer probes presented in this study were species-specific because 

th- recognized strongl- the genomic DN.\ of the isolate from n-hich the probe 

had been dcriwd but not the genomic DNA from morc than 90 othcr Qhtm 

spccics. This suçgcsts that 5s rRNA spacers behvecn tandem gcne repeats 

dircrged rapidly afier speciation. 

Our cspcPmcnts dso tcstcd a nurnbcr of conspcrific klatcv for s i .  

probes. Screening more isolates from the species where only one \\-as availablc for 

our snidy is ncccssq for a bcttcr cl-duanon of thc spccificity and thc range of 

thosc probes. The P. intcmre&z~m probe recognized equdy wvell 8 isolatcs of this 

specics. The P. glrtz1i.71m probe \--as sufficiently sensitive to detect 1 6 isolates of 

this spcacs, ho\vcwr the degree of hybridkation \vas higtilg variable, suggesting 

estensil-e intra-speci fic variation. In addition, the P. g*h wiihm probe also 

recognized threc isohtcs of P. impthn and onc isolate of P. pmet'c~ndnnrm. Because 

t h s e  are no major morphologicd differences benveen those three species, this 

Gnding hdicates much doubt about the mie identity of these isolates and suggests 

kat  their classification shouid be re&ed- This case will be discussed in more 



In thc case of P. mrrrmgonm, only nvo additionai isolatcj werc adablc;  

one reacted ~ ~ - c d y ,  and the other reacted stroagly \\.;th the probe. \%%en the 5S 

spnccr of P. nz~~rn~ponml wcrc amplified and uscd as a targct for thc probc, thc 

kolate that reacted a-ealrly when its gmornic DNA \vas used as a target, reactcd 

stmngly \vhm its PCR product \vas uscd. Ti;: rrsult c m  be p a n i d -  esplyiîd by 

the lowcr abundance of the 5s spacer t-t in the b ~ ~ " ~  DN-4 becausc this 

isolate Iiybri&ed mvre u-alieli- uith the 5 S  gtne probe. \Te c m  dso no t esclude 

t h  possibility rliat dicrc arc mm. morc 5S gmcs tiinn spnccrs in this isolntc o r  

tliat t h e  are differcnt vnri'mts of 5s spacer sequence \vliich do not hybridize 

\\-ith our P. nm~m-pmtnl probe. 

P. d i n ~ z m  var. ~par-~z&mn~ were recogYed by the P. ztkinzztnz var. sporrlny$kw~ 

probc dail-cd from thc type culturc. Tlicsc rcsults, although thcy a n  bc uscful 

for thc idmtification of ccrtali isolates, r n q  not eliminate the esistmce of the 

close rdationship between the two 1-arieties of P. z,limr~m because the P. r,l!inm 

r-ar. ~pomn&mm probe \vas d e r i d  fmm one particular band Li the PCR 



p d u c t  Further anaipis of the other versions of the 5s rRNA spacer ma!- rewd 

scqucncc clcmcnts cornmon to thcsc nvo nricties of P. z~kimim 

G m d v ,  our msuits dcmonstratc that the 5S spacer region is usudly 

sufficiently homogenous \\lthin a specirs to do\v recognition of esamuied 

species by one probe. Such homogolein- in rqented gene bmilies cm be 

anributed to concertcd cl-olution acting within spccics (Corn ct al. 1982, Long 

and David 1 980). 

.Uthough the interpic spaccrs bcm-een 5 S  gcncs c m  sm-e  as specics- 

specific hybàdizatiun probes, the prescnce of micr«satellite DN:\ that consists of 

rtrcrchcs of mr~noronousl!- rcyeated shon nucleotide motifs cm causc lnck of 

spccicr spcci ficity for SC )mc prt hcs. Simplc scqurnccs arc widcl!- Li tcrspcacd in 

the genomes of nll eukq-otes induding hngi (Tau= md Rmz 1981). nicse n-pcs 

of scqucnccs consiat of mono, di, or tri-nuclentidc motifs, u-hich m tandcmly 

rcpcnted (Edn-ards et d. 1791). The occurrence of simple scquences in euknq-ores 

ma- depend on the fiequena- of accidental amplifications and deletions and the 

mcchmkms thnt sprcd thc scqucnccs in the gcnornc. Thc mcchmisrn of 

concertrd erolution cm d o w  simple sequences to sp r rd  from one spacer to the 

n c i g h b o ~ g  spaccrs of ribosomai RNA multigcnc farnilies. Of thc r n T  

pmutations of simple scquences onc c m  gcncratc, the (GT/CA), rcpcats, in 

pmicular, have been thought to be the most abundmt in euliaryotic genomes 

(Dietrich et d. 1932, \Vu et al. 1993). 



Probing of 5S spacen: from more h a n  15 P@izm spmes with the (GT), 

simple repcat probe demonstrated the prcjence of the (GT/CA) amqs w i t h ; i  the 

IGS rcgion from specics which probes demonstrated lack of specifcity. In die 

casc of thc P. b n d  and P. m.rtrrlt~tm probes, the masking of a simple sequence 

inrmpcncd wiihin the gcnomic DNA br using the probe tngther u-ith the 

(GT), repmt motif in the hybridixation proces greatIy improved the specifici~- 

of thosc probes. The prcscncc of  wcak cross hvbridization, c s p c d y  in thc cnsc 

of P. mstnr/im, rnay be 3 reflection of the presencc of d i f f m t  types of simple 

scqwnccs dint wcrc not maskcd by thc (GT),, ;uni-. DNh scqu~mcc malysis of 

thc IGS rcgion o f  P. m.cfri/zm and identification of  othcr microsatclitcs c m  hclp in 

furthcr ~ n l i a n c i n g  of the prr.)bc spccificin-. 

Probing o f  genomic DNA \\-id1 the 5s rRN-4 spacer is uscful nnt ml!- h r  

irl~ntification of f ~ ~ % N , r n  isolatcs to species l e d  but d ro  dlows for dctccunn of 

close rclationrhips benveen spccies. hiolecular bnsed relationships should bc 

consistcnt u*ith spetics affinities that cm bc inferrcd from rnorpholngv. 

11 strong cross-hybridization s i p d  N-3s obsm-cd benveen the fioi.Iv\~Lig 

spccics: P. bi~i~smnirle, P. p / p n ~ ~ ~ n r n  und P. zintihhnm, tvhich dso sharc similaih- 

in morpholog)- These three species develop globose, temiin$ oogonin on short 

side branches. Thc qyxi ia l  \d is omamcnted with conical spincs. 

Developrnent of spomgia seems to be the rnost significant difference P. 

hrimumhe has never bem obserr-ed to produce spormgia (Drechsler 1939). P. 



po~musfzm and P. rrn~inzth~zm dcwlop globosc sporangia, clipsoidal or irrcgdady 

shapcd, tcmilial or occasion.\. intcrcalan-. Thc prcscncc of anthcridia is anothcr 

common characteristic b r  these three speties. P. brn'smrlniuiur and P. po~rn~stitm 

f m  1-4 anthefidia per oogmium, which are mostly didinous, variousl!- shapcd 

and borne on one antheridiai stnlk, which hm a rendcnq- ro fomi lobate or 

diwrticulate projections \rith hyphal knots. P. ~ ~ ~ I I I I ~ I I I ~ I  prnduces 1-8 nnthcridid 

ceiIs per oogonium. Anthendin are dso ddicllious nnd form a complicated h o t  

c o n s i s ~ g  of m-oiien branches and dix-errides around the oogpnium (Van der 

Plnats-Nitc~k 1981). mus, thc thrcc spccks shm not unly thc s m c  oog,!,nid 

cirnmmtation but duo diclinous mtheridia, lubatc or wi-ith divcrticulatc 

pro jectiorts. 

On the basis o f  cross-reactirity, thrce other species - P. nhbundntn~, P. 

~nzrl~i7tLn1tm and P. h~hm~ontnz - appmr to bc relatcd. hlorenwr, thcse spccies 

have n impnrtmt rnocphologicd chnncteristic in common - oogonin with similar 

omamentation of long slender spines. The dcdopmrnt of sporangia and 

mtheridin f i p p m  to be the only signifiant difference. Zoospore production hm 

only bccn obsm-cd Li P. ob~undntm. This spccics dcvclops 

"con tiguous" sporangia, irreguiarly giobose structures connected with h yp ha1 

parts. ~Uthough P. umu.w16mrn bas never been obsm-ed to produce zoosporcs 

F u  1989, it develops hyphal swehgs very s d a r  to sporang.1 produced by P. 

ob~u/~dn~m. It has been believed that P. hydfioponm does not produce zoospores, 



sporangia or hyphd swehgs  (Buder 1907, hIiddlcton 1913, Van dcr Plaats- 

Niterink 1981). IIowvel-er, an illustration of this spmes presented by Van dcr 

Plîats-Niterink (1 981) dmdy showi.; contiguous structures with hyphal sweIhgs 

ahich are cdled "sporangia". Thus, the three speaes seem to shnrc the important 

clinrnctcr of contiguou strucrurcs, which m q  or may not produce zoospores. 

Another major différence among these species seems to be the prcsence or 

nbsencc of mthmdia. No mtheridia have becn obsen-cd in P. ~n~rl~i~tkn~trn. P. 

oh$pdnun 1-ery mcly produces anthcridia n-hich are dichous, adhering 

Ic%.th\\isc to thc ookmnium and appeylig lobate. In P. hdmpomm, normdiy 

hypognuus anthcridia arc prcsmt (Butler 1907, hfiddlcton 1313, Vm dcr Plmts- 

S i t c ~ k  198t). 1-Imvmer, thc first illustration of this speci~s ( R m  1876) d o ~ s  

not sho~-  the prescncc of hypognous anthcrida. 1 t is dso possible that thc 

hypog-nous antheridia of P. ~d~~o~pontrn  is a misintcrpretation of the or~gpninl 

stdk (dc Cock, pmond communication). 

The hybridkntion resuits indicate the dose relationship of P. iq~i&m, P. 

n ~ ~ n z i h t ~ ~ n ~ ,  P. @riomm, P. bt~~minpsr), P. p~m~undninz and P. g61zdm~ponin1. n i e  

strong Icncl of cross-hybridization bcnvccn thosc spccics allowccd us to segqptc  

thcm to onc P. itmg~ihn 5s spaccr homolos group. Thcrc arc no major 

morphological diffcrcnccs that would preclude a close rciationship behveen those 

species. P. ~ m m m  and P. b t f l r n h p ~ ~  hare not been obsen-ed to produce 

zoospores, howva-cr zoospore production does not seem to be the Lnporcuit 



tasonomic charactcristic. Spotangia are not or  only rad!- pmduccd, csccpt in P. 

m - h m ,  whrre diq- n o d y  haw k m  reporteci. If sporangia are prescnt, 

they are always giobose and non-prnlifemus. If they are not p r m r ,  globose 

hyphal sn-eh@ h a n  becn obsen-ed, \\-hich are morphologically s d a r  to the 

sponngia but do not produce zoospores. A major d i f f m c e  mong those 

species seems to be the amount of omnmenntion on the oogonium. P. .pino.nim 

and P. mmiZh~tim have manin). papillae on mch mgonium, howewr in both 

specics the numba of spines pcr oogonium is variable and the? mziy be 

complctciy abscnt on somc ooynia in P. m ~ . ' I b f z ~ m  pan dcr Plats-Nitcrink 

1 981). P. i q z d m  and P. krinmirpm have onc or a fcw spincs; in somc is011tcs 

spines cm bc absent. Oogonium ornamentation has not bcen reported for P. 

pmt"undni,m and P. ~Bndm.pnnim. Hou-CI-a, one or a feu- dïdigitatc spines ma!- Lc 

prescnt on a f e ~ -  oopnia in those specics (de Cock, pcrsond communication). 

The use of PCR-based identification of plmt pathogniic fungi has mm!- 

ndmntngps over the use of tmditiond rasonomy and othcr rnolecular 

identification schemes. PCR is primer directed, and as such, the primes c m  be 

designcd to recogiize hyhiy consemeci sequences in the 5S rRNA genes and 

amplie 5s spaccrs from distantiy rclatcd o r ~ m s .  PCR can bc pcrfomcd on 

ver?. s m d  biologicd samples. In addition, nonndioadve methods of detekon 

make the identification safcr and easier to use. Findiy, the use of 5s rRNA spacer 

probes mas p r o d e  sensitive tmls that can be useW aids in rapid, reliable 



identification of orgmisms ha\-ing tandem rcpcat families, Liduding plma and 

aninials. This appcoach ma)- Iead ro a more objective and quantitative criteriou for 

species delimitation. 



pvthium Uregulare 5s spacer homology group 

One of the & d w s  of tr)Ing to use molcrular approaches to impmve 

plant .and fmbd s~stcmatics is to fmd n molcculv systcm that g i x s  just thc ri&t 

kvel oT&Cr;m;nation benveen genoqpçs when cornparisons are made wi& or 

ben\-een tasa. For a systern to be useM it should not bc tao sensitive, othenvise it 

is difficult to interpret the results because o f  the ciifficul- in recognizing 

homologies. Aternatively, if it is not sensitive e n o u . ,  then it may not produce 

sufficien t numbers of use fd markers. Consequently, d i f f m  t sys tems are suitable 

for different purposes. For instance, the use of ribosomd Ri.\ sequoices is 

appropriatc For thc snidy of rclationships bcnr-run kingdoms and phyla. I fowcwr, 

thc 5s g x c  scqucncc data base has bccn swcstcd to hm-c n limitcd usc for 

phylogenetic estimation @falmt.cli 1991, Steele et al. 1 <)(Il). This conclusion \vas 

based on a s m d  number of phylogeneticnlly informative sites orcr a diverje 

fanLw of gnm md n hi& rate of change at those positions that 11-ere free to  

1-q-. On the othcr hand, the 5s spacer region has bren found to be suitable for 

phylogenetic an+& OC the Tncitrrrr, Pouwr and B ~ ~ ~ J ~ L U L Y P L '  (Steele et al. 

1391). The spacer sequences r q  much more han gene sequences because rhere 

arc man. fcacr Funaionai consaino c o n f d g  sclcctiw disad~iuitagc upon 

thcm. Some areas of the spacer were identified as hot spots for variation whereas 

other areas w m  more coasemed (Scola et al. 1988, Appels and Baum 1991, 

Sasui et al. 19%). 



\Ve sho\vcd that in a numbcr of P~thfiim spccics that hm-c 5s rRKA gcncs 

in tand~m arrays, thc spaccn bcnt'cm thosc p c s  dit-ctgc v c q  rqidly afkr 

speciation. Thecefore, in many cases the spacer c m  seme as a species spaific 

hybridkation probe. In generai, the spacer sequence is variable benveen speàes, 

but it is only consen-ed within spccies. Lack of the spacer d;rergrcnce u-ithin 

spccics is assumcd to be due to processes such 3s unequal crossing ovm (Smith 

1976) md gene con\-ersion (Jeffreys 1970), ïvhich tend to homogenize rnultigcnc 

families, such as the 5S gene famil?, as long 3s gene flow or genc eschange is 

mnlitaincd in 3 population. This form of scqucncc conscnation ailow for thc 

trmsfcr of mutations among thc mcmbcrs of thc famil. md for thc sprcad o f  

mutations to dI indi\-idunLÏ Li thc population. Thus, obs~n-cd homogaity of 5S  

r W A  spacers couid be an indicator of p e  no\\- or F e  eschang and could bc 

uscd to set species boundaries. 

In S//ihn~ there been 01-er 1.30 describeci species, most of thcm 

homothdic, or sclf-fehing. Isolntes are assigned to species mninly on the bnsis 

of mmphological chancters, most of which are zoospormgid or oogonid 

feantns (l'an ~ L Y  Plaats-Nit~Mk 1981, Dick 1990). Sets of  charactns that dcfmc 

spccics oftcn ovcrlap b c ~ c c n  spctics, or may bc incomplctc for an. particular 

isolate due to loss of reproductive structures. Obviously, spcxies buundaries nerd 

to be confumed or redrawli on the basa o f  genetic chancters. Because the 5S 

rRNA spacers diverge npidly after speQation but are subject to homogenizntion 



before speciation, the- c m  gil-e risrise to a sharp discontinuity at speaes boundaries. 

Probing of genodc DNA with the 5s spacer allo\ved us to detecr goups of 

morp hoh @cdy related s p ~ ~ s  that cmos-hfiridïzrd t u g  chcr, indicating that 

those species arc in the group that eschanges q e s .  

Cornparison of 5s spacer sequences 

To furrher esplore the dcgree of relationship among species of the P. 

ihyythm cluster, their 5s rRV.1 spacer sequences were mdy~ed. Thnie 5S spacers 

of P.   pi nom CBS 175.67 and P. gndrm~ponirn CBS 218.94 \wrc amplificd with 

primmcrs SECL and SER and thcn thc prod~icts 1s-cre cloned into thc &RI site <)f 

Blucsaipt hI13 (Strat3gcnc) and scqucnced. The 5s IGS region of P. ingzthn 

C BS 730.78, P. mumi/uf..tm C BS 15 1 18, P. krt~~nzi~gr'mt CDS 550.88, P. p~tmnündnrm 

CBS 1 57.61 and P. p o / p o ~ h o ~ i  CDS 75 1.96 u-crc amplified \vitil primers SUI, and 

SBR and nmpiicons w r e  cloned ;ito the R m H l  site of Blucscript 3113 

(St~tagcne). The inserts \s-cre scquencing in both directions. The 5S spaccrs of P. 

g-hutiutm CBS 252.67 and P. in/mtd~i.m CBS 266.38 wmc also amplifiecl \s-ith 

primcrs SBL and SBR and die products cloncd into thc B m H I  sitc of Blucscript 

A113 (Stratqpe). These WU spmes \tri: chosen as outgmups because 

phylogmetic analys% h f m d  from the partial sequences of 28S RtVA genes 

s h o ~ ~ d  that P. ihgnh~lun is related most closely to P. ghtitrtm md P. it~tcmredi~m 

(Briard 1995). 



For P. @inmm, P. kr~nmig~n~sr and P. ghufitruw, amplihtion of the 5 S  

rRNA spacer produced nvo prominent amplicons. In each case both amplicons 

\vc~c doncd md scqucnccd to ykld 'long" and 'short" \-ersions of the 5S spaccr. 

I;or 3pimwm and P. krfmviq~i;  die main s i rucd  difference bcnt'em long 

md short \-ersions \vas that the short version lncked the "A repc.tW region (Fig 

15). For P. 9fiufi17m1, the differmce 1-s more profound. 

Thc scqumccs \\-me mmudy dig~mcd ns s h m n  in Fig. 15 'nic 

"t~rmination blockn immcdiatcly do\vnstrmm of the 5S pjwc is \WU cons~n-cd 

but 1-nriablr in Imb.th. It cont&s n long ï'-mct, presumnblv the information for 

mscriptiun tcmllnation. The nvo rtptqt regkns, .A and B, thnt fullou- the 

tcrminntion block, x e  scpantcd by a rkablc  region \-en rich in tracts uF l', 

similar to the ttmiinatim blocli. R L T C . ~  A, togetlier ivith its tt'rmination-likc 

block, is misaing in the 'slioct" \-ersions of P. r / > i n ~ 7 f ~  and P. krt~~n~i.p~'c"c' 71ie 

Iargc c c n t d  block i.: \WU coneen-ed but its end is more nriabIe and cmnot bc 

alig~cd. The "insertion" region that foI.io\s: is absmr in P. iqztfm, P- popo!op/Ion. 

P. pume"undn,m and P. g+ndm.ponjnt. h g t h  nriation prcscnt, parùcularly in the 

first part of this region, is maini!- causeci by a variable lmgth of tracts of T. 'ïhç 

9û bp region upstream of the 5 k d  of the gene, cded the "initiation blockn, is 

rrlatil-el. \ d l  consen-ed. Its last 1 1 bp are identical. There is no elidince that it 

fmctions in the initiation of transcription. 



Figure 15.5s IGS sequence alignmeot for sevm Pytbzm species. 

Dots indicate iden tities and dashes indicate introduced gaps. 
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Fipre 16. The structure of the 5S r W A  spacer of P. ihtgzihn homolog group. 
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The DNA sequence dara presented above shows that the maior sizc 

d i f f m c e  in the 5S IGS of P. i q z t h t y  comples is the absence of the 104 bp 

rcpmt A and the presrnce of the "insertionn region (Fi 16). The absence of the 

repeat A accounts for the s i x  diffefeoce bem-een the 'short ' and 'long" versions 

of P. pinomm and P. htnminp.nu. In contras t the "centrd insertionn is prescn t on[!- 

in the 'short " and "longn versions of P. q i m m  and P. ht/Nngm~-e' and in P. 

mmrihfmv. 

'Lhe 5S spacer sequences of 7 specics of P. i q d m  homolog ,group \vere 

compared with the 5S spaccr sequences of P. ghuti~wn and P. i)~fmrdr~rn using 

"CI .L.'ST.\I .\Y?' multiplc scqucncc nliprncn t and-sis. P. .yhuiibm and 1'. 

ihitmzzdi~mz have only JO md 39 score < )f homolog- with < ~ther mcmbrrs of the P. 

iqt~hty dustcr, rcspccti\-cl!-. In contrast, the homolos sccm fix the mcmbcrs o f  

the P. i q ~ t h m  goup  is 78, whereas in the conscn-cd regions the!- hm-c 89 

homolog score. \Y.lien the consensus sequence of the 5S spacer homolog. 

group \as compared with the 5S spacer sequcnces of P. &~li<run muid P. 

i.~znnzdi~trrm ushg 'TRDF' an.\sis rhat compares a test sequcnce to a shuffled 

sequencc, unshuffled optimum score was 84 and 65 respectiveIy, \s-hercas 

shufflcd score rangcd from 43 tto 82 and from 50 to 108, rcspcctil-cly. For 

cornparison, the unshuffled optimum score for the 5s spacm of P. i n v g r t h  and 

P. p o ~ r n o p h ~  whicli demonstnte 97 homoology score, wvs as high as 3152, 

ivhereas the shuffled score r angd  from 48 to 242 This results Lidicate that 5S 



spacers of P. ghhrun and P. inImm&tm are unalignable to the 5S ICS region of 

thc P. imgdm group This lack of D N A  sequence homolog). benveen thc 

members of the P. iqt~hn cluster and P. ghv~irfm and P. i m r d a . / ,  show a 

sharp discontliuity bcni-ccn the P. img~thre' goup and othcr spccics that îrc 

consider to bc cIosclv related to hem- 

Structure of the repeated regions 

Segments h md B are repeats u-irhin the 55 IGS repeats. Cornparison of 

:\ and B rcwds at lest  one more la-el in the hierxch\- of rcpeats (Fig. 17'). The 

second block (KTï-C-T.L\C) ia an imprrfect rcycat, which occurs tnicc in 

tand~m in B and is s~pantcd by an insertion in -A. *ilc  fourth ùlock 

(.lT.-\T-\G'*) occurs once in A md mice in B. The first block 

(C4CCTi\CTr\(-I) could be a tnpk rcpeat with a consensus of T=\C*. l'lie 1st 

insertion (CAilCiL\Ti\T~\:\CL4GC:~ttlGilCr>, prescnt only in .\, contains three 

copies of the C,Ll motif, sugges~g a Ion-er level in the hierarchy of repeats 

\viidun rcpcats. nicsc rcsuits suggcst rhat thc rcpcat rcgion of thc 5S  spaccr is 

sub ject to frequent recombination el-en ts or replication slippage u-hich rcsul t in 

intmal duphtions and deletions. 

The consensus sequence Tor the repeat regions conbin 5 positions that 

are Liformative with respect to the relationships benveen the repeats and benveen 

intemal repeated regions. These informative sites show that consistenaes 

ben- species are greater han consktencies between A and B versions nithin a 



species. For esample, the f i t  informative site represents an dmost consistent 

diff~mcc bcmecn the A and B repeat The repeat A has 'T 'Fm aU eight 

scqumccs, csccpt P. pmcmdnrnt, whm C is prcscnt, but rcpcat B has "C "in di 

SC\-en sequences Li this position. The fourth informative site, \vhich is the f i t  

informative site Li the fourth block (AThTi\GW~ has "T'' Li the repent A in di 

eight sequences, escept P. m b h t ~ ~ ~ z ,  which has "C", and consistently "C" in 

bodi rcpeats B1 d B2. The fifth difornative site, u-hich L- the second 

iriformativc site Li the fourth block consist~ntl!- has "hW Li the rqxat A, "Gn in 

the R I  repeat, md again ";\" in the B? repcat 



Figure 17. Structure of the reparcd regions u-ithin the 5s IGS of the P . i q 1 1 4 m  

goup based on the alignment in Fig. 15. 



1 2 3 4 5 
CACCTACTACT TGTT-GTAAC AAATAAACAG TGT-TTAAC GCTACaCTGCA GCG ATATAG" CAACAATATAACAGCAAGAT AG-TA-GTAAGTACCGMTGCT TERMINATION 

CENTRAL 
CONSERVED 



Phylogenetic anaiysis of the imguàre cluster 

Thc toplogy and branch Imngths of thc phylopctic trcc rclating 7 

P$z?;m sp&s in the 5S spacer homolog group to each other u-as e\-duated b!. 

using the Neighbor-JoLung (E;B methid @itou md Nei, 1987). Parsimon!. 

nndrsis (DN;\P.\RS, PH\iI.IP 3.1) was dso used to in\-estigare the trec ropolog-. 

In the most parsimonious tree, confidence Iunia for brandies wvere estimated by 

bootsrnp malysis wirh 100 itenctions (SEQBOOT, PIIlT.IP 3.1) For XJ, the 

distmcc matrices of Iumm w\-erc used (rable 3). PhyIogcny \ras inferreci from 

sequmcc dam of the cnitnl consen-ed block plus the initiation block. .\ total 439 

nuclmtidc positions \vcrc indudcd Li thc and!-sis. 

In die 5'; spnccr tree, P. po~ftlophnn md P. iqnhn arc 1 - q -  closch- 

relnted (the bootstrap value = 100) (Fig 18 and 19). h1orec-n-cr, these n w  spccks 

hm-e \-- Ion- nuclmticie distmce values equal to 0.026 (T'able 3). Phylo~mrric 

and!-sis dso indicates close relationship betiveen gfi~~drnpntm 2nd the P. 

po~rnlopho~ - P. i q ~ h m  duster (the bootstrap [-due = 96) (Fig 19)). SigniÇcmt 

hm-specifc sequcnce variation \vas prcsent in P. ~pi~foatm and P. ktt~mi~gc'~t~'r"r' 

Distance vnluts were estimîted benveen the long and short version of P. 3pin0~7;m 

and P. hïnnn~zcn~c (distmcc vdun YC cqual0.171 and 0.103 rcspccci\-cly) (Tablc 

3). In both c . m ,  die single isolate has hl-O versions that are not closely related to 

rach othcr comparai with spacers Li odicr speues. Both s h o a  \-ersions of P. 



-pinoni. and P. h ~ ~ ~ g ~ ' n . s e  are req- similar; th- ha\-c the smdest nuclcotide 

distancc due:  0.0025 Fable 3). 



Table 3. Nucleotide distmces benveen sel-en P~fhiztm species of the P. ihyhn 

homolog>- p u p .  

Distance values \\-me infcrrcd from scquenccs of thc c c n r d  consen-cd block 

plus the initiation biock using the nvo panmeter mode1 of Gmun. (1980). 

Values are espresscd as d x 100. 





Figure 18. Unrooted phylogenetic tree for the sel-en P~~hi~iun speues aligned Li 
Fi 15. 
The tree w u  in ferrcd frum the sequnice dan of thc c c n ~ a l  consrri-ed block plus 
the initiation block (439 bp). The relative genetic distances were estirnated by the 
N-j method u k g  the h u r a  dis tance values. 



P.cylindrosponim 

P. paroecandrum 

P.spinosum(L) 

P-spinosum(S) P. kunrningensiç(S) 

Figure 13. hfnst parsimonious phylogmetic tree for the sevm f3.ILi11m speacs 
aligned in Fig. 15. 
The tree uras infened h m  the sequerice data of the central consen-ed block plus 
the initiation block (439 bp). Confidence limits of branches were estuaated by 
ushg bootsvap analjsis. Bootstmp d u e s  were not indicated when less thm 6ODF 
(no t sipifican t). 



Discussion 

Thc SS spaccr sequences in a group of 7 qfhirtrn specics, iinowa here as 

dic P. ihg&n goup, are organized in the sarne way and have a high ievel of 

sequence homology in consen-ed a r a s .  Interspersions of hg+- consen-ed 

regions Mth dimrgent regions suggest that some aras  are subject to strongr 

selective pressures than others. The organkation of the SS spacer region of the P. 

inph dusta is similar to that of the 5s rDNA units from Tnaceae spçurs. 

Our "tcmünation bloclin that follon-s the 3' nid of the 5s gene L: similar to the 3'- 

dounstrcam spaccr rcgion, 3 simplc poiymer scqumcc characterized by tracts of 

T s  of y-ing lcngth (Sastri ct al. 1972). Our "Ti\TAn motif ~vhich is prcscnt in 

both .-\ and B repem is &O recognizable in most of the plant 3s :p xcn.  

1 Iowever, the variable position of the "'T.\T.\" motif relative ta die gene sqgests 

that it ia not cquil-Jcnt to thc "TATAn bos found in thc 5'-upstrcam rcgions of 

=es trnnscnbed by RNA polymense II  (Sastri et al. 1992)- The O bp region 

upstream from the S'-end of the gene \vas defmed in the Triticeae as the 5'-us 

rcgion \\-hich is relativdy more consen-ed than the rest of the spacer. Our 

'initiarion bloclin is ais0 weil conscn-cd and pro\-idcs a clcar cut-off for thc 

occurrmcc of ddctions. Although it has bccn sugpted that this rcgion mal- c q  

information for transcription initiation, conseri-ed regions in the 5s spacer have 

not bem f o n d  after the a\-idable database from a broader specmm of 

+es- This indicates that die 5s rRNA gene alone contains the recognition 



sequace for fomiing the tmscription initiation ccmples for RNA polymerasr 

III. 

The changes that occur in the 5s spacer region sequences Liclude point 

mutations, deletioas and duplications. Inspection of these types of changes, 

espeaal1~- die lm& x-ariation in the T mcts of both "temiliation blocks" 

suggests that "slippage" during replication mal- be a common occurrence. The 

significance of this mechanism in the generation of a great ded of rnriabili~ in 

thc DNA is cnhanccd by thc obscn-ation of l n y h  \ - ~ a t i o n  in thc TCTTCJX 

tract in thc 55 spaccr frmn P i n q  thc I~ngh variation in thc T tmct in Anr<&ii- and 

a duplication in the gene region (CG.IG;\G) in the T,;rrrr as u-ell as in Ogyu 

bnr<-/3"/%Y (Efsuadiatis et al. 1<)80, Scoles et al 1988). 

The degree of homogmization of 5s IGS populations appears to n r y  

from species to spccics. Our rcsults dcmonsmte that sipificant intm-specific 

variation esists in P. qinosztn~ rnd P. himmingtn.re. Cornparison of the sequcncc 

nriation in nvo different versions oong and short) of thc Litcrgaic spacer in hc 

sarnc spctics strongly suggests occasional dclction and amplification cn-cnts in thc 

cvolution of thc 5s rWA p c s  arnys. An anccstrai 5s i n t q m i c  spaccr may bc 

subjected to a Iarge deletion or duplication as a result of an unequai sister 

chromatid eschange or intrachromosomal recombination event Subsequmt 

amplification of the new version of the spacer would create a na- randern array 

of 5s DNA unies differing from the original. Changes wvould then accumulate at 



mdom in the tandem array by a number o f  mechanisms (discussed above) and 

these changes couid be the source of the new version of the repetitiw 5s unit 

m y .  The large distance \-due estimated benveen the 'long" and "short" version 

o f  the 5s spacer from P. phooaun and P. hïtzm>gtw.w supports this hypothcsis. 

XIoreover, the scquencc analysis of 'long" and 'short" 5S DNA units in thc 

Triticcae dso suggests that these different ciasses that occupy hvo ciiffercm 

chromosomd locations have independen t spacer el-olu tion although the- have 

concerted gene evoluaon. Ph-logenetic malysis of A i &  speaes based on 5S 

DNA unit sequences also s u w û  that at least three classes of 5S DN:\ units that 

c-xkt Li /t.rrri;r do not evoh-e at the same rate (PlayTurd ct aL 1992). rUthough \\-c 

JO not have m y  information about the chmmosomal location of the 5S gene 

arrays Li Qthzjïm, n-e cm assume that the 'longn and "short" version of the 5S 

spacer from P. ~fKliosm and P. h~nnri?gzn~-e h x e  sepante loci n-hich do no t el-olve 

in conccrt. 

It is o f  interest that dildiough in each isolate of P. pinomm and P. 

htmirpm-e hvo versions are not dosely related to each other cornpared with 

spacers in other species, bodi short versions are almost idmticai. This indicates 

that 5s repear units Xe exchanged between examlied isolates of P. spin0.m~ and 

P. rttnnfingc~~st faster than the? c m  be homogenked within one isolate. This 

mems that variation in the SS spacer should be Litroduced into spcties at a ICI-el 



hi& mou.& to partid>- countenct the effecei of concmed el-olution. Our 

hpthes i s  suggests that interspeufic gene flou- is required. 

Gencdy Our resuia show that 5s spacer sequence variation \vas low 

enough benveen speties of the P. iingzthn comples to duster them togedier but 

\vas high bbenveen this group and the other P@izm species. The DNA elment  

shared by the P. i q z f b ~  comples d o n  not appear to be present in the gniomic 

DNA of 85 other isolates represen~g 85 other speaes, judging from the fdure  

of such DNA sarnples to cross-hybridize wvith probes made from the diffcrcnt 

\-&ans of the common r l~nirnt  A few other specirs, such as P. ~ ~ h ~ i t 7 . u n  and P. 

in/mndiztm, that have sometimrj becn con fued \vith rncmbers of the P. imbdm 

goup, halr 5S spacer scqucnces that are so diffcrcnt from those \\+thLi the group 

that they cannot be dgned for cornparison. 'nierc is thus a sharp discontinuin- 

bcm-cm the P. imsthrc' group and othcr isolatcs that codd bc closcIy rclatcd to 

thcm on basis of thcir morpholog-. 

hlolecular-based relations hips benvem species of the P. i h q z t h  group 

arc coosistnit with specics affkities that can be inferred from rnorphologl: The 

seyen species s h m  sel-eraI sign;ticant chmcteristics. They ody d v  produce 

zoosporangia. Ody in P. i f  are sporangia n o r m d y  present 

Zoosporangia, when pcoduced, are ahvays globose and non-proliferous. There is 

much 1-ariability w i t h  the group with regard to the amoun t of omamentation on 

the oogmium, as discussed in a previous chapter. 



A close relationship indicatd benveen P. i q d m  and P. po&n/o@on is 

consistm t writh th& tradi tional morphologid grouping. S e v d  authors havc 

concludcd that po~mo'~jIon is identical with P. imgth (Kouyea~ 1964, Vaartaja 

1967, Ahrens 1971, Van der Plaats-Niterink 1981). In the original description of  

P. p o & t t o ~ h o q  o o ~ n i a  are reporteci to be smooth, w-hems oospores are d t e r  

smooth or 'cchinulate" writh a variable numbcr of spines. This is most cmin ly  a 

misinrcrpretation because the p ho tographs show oogonia \vih digitare spincs 

csactly WIc thosc in P. imgthn (dc C o d ,  pcrsonai communication). 

5s spacm distances support a close relaaonship among ~Lndm~pnnm 

and P. i q z t h  that is also consisttnt \.th th& morpholog.. 1 % ~  o ~ n l  

Jrscripaon o € P. L ~ ~ B ~ d . ~ p ~ n ~ r n  is in csccllm t agwccmcn t with thc dcscrip tion n € 

i b v @ ~ ~  bj- Van der Plaats-Nit~xink (1981). This k also in accordancc with 

inforrnarion f n m  .Arthur de Cock (personal communication) that the 

morphology of P. ~/Indm.pntrn is veq- similar to that of P. iq~ibn, including die 

prcscnce of a fa- ddigitate spines on some wgonia 

Thc cornparison of rclarionships bascd on  thc 5s spaccr vaiability with 

those based on morphological chancres provides cvidmce that thc IGS rcgions 

are useful for in\-estiga~g hterspecific relatedness in the gaius Qfhbm. n e r e  is 

no argument on morphological grounds that would malie our grouping of selm 

&hiun speties untenable. On the other hand, wie have found no morphological 



chancrer snte esclusive ro our goup, pmbably due to the limiteci number of 

such charactcrs bcing used in rasonomy. 



Speties-specific polymorphism in the IGS of the P. irregzd" 

rDNA cluster 

In searchùy for the rnolecular chancters that cm be utilijied in systemntic 

studics, thc appropnatc molccular markcm should bc uscd to infcr rclationships 

m o n g  orgmkms at the dcsircd tasonomic lewl. Rcsrriction f r v c n t  lcngth 

polymorphisrn (RFLP) anaiysis of the mitochondrid srnaii subunit ribosomal 

RN\ p c  and thc nuclcar rDNA rcgion containhg thc intcmd tcmscribcd 

spaccr (iTS) regions and the 5.8s r R N A  gene have been used in dcterrnining 

rclntionships ben\-cm fun@ genera and spccies (Carder nnd Bxbxa 1391, Chen 

1992, Chen et d. 1992, hlmicom and Baayen 1994, XlartLi and G d e r  1990, 

hIntsurno to and Fuliumasa-Nakai 1 935). Spccies-spcci tic polymorphism in 

unisctibcd nbosomal DNA of &&t Q./bizm spccics \\-as rcportcd and Ldc 

intraspccific varianon \vas obscn-cd (Chcn 1731, Chcn ct d. 1371). The vnrtation 

in restriction sites n i t h  thc ITS regions \vas also dctcrMncd for 36 P~f/~iil,m 

species (Wang and White 1997). In ferred rclationships based on RFLP analvsis 

compared with those based on sporangd forms supported the division of the 

species with frl&'~mentous sporangia and those xith gIobose sporangia into n\-O 

main branches. 

R F I J  analys& of the ITS region, howt-eer, is unlikely to yield adequate 

nsolution for doscly rclatcd spcties duc to its lirnited sizc aad duc to inclusion of 

highly consen-ed gene regions. We have &O attempted to use the spacer bem-een 



5S r W A  genes in the mdem a m y  as a source of markers for spccics defliition 

(data not shown). I-lm, too, the size is limitai (about 600 bp), and cornparisons 

wre  fnistnted by a hi& degree o f  Lin-isolare heterogeneity Li the size and 

sequence of the spacer, and the s m e y  was aborted in fax-or of the approach 

dcscribcd bclow. 

The large intergenic spacer, estending for about 600 bp from the 3' end 

of the large subunit gene to the 5' end of the s m d  rDNA subunit gene appeared 

ro contain a Io\ver degree of' heterogeneity (Fis. 20). Use of this region permitteci 

the de% identitication of individuai suains after digestion with restriction 

cndonuclcascs. 



Figure 70. The rDNA repeat showing the location o f  the interpic spacer 
region (IGS) amplificd by prLners Q or Q I  and P2. 
ssrDNA = s m d  subunit rRNA gene; IsrDNA = large subunit rWi\  gene; ITS 
= internai transcribed spacer. 

RFLP analysis of the large IGS region 

.\mplific&n of IGS u-ith primcrs Q and Pz \\lis success full- carricd out 

for each of the tested isolates of 7 speàes which belong to iqzthn homolog- 

group. $ring an amplification product of approsimatcly GOûO bp diat \-.Gd 

somewhat Li sUe dcpending on the speaes. Isolates o f  P. 3.ljsrli7tn1 and tiie type 

culcures for P. inlmzeecüm P. r~kimt~nz var. ~~Irrn~t~m and P. rikirnitnt \-S. poru~!@r;/ntnr 

u-crc dso indudcd in thc analysk. Fivc of die 45 isolates snidicd yicldcd nw 

nmplification products. In case o f  1'. ph2fi'ff~ 1 1  5 (CBS 203.77) the additional 

;unplification product \vas approsimatdy 2800 bp long. For fiw isolates o f  P. 

p n o u m  (CBS 275.67, CBS 276.67, CRS 377.72 and APCC JOlla) the addiaonal 

mplifcation products were appz~~simatdy 800 bp long. The presence of multiple 

amplification products might indiate that additional prLnLig sites are located 

\\rithin the intergenic spacer region. When the IGS region was amplifieci uith 

prhers 0 1  and Pz no additional ampiification products were obsen-ed. 



Thmefore, it is most kely b a t  regions homologous to the Q region of the large 

subunit rRNA gcne \\-me present Li IGS and accounted for the produceion of 

nvo amplitication products. No Inigth variation of the maior 600 bp amplicon 

\vas obsen-ed aker runnlig products on the 2'. -se geL Hms-ewr, \r.e can 

not csdude the presence of slightly shorter or longer \-ersions of the ICS :p 4 acer 

dint could no t bc scparatcd on thc agarosc gcL 

The IGS rcgions amplificd Gth primers Q and P2 \vert subjecred to 

digestion with 5 restriction endonudeases, narnely I-iinrlI. Tql, I-linjl, I q d I  and 

1 .  Restriction enzymes Rrd md HueIII were used for digsüon of the IGS 

region arnpfifiicd \vith primcrs Q1 and PZ RcsUicticm dipstion nndysis of thç 

amplificd IGS region produced very similar restriction partcms f r ~ r  isolntes of  thc 

samc spccics that allowcd h e m  to be identified in dustcr analras. Restriction 

profdcs for thc 15 isolntcs of 11 spcacs for SC\-cn cnqmcs nssaycd arc sholrn in 

Figures 21 - 17. 



E y r e  21. Rcstnction digestion of Q~hli~rn IGS spacm (QP2 amplicons) with 

Hh.11, 

Numbm correspond to rcfcrcnce numbcrs of Pyhizm isolatcs p r o d c d  in 

Table1 : P. i q z ~ k m  67,97,98,99, 100, 101, 105, 106, 127, 13 1,  171, 245,216, P. 

&ufitnrn 1 5 ,  P. ty$ndrv~pnntm 74, 1 155, P. pmmundn~m 68, 1 07, 1 1 5, 1 1 6, 1 63, 5 5 9, 

568,635, 637, P. spinonun 13,117, 118, 119,120, 194,)4,12b, 4012d, 1012h, P. 

nzumlihrrum 3, 1 12, 1 1 3, 1 1 1, 43 1 1 c, P. hf~fmir~pznrr GO, P. po~rnophon 334, p. 

dcbug'rlmm 336, P. i~~fznncdiz~m 6, P. r~himzlljrf 1-ar. 2th~hY11hY 18, P. d h ~ m z  rar. 

~porrtn~ii/'mm 1 9, p. minfhimm 7 1, P. /ydno~ponfm 90. Lane Id, 1 kb ladder. 





Figure 2. Restriction digestion of ~ h h m  IGS spacers Q P 2  amplicons) with 

TuqI. 

Numbcrs comspond to rcfcrmcc numbcs of Py/rritrn isolatcs providcà in 

Tablel: P. ikgthn 67,97,98,89, 1100, 101, 105, 106, 117, 131, 171,215,246, P. 

.~hsr~imm 1 5, P. ~U'ndm~ponmt 74, 1 55, P. pumLundnm 68, 1 07, 1 1 5, 1 1 6, 1 63, 559, 

568, 635,637, P.piinnrnt13, 117, 118, 119, 120, 191,4û12b,1012d,1012h, P. 

nz~rn~ihi~trn 9,112, 1 1 3, 1 1 4,43 1 1 c, P. ktnnniryzse GO, P. po3motphon 334. Lane I., 1 

kb ladder. 





Figure 23. Restriction digestion of P~fhizrun IGS spacers (()-PZ amplicons) with 

Hg. 

Numbcrs correspond to rcfcrcncc numbcrs of P~t/ktm isolates proGicd in 

Tablcl: P. i q z t h  67, 97, 98, 99, 100, 101, 105, 106, 127, 131, 174, 215, 246, P. 

.yhufiCrim 1 5, P. gk~drv3ponm 74, 1 55, P. pm"andnim 68, 1 07, 1 1 5, 1 1 6, 1 63, 559, 

568,635, 07, P. @noam 13, 117, 118, 119, 120, i94,40l?b,1012d, U)12h, P. 

nzunziXhtrm 9, 1 1 2, 1 1 3, 1 1  4, 43 1 1 c, P. klinmrigms'e' 60, P. pobmophn 334, P. 

i~t~cmztdUinz 6, P. r~hhrtm var. z~khmnz 18, P. ~thinzzm GI.L @rzqifimnt 19, P. 

~"rlnh~rmil7 1, P. ~ d ~ ~ o q ~ n t r n  90. Lane L, 1 kb ladder. 





Figure 21. Restriction digestion of &tl>nm IGS spaccrs (Q-PZ amplicons) with 

/-&il. 

Number?: correspond to rcfcrmce numbers of l3t1rrim isolats provided in 

Table1 : P. imyh 67, 97, 98, 99, 100, 101, 105, 106, 127, 13 1, 171, 245, 246, P. 

~~hlrthirnr 1 5, P. t)'6ndrn~pnm 74, 155, P. pum~undnm 68, 107, 1 1 5, 1 16, 1 63, 559, 

568,635,637, P. $ihnirn 13, 117, 218, 119, 120, 194,3012b, 4012d,3012h, P. 

mmiihftinm 9, 1 1 3, 1 1 3, 1 1 4 43 1 1 c, P. ittm'n~c'n~e GO, P. po&o@on 334 I m e  I,, 1 

kb laddcr. 





Iïgurc 25. Restriction digestion of Ij.th,itm [CS spaccrs ( Q P 2  amplicons) lvith 

-4ht 1. 

Numbers correspond to r e f m c e  numbers o f  P~t1ukm isoiates provideci Li 

Table1 : P. i ~ z d m  67, 97, 98, 99? 100, 101, 105, 106, 127, 131, 171, 115, 246, P. 

ghuti~itm 1 5, P. gd~~dm~,pntm 74, 1 5 5, P. pr~xt'rlndnm 68, 1 07, 1 1 5, 1 1 6, 1 63, 5 59, 

5G8, 635, 637, P. ~piiz0~7tnz 13, 117, 118, 119, 120, 194, 1012b, 1011d, 40121,  P. 

nzunn'/htnnz 9, 1 1 2, 1 1 3, 1 1 1, 43 1 I c, P. kr~~~miigtnst 60, P. / > O & T O ~ ~ O I I  334. Lmc 1 ,, 1 

kb laddcr. 





Fiprc 26. Rcstricrion digestion of bf11ritnr IGS spacers (Q 1 -P2 amplicons) wi-ith 

RroI. 

Numbm correspond to rcfcrencc numbm o f  P$vitrn isolates pmvidcd in 

Table 1 : P. i q d m  67, 97, 98, 99, 100, 10 1, 105, 106, 127, 13 1, 171, 215, 216, P. 

ghufimv 1 5, P. ~3)'~.1dm~panfrm 71, 1 5 5, P. pum"undntm 68, 1 07, 1 1 5, 1 1 6, 1 63, 559, 

568, 635, 637, P.   pi no mm 13, 117, 118, 119, 120, 194, 4012b, 40124 4012h, P. 

muwdh~~m 9, 1 1 2, 1 1 3, 1 1 1, 43 1 1 c, P. krtmiirge'nn~c 60, P. po~mnpbnn 334, P. 

dtbugum,m 336, P. infm~td~trn 6, P. rtkimm var. ztkirmtm 18, P. zthimtm 1-ar. 

porn~gi~mm 19, P. rLfii.rthrrim 33, P. bd~~o-pomnrm 90. Lane L, 1 kb Iaddcr. 





Figure 27. Restriction digestion of rjjhintun IGS spacers (QI -P2 amplicons) with 

mdrr. 

Numbers a)rrcsqwnd to rcfcrcnce numben of PJ//& isolates proi-ided in 

Table1 : P. i q d m  67, 97, 98, 99, 100, 101, 105, 106, 127, 13 1, 174, 245,246, P. 

gh'rttiom 1 5, P. gkndm~pon,m 71, 1 5 5, P. p m w n d d n ,  68, 1 O?, 1 1 5, 1 1 6, 1 63, 559, 

568, 635, 637, P. rpinmm 13, 117, 118, 119, 120, 194, 4ûl2b, 4012d, 4012h, P. 

~ ~ ~ ~ / / U I I I L V  9, 1 12, 1 13, 1 1 4, 43 1 1 c, P. ~~nmtitpz.w 60, P. po&o@on 334, P. 

dtbq'rl~~ztm 336, P. i~zfmedzmr 6, P. rt&im~trrm var. rtIfhztm 18, P. ~tkim~tm var. 

.porrlqi+ntnz 1 9, P. n h w t h ~ ~ r n  33, P. ~di03pnntm 90. Lme L, 1 kb ldder. 





Cluster analysis 

h binomial mamx for each restriction q m e  \vas constructed Li which 

the restiction e n d o n u ~ l ~ e  banchg pattems were cornpared (data not shoun). 

The prcscnce or absence of a band \vas rcprcsmrcd by a 1 or  a 0, rcspcctivcly. 

The s e m  binomial mat& data sets were comblied and used to roduce the 

distance matrices of the Kimura distance miues by using "RE.STDISTY 

(restiction fr;isnents option) (PHIIIP 3.57) CIjble 4). Phylogenetic 

rclationships among isolates were evaluated by the Ktch mcthod (Fig 28). 

The ph ylogene tic analysis grouped 42 esamlied isolates represen tlig 

ryti t 1~1hizflm specics collccted from diverse hwts and gyx)gaphic o+n, into 6 

main clwtefs. The R mumihtztm cluster contains ali five P. m m l h t ~ t m  isolates and 

one P. pinomm (194, adc 85.058) isolate. T'lie P. .yiino~'~tm clustcr includcs clgt~t 

esamlied isolates of P. pinomm and the npe culture for P. kt~rtmiigtm~ (GO, CBS 

550.88). nie  type culture of P. gihdmqontrn (74, CBS 31 8.94) sharcs identicd 

RFLP Gngerprints with P. ihzgzth (105, adc 9402). Another esamlied isolate of 

P. 9/i~zdm~ontnz (1 55, CBS 21 9.94) seems to be closcly related to the type culture 

of P. pmor~.anhl)itf (68, CBS 157.64). Uso, 1 1 of 1 5 examineci P. zkpthm isolates 

form one large cluster to which P. po&i@on (334, CBS 751.96) and two isolates 

of P. pan,e"cIndnt/irl, 1 O7 (CEE 21 9.94) and BR 559 can be assigned. Three O ther P. 

hguh isolatcs, 174 (CBS 733.94), 224 (adc 94.1 O), 246 (adc 94.1 3), and onc P. 



pmu"nmnun, I l 6  (CBS 651.79, dustered together w-ith the type culture for P. 

ghvfi~un (1 5, CBS 45267). 



ï'ablc 4. 
Restriction sites distance matrices for the IGS rgion of 12 isolates oleight &hi~irn species 



Table 4. 
Restriction sires distance matrices for the IGS rgion of 42 isolates of eight 51hi1m species 
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Table 4. 
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TabIe 4. 
Restriction sites distance matices for the IGS rgion of 42 isolates of eight &hihm species 



Table 4. 
Restriction sites &rance mavices for the IGS rgion of 42 isolates of eight f3hi trn  speues 
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Figure 28. Unrooted distance tree showing relationships among isolates of eight 
~thi t rm speties infmed by the Kitch method based on RLFP analysis of the 
in tergmic spacer region. 
Qhk ~pec ie~:  k, P. imgubon; pl, P. p~mophorr; par, P. pmttundntm, cyl, P. 
ty%ndmgwntm, spn, P. -pinomm, kun, P. hînmingt'n3-r: mam, P. nr1nn7b1nm, FI, P. 
gh uli'zm. 



Species-specific fingerprints 

The IGS region \-as ampliued wiith ptimers Q and P2, digested \.th 

diffrrmt 5 endonucleases, and probed with Q and P2 end labeled probes. The 

IGS ww: also amplifieci with Q I  and PZ prlners, digested \cith RwI and FlrrrIII, 

and hybridized to Q I  and P2 probes. Hybridization with Q and Q I  primers, that 

anneal at 280 bp and 40 bp, respdvely from the 3' end of the large subunit 

rRNA gene, \vas dme to detemilie the firs t restriction site for each endonud-e 

do\~nsaeam of the IsrDNA. Similady, probïng with the P2 primer, that anneals at 

98 bp Imm the 5' end of the smd subunit rRNA p e ,  was performed to detect 

the restriction sites upstream of the ssrRNA. 

F i i r e s  19 and 30 shon- the autoradiogram of the amplified IGS region 

digested w-ith HinriI and hybidked liith Q and PZ respectiwly. W'hen probing 

n-ith the Q primer, rnost isolates show multiple bliding that indicatcs 

heteropeity Li a region iocated downstream of the 3' end of the large subunit 

rRN.4 &nie. A different banding pattern characterizes each cluster of isolates. In 

most isolates one or nt-O fiagment lengths predominate. For esample, isolates of 

the P. ih&m cluster have m o  main bands about 550 bp and 470 bp long. The 

isolates of the P. ghfi~7:m duster share one cornmon 3 kb band. No variation in 

banding pattern was obsmed among isolates of the P. r)'hdm.pona and P. 

gh'ctfL~m dusters. The other isolates of P. pameazndnm (1 1 5, 568, 635 637), that 

were not grouped to any dusters, showed d i f f m t  bandhg patterns. The P. 



.pinomm clustcr 3ppa.r~ to ha\-e no conscn-ed Elinri1 sites in the region 

donnstream of lsrRNA gene. The strong band about 750 bp Iong bat is presait 

in three isolates of P. zpnonim (1 3, 1 19 and 12û) represen ts an addi tional producr 

of QP2 amplification. The bandlig pattern for isolates of the P. mawihf~irn duster 

is dmost uniform; the!- share one common 600 bp band. 

Probing with the PZ primer resulted in one band that \vas common for 

isolates of each cluster. For esample, isolates of the P. ikgzthn clutcr have one 

band, approsimately 1600 bp long, which is also present for hvo isolates of the P. 

&zdm.pontm duster. Isolates of the P. ~ ~ i r u t i k v  dus ter, thc P. pmciwndnim clus tcr 

and nvo more isolates of P. pc"17ci~ndn~m, 568 md 637, share one common band 

about 900 bp long. Two other isolates of P. pmsrndnm, 1 15 md 635, show 

different bmding patterns. P. pumetw~dnfrn 1 1 5 has a 400 bp band, whereas P. 

pmcLu~;dn;m 635 has a 150 bp bmd. A band appnximatcly 2500 bp long is 

characteris tic of the P. @ I I O S I / ~  group isolates. The isolates of the P. mmihtzim 

cluster hwe a cornmon 950 bp band. 



Figpre 29. r\utondiogram of P~fhizm IGS regions (QP2 amplicons) digestcd 

with Fli~dI and hybridized to the Q primer. 

Numbers correspond to reference numbers of P~tI~irm isolates pro\-ded in 

Table1 : P. iqdm 67, 97, 98, 99, 100, 10 1, 105, 106, 127, 13 1, 174, 245, 246, P. 

.yhzr~i&m 1 5, P. g6ndftl.pnmt 74, 155, P. pummdnm 68, 1 07, 1 1 5, 1 1 6, 1 63, 559, 

568, 635,637, P. &mnm 13, 117, 118, 119, 1120, 194,1012b,4012d, 1012h, P. 

nzm&tztm 9, 1 12, 1 13, 1 1 1, 13 1 1 c, P. k~nmritgtnsr GO, P. po~mophon 331, P. 

dtbqunzm 336, P. intmt&zm 6, P. rtkimrtm var. z~IrUIn~rn 18, P. ztltiinnr nrx. 

.porrltgi@mnz 1 9, P. uLwn11!1ikn1 7 1, P. ~ d n o p o n r m  90. 





Figure 30. .\utoradiogram of @fhizm IGS regions (QP2 amplicons) digested 

with ?fin~lI anci hybridiwd to the PZ primer. 

Nurnkm correspond to refercnce numbm of bt/n'myrp isolates pmvided in 

Table 1 : P. i q t h  67, 97, 98, 99, 100, 101, 105, 106, 127, 131, 174, 245,246, P. 

94uhrmr 15, P. p%rdm.~pnun 71, 155, P.prrmnindnnr 68, 107, 115, 116, 163, 559, 

568, 635,637, P. ~ U t o s t ~ ~  13, 117, 118, 119, 120, 194,);(,12b, Ml?d, W2h, P. 

nmilbtf~m 9, 1 12, 11 3, 11 4, 131 lc, P. ~trzmin~"e'n.cc' 60, P. p~rnnph011 334, P. 

d e b q u m  336, P. in/mnrditun 6, P. z,IUnztnr 1-ûr. ~~Irinntrn 18, P. trl#tlrnr rar. 

,por~rg$@nm 1 9, P. aunfI!~i~rim 7 1, P. hdno,pnm 90. 





Frngerprlin specific for isolates of the same cluster w c r e  also obsmed 

by digestion or amplifid IGS spacer \\-ith Tql and hybridization to thc Q primer 

probe (Fig 31). The isolates of rhc P. ih&m cluster show multiple bliding diat 

uidicates the presence of a region of heterogmeity. Almost di isolates of the f. 
i h p h i  group shows 3 unique pattern O f heterogenei~ in the region located 1 -1 

kb downsueam of the 3' nid of the IsrRNA p e .  The isolates of the P. ghütit;~wz 

dustcr havc one min band, about 700 bp long. The 1.3 kb band L: prcdomlimt 

for isolates of the P. gbndrorpoim cluster. The three isolatcs grouped into the P. 

/Nrnwundtl;m clustc.. havc one 600 bp band. The other isolatcs of' P. pmve~undn~m 

ha\-c unique banuiding pattcms. Thc 11 ~pinomnz cluster hm onc predominant 550 

bp fragment in cornmm and the isolates of the P. nzu~illztm gmup shxc  a 700 

bp band in common. 

\\%en the TqI digest of the IGS region \vas probed with the P7 primer, 

no major variation in bnnding patterns was obsmcd mnong 12 csamincd isolatcs 

of thc cigh t P~t1~izim specics (data not shown). hfost isolatcs have onc 2 0  bp band 

in common. The isolates of the P. giiuti~;~m and P. rnami&fztm dustcrs sharc a 250 

bp band and the P. ~pino.rrnr cluster has a 1 80 bp band. 



Figprc 31. Autondiogram of &t&m IGS rcgions (QP2 amplicons) digested 

with TuqI and hybridized to the Q primer. 

Numbers corrc'spond to reference numbers of P~tjfim kolates p c o d c d  in 

Tablel: P. i q z ; h  67, 97, 98,99, 100, 101, 105, 106, 127, 131, 174,245,246, P. 

~h'rl~imm 1 5, P. ~)'&nJm~pnirn 74, 1 55, P. pmLundnun 68, 1 07, 1 1 5, 1 1 6, 1 63, 5 59, 

5668, 635, 637, P. .pinnnum 13, 117, 118, 119, 120, 194, 4,12b, 40124 4012h, 

n/rl/l~ifhfriun O, 1 1 ?,I l  3,111,13 1 1 c, P. h;nmingc>m~ 60, P. po~mophon 334. 





Thc physicd map o f  the region donnstfearn of the 3' end of the large 

subunit rRNA gene and the region upstream o f  the 5' end of the smd subunit 

rRNh gene showvlig sites for seven endonudeases is given for e t  Q~%irrm 

spccies in Fs 3 2  hlany restriction sites in the region ups- of the 5' cnd of 

s s r D N h  are consen-ed among the eight esamlied species. In contmt the region 

do\vnstrcam of the 3' end o f  IsrDNA shows multiple restriction sites for most 

maiyzed endonudeases (heterogcneitv) and shghtiy differcnt patterns of  

res t ict ion sites for each species (inter-spcci fc rariation). 



Figure 3 2  Restriction site maps of the region downstream of the 3' end of the 

large subunit rRNA &me and the region upstream of the 5' end of the smd 

subunit rRNA genc. 

Restriction endonudeases: A, .-?hl; H, HiklII; P, IfinJ; P, HpuII; R, R d ;  and T, 

TuqI. bu1 restriction site \vas no t determinrd for P. k r r n m i g c ~ ~ ~  
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Discussion 



ribosomal subunit seemed to be more variable benveen species and among the 

kolates of the same species. The restriction site poljmorphism in thic region 

could bc causcd by dclction and insertion cwnts and point mutations. Thc r e o n  

of hctcrogeoeity Iocated about onc kilobasc downstrcam of the 3' cnd of LFrRNA 

gcnc and ncar the centre of the IGS has been previously obsm-ed in P. rtkinntm 

(Klassen and Buchko 19%). This Iengtb heteropeity Li the IGS of P. ~dtin~wn 

\-as attributcd tn thc prcsmcc of ; i m l s  of nmdv identical subcepcats. 

The c1usterkg of isolata bastscd on restriction sites Li the IGS region of 

4~I1fitm species is gcnenlly consistent \vith morphological différences The 

digestion of the arnplified IGS region ~ i t h  enqmes Hinr-Ii, TqI, l f i~/r ,  I-@dl, 

.-1M. RwTT and Fiut~llT dividcd 42 csmincd isolata into 6 main clustcrs. Thc P. 

ihgithm cluster Uicludes 1 1 isolates of P. iqzïbn (iclusi\-e of the neoc-pe culturc 

For thir spccics, 69 ,  nvo isolatcs of P. ~umasmdn/nt and onc csamincd isolatc of P. 

p/S.mopho~z~ Thc clustcrlig of P. i q m i m  with P. p o ~ t n o p h a ~  is in agrccrnen t x i &  

our 5S spacer trcc, which shows thcse nr-o spctics to be wr)- closcly rclated. 

lhcrc is also no morphoIogicd m-idencc that c m  jus tic th& scparation into hro 

different species (de Cock, persond communication). To Further con fmn the idm 

that P. p o + p / I o n  is iden ticd with P. ihglkm, the analysis of the ailthen tic suain 

(CBS 26333) O € P. po&orphon (the 5ye saaLi  is not al-dable) d l  be required. 

The P. ~dndmspontm duster, which groups the type s train 74 (CBS 21 8.91) 

with the P. inqythm isolate 105 (adc 94-02), is dos+ related to the P. imph 



cluster. P. ga'ndmqonm pmduces giobose hyphd swehgs, similar to the giobox 

sporangia of P. i q z t h ,  but zoospore production has not been obsm-ed in 

~~lt/~dm-ponm (Paul 1992). The morpholog of the hpc strain of P. gbndm-ponm is 

ver)- similar to tliat of P. i ~ z d q  indudîng the presence of a fatt digitate spines 

on some oogonia (de Cock, penonai communication). Phylogenetic and+ of 

the 5s spacer sequences also confms that these two species are 1-ery close 

rclatcd. 

Eigh t of nine csmnind isolates of P. 3pinomnm form one clustrr to n-hich 

the type strain of P. htnrningct15rr (60, CRS 550. 88) cm be assigned. This data is in 

nccordmce widi strong simiLuity hund ben\-een the 51; ?ipacea f P. pino-wm and 

P. k r t ~ ~ n t i n p s ~  Thc morpholoa- of P. htrtmitge'~..ct is dso vcq- similar to P. 

pinoatm. Thcy bboth have giobose, non-proiiknting sponnçia, picriotic oospores, 

and .antheridia and oopnia of the same size (C'an der Plaats-Niterink 1981). P. 

hi~lrnlg tn~e oogonial projections arc distinctly blunt and the longer ones arc 

digitate as in P. .pinoosun (Yu 1973). I t  is interesting to note that these tsl-O species 

dso share significant similarit)- in carbon source uhlization. They wcre the only 

species out of 25 csamined that could use none of 17 tested cabhydrates (Yu 

1989). 

Thc P. m ~ ~ h f u m  cldtcr is aimost uniform. It contains ali fil-c csamincd 

isolates of P. mmmmmh~m and only m e  isolate of P. .pziros~icwn (194, adc 85.058). P. 

mrrmihtrrm shares some similariv Mth P. sp'nontm regarding sporangia and 



position of  oogonia (Middleton 1943). Ho\\-mer, hiiddeton (1 943) describecl the 

oopnial projections in P. mmn'Ibfz~nr as conical and those in P. qinomm as 

digitatc. This is in contrast mth information €rom Anhui dc Cock (pmonai 

communication) that P. mmnihfzm projetions are also digitate as Li P. piiomtff 

but only nider and of unequd length. Th;s data indicates that somc 

isolates of P. .phm.m c a .  be cas$ misidentifieci as mmihtrm m-hm 

classification is based ody on morphologicai criteria. This m q  have bem the case 

\\id, P. piinosm 194 (adc 85.058). 

The P. $wf imm cluster grouped the Q-pc culrure of P. g.lrüfiL~m (1 5, CRS 

45267) together \rith three isolates of P. i h p h  (174, CDS 733.94; 224, ndc 

91.1 0 and 2%, ndc 94.1 3) and onc isolatc of P. pumc'Lundm ( 1  1 6 ,  CRS 65 1. 79). 

Those isolates xi-ere dao recoeized by the 5S spacer species-specific P. yhuthm 

probc. llicsc data s w t  that thsc  isolarcs cm bc considcrcd as rncmbcrs of P. 

c)./,-atiL~m and that theu classification should be reconsidered. 

P. purnr~-andnm isolatcs do  not form a cohercnt clustcr. :Umost c -  

isolate of this species c m  be as$pxi to a different species. There is much doubt 

about which isolate b a t  rqrescn ts P. pumt~u~tdn~m. The representative s trgn (68, 

CBS 157.64) proposed by Van der Plaats-Niterink (1 981) in her m o n o p p h  of 

the gcnus @thkn, docs not conf'rm WCU to the onginal description, and is likely 

to be P. i ingz th  (D. Barr, persona1 communication). hfiddeton (1 943) compared 

the asesual stage of  P. prn~"ûrt&tm with those of P. dcbayamm, P. i q z t b t p ,  P. 



nzan1iLhm and P. z ~ ~ i n z  and noticed similarities bent.em them. 1 Iower-a, the 

s d  stagc of P. pme~unhrm was quite diffmcnt fmm those of the speues cited, 

with the csccption O € P. zikim~m. l\ccord;ng to hfiddletm (1 913) P. pmr~undntm 

and P. I I ~ V Z M J  arc similar and can bc cas$- confuçcd. Grcat gmctic distances 

benl-een nvo isolates of P. pumrtunhm (115, CBS 203.79 and BR 633) and the 

other rnembers of homology p u p  suggest that thesc isolates cannot be assignecl 

to P. prlmzLmdn~rn~ This hpothcsis is dso contimied bi- the fact that P. 

pmtundnm 115 (CBS 203.79) did idot hybridize with the P. i m g z d m  5s spacer 

ppup probes. If one of thesr isolates is considcred to be a more crdible member 

of P. p m e t w n h m  than is rhe type culture, u-e rnay hm-e to exclude P. pumnundnm 

h m  tlic P. i q z h m  Iiomology group, Gnd a ncotypc, muid rmamc thc P. 

purncLündnlm ((33) represen tatire suain as P. i k g z f h .  

In scarching for mo1ecula.r chanciers for systemntic studies, the 

appropriate molecular markers should resolw relations hips at the desired 

tasonornic !el-el. The intergenic spacer benveen the large and smaii ribosomd 

subunit \vas showa to bc variable bcnvcen spmics, but rclatively consen-ed wvithin 

P$I!~i~rrn sp&w. The prment results indicatc that the IGS region cm be used as a 

taxonomie marker for the study of P~tbrim species by the detection of species- 

spccific nriation. Thc makt advantage of this mcthod is that the primm c m  bc 

desigoed to speu f icdy  ampli6 fungai DNA from heterogeneous plant- fungal 

samples. This obviates the need for estraction of pure h g a i  cultures from 



in f~ ted  plant tissue. PCR cm be perfomed on veq- smaii biological samplcs. 

This method codd be employed to snidy P~fbrirm populations in natural habitats. 

PCR-RFLP maiysis should p o r e  to be a poiverhil tool for plant pathogen 

dctcction and idcntificication, and for basic snidics of b g a i  systcrnatics and 

p hylognietics. 

A more dcfmitix snidy of the tasonomic and phvlogcnctic rclntionships 

in QtInim species wiil require sequencing, aligiung, and mmpxison of the ICIS 

regions. ;Uthough Our RFLP analysis provided a bounty of information for 

distinguishùig and identifjing Qfhlitn~ species, IGS sequence cornparisons cm 

p c n r c  a largc numbcr of chamctcrs for phflogcnctic infcrencc and should 

proride a more accumtc memurement of gniehc distances bcnvcen species. 



hloreover, the evidaice fmm this s r d y  pru\idrd m Lisight into 

pli!~lopetic rclationships among Fjf/nitrn specirs. Prvbing of pornic  DNA uith 

the 5s spacer probe \vas usehi not ody for idmtificativn of @/nimr Wlates to 

the speties ler-rl but dso allowed for detection o f  dose reiationships benveen 

species. The cross-hybridization signa1 obsen-ed berneen species that share 

slnilarity in morpholog was an indication t h t  these species are very dosely 



rclatcd. Thc IGS scqucncc cornparison do\vcd mc to draw n sharp discontinuity 

betwetn the s ~ m n  spcarj  that form the "P. i i ~ h  5S spacer homolog p u p "  

and the othtr isolates that share some morphoiogicai characteristics but whose 5s 

spacers were sigificmtly differnit. The cornmon structure of the 5S spacer in the 

se~-m relatcd speMs u-itit its rcpats widtin qeats  indicares that unrqual 

crossïng over lias occurred r4)cr tdy to homogenkr the 5S spacer repeau-. *flk 

suggcscs diat gene tlo\v is o c c u r ~ g  mong die sewn species md thar perhaps 

the)- shodd be considered to be conspecific- Because 5S spacers in tandem arrays 

divcqgc npidly afrcr spcciarion but und- homogcnkation bcforc spcaati~~n, 5s 

spacer cornparison shodd provide a rcrdily esploitable t«ul for serting speacs 

Lu   un da ri^^ in the gmus P~f%Nun. 

.Uthou&h the 5s gent: spacer is a ppo J source u f a sptxirs-specific probe 

:ind cm be a srnsiti~r indicaror of p e  flou-, its s m d  size (nppn~simatcl!- 5OUbp) 

and a Iarge degree of inna-isolate heterogeneit). in s i x  and sequcnce precluded 

die usc of the 5S spacer as a source of restriction site variation to ~ield adequate 

resolution of the relationships benven diffc~ent isolates of the P. iqzihn 

complcs. On thc contmq, the Iarg  intcrgcnic rcgion bchvccn thc large and thc 

s m d  rDNA byme subunit appeared to be variable benwm species but rtlatively 

c o n s m ~ d  u-irhin sprcirs and aliowved for diffemtiation of isolates nithin the P. 

ihgrlm homolog). group. 



The c l u s t e ~ g  of isolates based on die RFLP of the IGS region is 

pcml ly  consisrnt w i t h  our p u p L i g  baxd on die 5s spacer tree. Two 

rnorphologicdy sirniiar speacs, P. i i h  and P. po&roph could not be 

diffmtiated from each other. These data suggcst that th- are not distinct 

specics and n d  to be combined. RFLPs of the IGS rcgion md phylogrxmic 

anaiysis of  the SS spacer sequences also indicate that P. .pi~o.wm and P. 

klt~mihgr'm'c' c m  possibly be considerd ns rnernbers of the s m e  :p 4 ecies. Some 

isolatcs of P. pumtwndnm do  not sharc 5s spaccr scqucncc homolog. and W L P  

f m i g c r p ~ t s  with dic mcrnbm of thc P. imgzlurn homology grnup. Diffcrcnt 

kolates of P. pÿmrutrdnnrm can bc Lisidc or outside of the 5S spacer hc)molcgy 

p u p .  Hc)\ve\.er, it rnust aiso Lie rcm~niberrd that our  5S spaccr gpup is the 

minimum I? irngnlsnr group. It is possible that othcr 5S  spacers &st wviùUn the 

g m o m c s  o f  mcnibcrs of die group wiiich u-cm not amplifird by ouf PCK 

primers. Such elements, if they esist, e t  conctk.ab1- enlarge die membmship 

of the p u p .  

In scxching for molccular charactcrs for sysrcmatics studics, thc 

approphte m arkcrs s hould resoh-c relations hips at thc dcsircd msonomic Ici-cl. 

Our xsults dernonstrate that the IGS region c m  be used as a tasonomic m d e r  

for the study of @thium speties by the detection o f  species specific restriction site 

1-ariabons. RFLP analpis of the IGS region may dowv for a more precke 

identification o f  many @/n'zrm isolates whose txvonomic statu is doubtw. 
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