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Several genet,ical and pathological aepect.e of t,he reeiet,ance of
barley to etem ruet,, caueed by puccinia graminis f,. Bp. trixici (pgtl,
were inveetigated" Depending on the teet race, quantit,ative inoculation of
eeedlinge wae effective to diatinguieh between cultivare with different
levele of reeietanqe. A field evaluation of cult,ivars with race gcc aE a

major component of the race test mixture demonetrated a wide range of
eeverity levere between genotypee carrying Rpgl " rn both eeedling and

field Èeete, vant'age barley ehowed lower rugt geverJ-ty levele to stem rugt
than all other linee t.hat were teeted. Baeed on replicated F, rinee, a

single, partial-ly dominant gene, independent of Rpgl, wae identified in
the cultivare Peatland, Hueky, and Diamond that conferred a moderate level
of reeietance to Pgt Êace QCC. The effect ü¡as to reduce ruet eeverity. A

quantítative inoculator wae built to enable reproduceable inoculation of
eingle leavee and eteme of seedling and adult cereal planta. ueing thie
device, differences in receptivity due to the growth etage of the plant
were detected in a eueceptible tine of Hiproly but not in a moderaÈely
reeietant line of Hueky. A fietd eelection experiment revealed a level of
race Epecificity Ln Pgt, where different barley stem ruet reeietance gene6

differentially retarded the development of different et,em ruet races. A

comparieon of new field isolates of race QCC with hietorical ieolateg aleo
identified as gcc ehowed differencee for virulence to sr8a and J.ength

heterogeneity within a epacer region of the riboeomar DNA repeat unit.
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i.. Iutroduct,íoa

stem rust ot barrey (Hordeum vurgare L" ) ie caused by puccinia
grami-nis Pers" f" sp" tritici Erike. and E. Henn. (pst) ot p. graminis f.
ep" secaljs Erike. and E. Henn" (PSsl. The former ie more prevalent in the
prairiee; t'he latter in eastern North America (Martene et aÌ., 19g5). Thie
dieease hae not received much attentíon for eeveral reaeoncr: the crop
ofÈen avoide eevere at,tack becauee of ite early maturity (Brookine, J.940);

the genetic resietance provided by the gene Rpgl hae been et,abre and

effective eince ite introduction into Canada in the late 1930e (Jedet et
a1", 1989); roeeee due to stem ruet have been minimal in moeË, yeara
(Roe1fe, t978). However, the complacency towarde etem ruet, on barley hae

changed eince a variant of Pgx, identified as race ecc (nomenclature of
Roelfe and Martene, 1988), was detected and hae rieen in prevalence.

North central United States, southern Manitoba and eastern
Saskatchev¡an are important barley growing areaa where infection by pgt ie
alwaye a risk. rn these areas, most curtivare have the gene Rpgr to
condition resistance to st.em rust, (Moseman, 1963; Martens and McFadden,

1988). Until 1989' yearly disease E¡urveya indicated that etem rust had

occurred at trace levele on these cultivare. Stem ruet eeveritiee of 30 to
40 percent were occasionally recorded in British Columbia and in eastern
canada, but these infect,ions were due to the presence of pg.s (Green, L965;
1967¡ 1972a¡ 1972b; 1974¡ 1981). rn 1989, barley with Rpgl resietance wagr

found to be infected with a race of wheat etem rust, race gcc, at, levere
eufficient to cause yield lose (Harder and Dunsmore, 1990). Thie trend
continued in 199o with race ecc caueing yield loseee from 1-38 in many

commercial barrey fields in the Red River varrey (steffenson et ðr.,
1991a¡ " Late planted fields q¡ere more heavily damaged.. The major concern
regarding this situation ie t.hat all current, cultivare of barley that have
been considered resistant to stem rust depend on the Rpgl gene for their
reeistance. Arone, this gene no longer appearÊr to provide adequate
resistance to the current etem rust population.

Reeietance in barLey to eÈem rust, ie characÈerized by meeothetic
infect'ion types and reduced infection efficiency. The expreeeion of
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dieease ie usually quant.itat.ive, Iacking diecreet. infection typee t,hag are
normally encount.ered wit.h other cereaÌ ruete. Aa a reeurt., t,he

differentiation and evaluation of reeistance genotypee ie difficulÈ.
Reliable evaluation of, reeietance ie eseential in the development of
cultivare with improved reeistance. The purpoge of thie project wae to
inveetigate a number of genetical and pathological queetione a-bout barley
sÈem ruet, to explain eome of the field obeervatione that have been made,

and to aid in deciding useful approachee to breeding irnproved reeietance
to thie disease" The questione and obeervatione raised and the approachee

to finding eolutiona srere ae followe:
1" rt hae been observed that eome carriere of Rpgl are more

resietant to stem rust than othere (steffenson et ar., r9g5). Thie
observation has also been made eince the emergence of pgt race eCC with
cultivare such as Diamond (pereonal observatione made at the International
Barley observat,ion Nursery in 1990 at Brandon, MB; steffeneon and Jin,
1991). three approaches r^rere used to addrese this obeervation:

A" Quantitatively inoculated eeedling teats ueing 23 barley
cultivare and 14 raceE ot pgx were conducted (eection 3).

B" A three year fierd test invorving 22 barrey curtivare waa

conducted with PgË race Qcc ae a major component of the ruet population
used in the test (section 4).

C. The RpgI carriere peatland, Husky,

the eueceptible cultivar Hiproly, and were

linee to det.ect the presence of reeistance

QCC (eection 4).

2' Hietpas-S wae one of eeveral eelections made from oderbrucker
barley in 1937 that exhibited stem rust resistance (Shande , ]:gl4l. Thie
cultivar contains Rpg2 (Tz) (pat,tereon, 19s1), hae ehown E¡ome rever of
reeietance to race gcc, but hae not been widery used aa a source of
resietance (Moseman, Lg63). A croE¡s between Hietpae-S and Hiprory wae

evaluated aa F3 linee in the field to determine the usefulneee of thie
resistance in a breeding program (section 4).

and Diamond were croesed with
evaluated in eegregating F¡

genes effective againet race

3. Another poesible resietance Eource included the Auetralian line



3

Ç2r.86j-" This source lnras crossed with susceptible Hiproly barley and

evaluated as F3 linee in the field (eection 4).

4" A mesothetÍc infection type responae in barley eeedlinge ie
common (Steffenson et al.n 1985) which makee reeietance difficult to
evaluate in eeedling testa" Reduced receptivity aleo appear6 to be an

important stem rust resietance mechani6m in barley (Steffenson and

wilcoxson, 1987)" rnoculum density, prant growbh etage, temperature,
right, and Pgt race can influence the type of reeponee obeerved. A

guantitative inoculat'or was developed so uniform amountg of inoculum could
be applied to teet plante (section 5) " Thie inoculator wae aleo ueed to
look at the effecte of growth etage on the development of infect,ion
(eection 6). other factore were etandardized where poeeible.

5- The apparent adaptation of ieolatee of Pgt to wheat or barley
(Harder and Dunsmore, 1990) etaa investigated by conducting a eelecÈion
experiment to determine whether sueceptible and reeietant barley, or
eueceptible wheat r¡rere equally ef f icient aÊr hoets for racee of pgt
eerected from reeulte derived from fierd €rurveya (eection 7).

6. A program ie currently underway at the Winnipeg Reeearch Stat,ion
to re-identify the etored isolatea of Pgt ueing the current nomenclature
syetem of Roelfe and Martens (1988). Some of t,heee etored ieolatee, dating
back to the 1950s' were identified as race QCC. Thue races identified ae

Qcc appeared in t'he l-ate 1950s and infrequently eince ].g74 (Martene et
al." 1989)' but were not ident,ified ae a epecific problem on barley until
1989 (Harder and Dunsmore, 1990). Thie euggeeted that the current biotype
of race QCC díffered in Eome v¡ay from previouely ident,ified gcc ieolat,ee.
rt hae been euggeeted that thie new biotype of ecc wae derived from a
eexual cross that occurred in the agricultural va)-leye of the pacific
where the pathogen'e alternate host (Beråeris vulgaris) ie preeent (Roelfs
et al" r 1991) " A comparison of new and higtoric ieolat.ee of race ecc was

made (sect,ion 8) based on two crit,eria¡
A. Changes in virulence on other wheat etem ruet, reeist,ance geneÉt

B. Dif ferenceg in the rength het,erogeneit,y patterne of the
intergenic Epacer regione of the riboeomar DNA repeat unit.
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2.X Canadian barley eult,ívara

Barley ie t'he eecond moet important crop ín Canada in both area
grosrn and production" rn 1990, 4rs7ro000 ha of bartey were grown for a

production of 13 '52I'000 t,onnes (Agriculture Canada Hanrlhook of Selected
Agricult,urar stat,ietice, 1990) " Three typee of barley were grown in the
prairie provincee: eix-row malting (23"2%), two-row mart,ing (43.lc), and

feed (33"2c) " of the malting barley, 10 t,o 158 ie ueed for t,he production
of malt (Burger and LaBerge, 1985).

Moet barley breeding programe in weetern Canada emphaeize matting
guality" If a line lacke the quatity neceesary for the brewing induetry,
it may be introduced as a feed barley. Because of the strict, quatity
parametere required for malting barley, breeding programs are rather
inflexibre and tend not to introduce exotic aermprasm directry, but
intercroee thoee linee which have known malting quality characteriet,ics,
and backcrose traits from exotic Eourcec¡ into a deeirable genetic
background (Ànderson and Reinberge, 1995). Ae a reeult, the genetic baee

of prairie malt.ing barley ie narrow.

The etem rust resistance of most Canadian cultivare has been

attributed to the resistance gene Rpgl, found originatry in peatrand

barley" By examining the pedigreee of etem ruet resietant cultivare, it ie
poeeible to group them and ehow how Rpgf has been dietributed into current
cultivars from Peatland (Figure 2.11. Genetic etudiee on att of theee
cult,ivars have not been conducted to verify that RpgJ ie preeent, but
there is no evidence to the contrary. since stem ruet resistance in
commercial barley has been based on a eingre gene, the riek of major crop
failure due to this disease hae been preeent for many years.

?.2 Inherit,ance of resist,ance

Powere and Hinee (1933) provided the firet et,udy on the inheritance
of reeietance to puccinia graminis f. sp. tritici (pst,t in barley. rn a

croEis between t'he resistant, cul-tivar Peatl-and rcf 5267) and eueceptible
cultivar Glabron (cL 4577), a eingle completely dominant reeiet,ance gene
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IdaE identÍfied from the analysie of 63 F, linee" Thie work was confirmed
by Reid (1938) in t,he crosÊ wisconein No. 38 x peatland and by Brookine
(1940) in the croeÊ¡es of Peatland with 8,, Chlorina-Brachytic" and Coleeee

v" The gene was named 'T" after trit.ici - the tormae specialis of p.
graminis- The T gene qraa lat.er renamed RpgJ (Franckowiak, 1991a) accordíng
to the rulee for naming genes aE presented in Barley cenetics Neweletter
3 and 11"

Reid (1938) concluded that resistance in eeedling progeny of the
!'Iieconein No" 38 x Peatland croge waÊr receeeive when tested with race MCC

(equivalent to race 56 (st,akman et ar ., 1962) or race c17 (Green, 1971a) ).
Becauee of the differing inheritance patt,erne, it wae hlpotheeized that
Rpgl coneieted of two tightly linked çlenee : a receE eive one conferring
seedling resistance and a dominant one conferring adult plant regietance.
Brookins (1940), however, wae of the opinion that the eeed.ling and adult
plant reactione were due to the eame factor pair. The latter explanation
ie more likery, eince expreseion of Rpgr in heterozygoue¡ eeedlinge ie
incomplete and could result in varying interpretatione depending on the
conditione of the progeny test, (eection 4).

Similar work with the cultivar Chevron (cI 1111) hae eupported the
hypotheeie of a eingle completely dominant gene conferring reeiet.ance to
Pgt (shands' 1939; Lejeune, L9461 ¡ alt,hough, the eizee of t,he backcroee
popuratione used by shande (1939) were smarl, ranging from only 4 to 26

individual plants. Lejeune (1946) showed that minor factore conferring
eusceptibility were Present, but felt that these factors were of tittle
eignificance. In tight of t,he threat poeed by pgt race ecc, identification
of these minor factors may be of value.

Gene RpgI ie on chromosome 1 and ie about two croeeover unite from
the gene un, which conditions loose emut, (astiTago nud.al reeistance in
Trebi (c.r" 936). Recombination between Rpgr and etarch type (wx) ie 138

(Shande, 1964).

The main eource of etem rusÈ reeiatance for many North Dakota barley
curtivare is the cultivar Kindred (cr 6969) (Dr. B.J. st,effeneon, pera.
co¡nm" ) - The parent'age of Kindred ie not, clear eince it wae derived from a
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singl-e plant sel-ection made from Wieconein 37, a cultivar auecept,ible to
etem ruet (Lejeune, 1951) " Accidental contamination of Wisconein 37 with
an unknown eeed aource waÊ euggesÈed ae t,he rnoet }ikely origin of t,he

Kindred eelection" Work by Mil]er and Lambert, (1955) indicated that
Kindred containe Rpgl or an allele for reeietance at thie locue: there was

a lack of distinct eegregation for reeietance when F, linee were field
tested with a mixture of ten collectiong of race 1SB (nomenclature of
Stakman et al", J-962l- in the croe¡a Minneeot.a 615 X Kindred. The pedigree
of Minnesota 615 (Barblese,/Peat,land//Mineturdi) indicatee that it contains
Rpg-l derived from Peatland" Thue t,here ie no st,rong evidence for different
allelee in Kindred and Peatland. However, thie ie the only comparieon made

between these two import,ant aourcea of reeietance: further teBta for
alleliem ehould be conducted.

Moseman (1963) indicated that Hietpae-S (cI 7l-24) containe another
gene for resietance, 12. Gene T2 erae recently renamed Rpg2 (Franckowiak,

1991b). Genes RpgI and RPg2 vrere ehown to be independently inherited
(Patterson, 19s1). The chromosomar rocat,ion of Rpg2 ie not, known. cene

Rpg2 Le considered an adult type plant reeietance and cannot be detected
in the eeedling stage (patterson et aI., 1957) "

Jedel et al. (1989) ehowed t,hat the line PI 382313 contained the
etem ruet resistance gene Tr, and ehowed that it wae not, allelic or closely
linked to Rpgl. The T3 gene wa' designated as Rpg3 by Jeder (1gg1),
although ite relationehip with Rpg2 eras not det,ermined nor sras ite
chromosomal location.

2.3 Comments on st,em rust resÍstance in
Gene RpgI is a rare example of a

barley

eingle reeietance gene that hae

being utilized in widely grown

coneidered durable ueing the
for thie durability can only be

L" Early planted barley matures before

epidemic can produce economic loseee.

remained effective for many yearE while
cultivare. Thie type of resietance ie
definition of Johnson (1981). The reasone

hypotheeized (Steffenson, 19921 t

the t,ypical eÈem ruet
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2" One or more minor genest may augment the reeistance conferred by

Rpgl " Theee minor geneÊr have not, been identified"
3" Cultivat'ion of etem ruet reeietant r^¡heat, cultivare. Thie ie a

very important consideration since wheat ig the moet, prevalent erop
grovrn in the plains region of North America and ie aleo a hoet for
Pgx" T}:e role that wheat playe in affecting the epidemiology of atem

rust in barley is not clear. Bar1ey etem ruet epidemice have tended
to occur only when wheat wa' eeverery rueted (Roelfen 197g).
UrediniosPoreÊ released from a wheat crop may cont,ribute to higher
levere of stem rust in barrey (Dill-Macky et al., 1991), and

resietant wheate can protect against local increaeee in ruet
inocurum (steffenson et al., 1995). The wheat crop may be a eource

of new mutant virulence genotypee of Pgt (Schafer and Roelfe, 19g5)

that are more virulent, to barley. However, it seeme untikely that
the selective forcee working in a etem ruet reeiatant wheat crop
would aid in the deveropment of a biotype of pgÊ that hae greater
virulenee to etem ruet resietant barley. The wheat crop may aleo
filt,er out genotypes effective on barley.
4. Eradication of Berberis vuLgaris L" from the central Great plaine
of the u"s"A. by 1928 (Roelfe and Groth, 19go) and eoon after in
weetern canada removed the pathogen.e arternate host. Thie
interrupted the life cycre (Figure 2.2) of the pat,hogen eo eexual
recombination could no longer occur. Thus the development of new

virulent racee by the pathogen wae hampered eince eelection for new

virulencee by resistant, hoet epeciee occurred at the genotype rather
than the gene level (Roelfs and Groth, 19gO).

Steffeneon et al-" (1985) euggeeted that ner¡rer barley cult,ivare may

be lese resistant to Pgt than older cultivars even though their pedigreee
appear to involve Rpgl" For example, Beacon was found to be eignifieantly
more eusceptib]-e to stem rust than chevron yet both contain Rpgl
(steffenson et al., 19Bs). This obeervation suggesta that, other minor
genea may enhance the expreesion of RpgJ. Jedel et ar. (L9g9) concruded
that there was complement,ary gene action between RpgJ and Rpg3 (T¡) in pr
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382313 since F3 línea were obeerved that eNhibited bett,er reeietance t,han

either parent." Jeder et ar" (1999) also not,ed that RpgJ appeared t,o be

leee effective in the 2-row than in the 6-row barley cultivare that, were

t,eeted.

Barley grovrE well under coor conditione (poehrman, 1995), but pgt Le

guited better to warmer conditione that favour penetration of the
uredinioepore germtube and puetule formation (sharp et ar., 19sg).
Temperature may change the paraeitic relationship of the pathogen to ite
hoet" In eeedling teete done in cool conditione, plant, reaetione k¡ere

eimirar between reeistant. and eueceptibre genotypeg" but clearer
distinctions could be made when teste srere conduct.ed at higher
temperaturee (Milter and Lambert, 1955). Barley groqrn under coor
conditione avoid lossee to etem rust becauee etem ruet development ie
euppressed (Steffenson et, al., 1995)"

2"4 Praírie p¡heat, steu¡ rust epidemiology and virulence struct,ure an¿ thøir
relevance t,o barley sten rust resist,aace

There are three distinct epidemiologic regione for wheat, etem ruet
in canada¡ west (British columbia and Alberta), prairie lsaekatchewan and

Manitoba), and east (ontario, Quebec and the Maritimee). Theee regiona are
dietinguished by the preeence of the alternate hoet (Berberis vulgaris L.l
in Èhe weet, and east (Roelfs, 1995), crimate, cultivare of wheat and

barley t'hat are grohtn' and the type and relative frequenciee of pgt racea
that are found (Green' 1971a). The east and prairie populat,ion6 are more

similar because the eouthern u.s. ie the apparent common inoculum Eource
(Green' 1971a). The population in B"c. appear' to have developed
independently of populations in the rest of North America (creen, 1971a).
Rust populations in Alberta and weetern Saskatchewan may either resemble
populatione of the prairiee or B.c., or a mixture of bot.h, depending on

the interaction of prevairing winds and preaence of viabre, airborne
urediniospores (Dr. D.E. Harderr pêra. comm. ). The prairiee represent the
area of greateet concern, and dieea€¡e Eurvey data ie moet. complete for
{-h i a r^^.i ^-e¡^Àe ! ey Àv¡¡ .
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Major epidemice of et,em ruet in epring wheat ca.used by pgt occurred
in canada in 1904, 1909, L916,1919, L923, ]-gzs, L927,193s, 1937, l-93g,

1953, L954' and 1955 (Roelfe" 1985) " During theee periodan barley aleo wae

advereely affected" since 1954, hard red epring wheate in Canada have been

reeietant to etem rust (Green and campberl, 1979), and barJ_ey hae

suetained only trace levele of rust,. Hohrever, Eome wint,er wheat cuttivare
are eueceptible. Winter wheat ie grown in more eouthern and central
regione of the U"S" and the growing of winter wheat ie being encouraged in
the southern prairiee because of ite higher yield potentiaÌ. rf wlnter
wheat becomee more Prevalent on the prairiee, it, may provide an adequate

overwintering host for the uredinioepore stage of pgt, enhancing the riek
of early etem rust infection on barley and wheat. For example, there wae

a E¡evere epidemic of etem rust on winter wheat, in Manitoba and

Saskatchewan in 1986 (Martens and McFadden, Lggg).

In canadian Pgt disease surveys for the period :-g64-Lggz, heavy etem
rust dieease pressure was noted eight t,imee (1965 | rg74, 1976, rg-l-7, 19g1,

1983' 1984, and 1986) or about every four years (aurvey information vrag

publiehed aE a rePort each year in the canadian plant Diseaee survey from
1960 to 1979 and in the canadian Journal of Plant pathology after 1979).
Theee yearE¡ of high prevalence are due to early eetabtiehment and ideal
conditione for fungal growth and dispersal. !{hite the yeare 1999 and 1990

were not, ideal for the stem rust pat,hogen, roesee due to pgt race gcc on

commercial barley occurred (Harder and Dunsmore, 1990; Steffeneon et aI.,
1991). Thue the potential is quite large, under more ideal conditione, for
higher disease eeveritieg to occur on barley due to race gcc.

Based on the conversion of race deeignatione (Mart,ens et at., 1999)
from the c-race code (creen, 1921a) to the pgÉ code (Roelfe and Martene,
1988)" the frequenciee of the major raceg in Manitoba and eastern
saskatchewan ie preeented in Figure 2.3 ae det,ermined from the eurvey data
indicated above- The wheat stem rust virulence gtruct,ure of the prairiee
tende to be dominated by one race except during periode of traneition. one
race tende to dominate for 10 to 15 years and ie replaced by new raceE
presumably as the selection preErÊ¡ure on the pathogen changee with the
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release of new qtheat cultivars" Thie elow rate of change in virulence can

be attributed to the asexual nature of the ruet population in the prairie
region of the UsA and Canada, and to the greater genetic uniformity of
commerciaÌly grown wheat cultivare (Roelfe and Groth, 19go).

Generally' barley containing the RpgJ gene had not been affected by
PgrË eince iÈe release into Canadian (1933, Handbook of Canadian Varietiee)
and American (1926, Anonlrmous) barley breeding programs. The RpgI gene wae

introduced and maintained in barley programe becauee of its effectiveneee
againet prevailinçl races of etem rust (Table 2"l-1" Eepecially important,
kraÊ, race MCC which ie highry avirulent, to Rpgl (Martens et ar., L993) and

waa pre€tent at }evels great,er t,han 208 from 1934 to 1951 and from 1956 to
1964 (Johnson and Green I l-957 i creen, 1971a). The long period of ti¡ne in
which thie race wae PreEent greatly helped entrench thie gene ae a major
Eource of resistance in barley breeding programs.

2.5 Specificity of, puccinía graminjg on bartey
Barley has been shown to be a host for three formae speciales of.

Puccinia gtaminis. Although Pgt ie the moet prevalent form attacking
barley, Pgs also attacks commercial barley. Reeietance to pErs hae been
ehown to be controlled by a eingle, receseive gene (steffeneon et al.,
1984). Thie gene was ehown to be different fromRpgI, but independence bra6

not tested" cene Rpgl doee not confer resistance to racea of pgs

(steffenson et, ar., 19851. puccinia graminis f. ep. avenae (pga) wirl areo
att'ack barley (Martene et, al., 1993). Resietance to pga wae shown to be

controlled by a single, dominant, gene, and t,hie gene erag different from
Rpgl. rt wa. not, ehown whether thie gene ie independent of Rpgr.
occurrence of Pga on barrey ie rarely recorded. That, pgÊ, pgs, and pga are
reee specialized and lese aggreesive on barrey than on wheat, ryê, and

oat, respectivery" eupported the hypothesie by Green (1gz1b) that barley
waE a primitive host to P" graminis from which more epecialized forme
evolved" The lack of specificity and aggreseiveneee of the pat,hogen on

barrey probably is one reason for the durabirity of the Rpgf gene. Thie
lack of speeificity is suggestec by t,he number of racee of pgt thai are
avirulent on this gene (TabLe 2"1)" Progreee hae been hampered in finding
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new Eources of resistance and combining them becauae racee of the pathogen
have not been available that can dietinguieh one reeíetance gene in the
preEence of another"

Becauee of t'he changing nomenclat,ure of pgË over t,he yeare, al1 old
race identification namee have been converted where poeeible to t,he Bystem
propoeed by Roelfe and Martene (J.988) and used for convert,ing the canadian
C-racee (Martene et al", 1989) eo that comparieona over yearg can be made.

Note that for race c5, there ie a conflict. in Li.a pgt deeignation between
that indicated by Roerfe and Mart.ene (199g) and that by Martene et al.
(1e89) "

2.6 Resiatance mechanisms tbat, aay operat.e in barley
Roelfg (198s) euggeste that a resistance gene may operate in at

least one of four waye:

1. Reducing the number of euccessful infections. Steffeneon and

wilcoxson (1987) found that barley cultivarE vary in their recept,ivity t,o

Pgt both as eeedlings and as adulte. The uae of percent infection
(eeverity) as a resistance criterion ie based on the aeeumpt,ion t,hat
cultivare with low percent ruet, even of a eueceptibre typer ñay provide
a eatisfactory level of protection during an epidemic (Mitler and Larnbert,
19s6).

2" Lengthening the }atent period. This component of reeietance hae

not been investigat,ed" However, t,hie may be one of the reasons for the
generally slower development of etem rust on barley aE compared t,o wheat
(creen, 197lb) "

3- Reducing the size of sporurating area. rn ûrheat,, thie ie a very
co¡nmon reÊPonEe, where epecific host resiatance-pathogen avirulence gene
combinatione dieplay a characteriet,ic phenotype. These characterietic
infection phenotypes are evidence for epecificity in the hoet-pathogen
interaction in wheat (Roerfs, 19gg). rn the barley-etem ruet, Bystem,
epecific interactions have only been recorded between the resietance gene
Rpgr and Pgt racee MCC and HpH (Martene et al., 1993; st,effenson et ar.,
1OO1hr

4. Reducing the duration of uredinial eporulation. Informat,ion about
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thie type of resistance in barley ie 1acking"

The apparent, lack of epecialization of Pgt on barley ie ehown by the
lack of characteristic infection typee. Hokrever, race epecializat,ion may

be operating in barley at the level of receptivit,y where race differences
are more difficult to detect" To say that the barley-etem rust interact,ion
ie generally leee special-ized than for wheat may be mieleading.

Sellam and Wilcoxson (1976) found that t.here were no differencee
between urediniospore germination, appressorium formation, or penetrat,ion
between two etem ruet resiet.ant cultivare (Larker and Manker) and one etem

ruet' eueceptible cultivar (Hiproly). They found pathogen development on

theee three barley cultivare to be similar to that in wheat and euggested

that the resistance conferred by the .RpgJ gene ie expreeeed after hyphae

begin to grow in the leaf tiesuee" Thie type of reeietance ie termed
poet,haustorial (Niks and Dekens, 1991) and euggeete that. barrey ie a

euitable host for pgË.

2.7 Evolut,ion of inoculat.ion tecbniques

Many variations in inoculation techniques have been ueed over the
yearE to study barley stem rust regigtance. Reid (1938) and pat,tereon et
al. (1957) incubated eeedlinge and adulte for 4g houre in a humidity
chamber" Artificial field epidemice were uged with inoculum being injected
into the plant culms" Miller and Lambert (1955) incubated inoculat,ed
eeedlings by keeping them in a moiet chamber for 36 hours and then placing
plante back onto the greenhouse bench. Mitter and La¡nbert (1955) ueed

temperatures of 21 and 28oC for eeedling teete in the fall and winter. The

barrey eeedlinge appeared stressed at zg c. Àt the higher temperature,
chlorosis $tas most, common around lesions while at Iower t,emperat,uree
necroeie tended to prevail" At lower temperaturee, infection typee betqreen

reeiet.ant and eusceptibre materiare differed only elightry. At
temperatures between 24 and 28oc, resistant and eueceptible genotypes were
more eaeily disÈinguished (patterson et â1., 1957). pattereon et ar.
(1957) arso ehowed Èhat mean puetule number wae ?3g and 1268 higher at
24oC and 28oCt respectively, ihan at 16oC and 20oC. Thie indicates higher
rates of failure to establish an infection eite at lower temperaturee.
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Temperaturee of 30oC appeared t,o be unfavourable to both hoet and pat,hogen

(Pattereon et aI", 1957)"

Pattereon et aI" (1957) noted a tendency t.owarde greater reeietance
when greenhouee eeedling testa were conducted in the fall and epring ae

compared to eimilar t,est,e conducted in the winter. It appears t,hat the
role of light during inoculating and dieeaee development hae not been

adeguately coneidered in many etudiee. The effect of light ie obeerved in
field plote where development of ruet tends to be heavier on the eidee of
the plant that are exposed to more direct, golar radiation lpereonal
obeervation) "

Rust resietance evaluatione usually have been conducted ueing
primary eeedling leavee of plante inoculated when they were 6-g daye old
(Reid, 1938; Milrer and Lanbert, 1955; serram and wircoxeon t L976¡
steffeneon and wilcoxson, 1987). setlam and güilcoxson (1g76) provided.
incubation conditions consieting of L2 houre of conÈinuous wetnese in the
dark followed by another 12 houre with 58 ¡rmol e-r m-2 of light, after which
the prants were arlowed to dry elowry. The prante were gror^¡n in a

greenhouse at 24-27oC. Jedel et, aI. (1989) also ueed the aane temperature
range for seedling tests"

steffenson et al. (1985) incubated inoculated plante for about 15

houre at 25oc in a dew chamber. Then 135 ¡lmol e-rm-2 of fluoreecent light
wae provided and the temperature allowed to rise to 27oC. The dew chamber
door wag then opened to allow slow drying of the planta before removal.

rt is not clear what the effects of these varying methode may have
had on the resultg obt,ained by varioue workere. The high greenhouee
temperaturee (24-27"c\, poor lighting, and incubation ti¡nee longer than 24

houre are aII conditione which should be avoided ae t,hey repreeent et,reee
conditione for t'he host" Poor lighting ie det,riment,al to good etem rust
development" The experimental conditione that earlier workere provided may

have made their work less conclusive.

?.8 Relat'ionship beÈween fietd and greenhouse studies
screening of breeding maÈeriai in the greenhouse at the eeedling
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stage of growth ie a considerable advantage to a plant breeder: plant,e can

be evaluated under more controlled conditiona (Reido 1938), and work can

be carried out during the winter monthe. Unl-ike rust infect.ione in wheat
and oat, correlat'ion hae been more difficutt in barley between greenhouee

and fiel-d etudiee or between eeedling and adulÈ plant growt,h atagee"
Reid (1938) concì-uded that the eeedling teet srae of no practical

importance for eelecting linee ueeful for t,he field. Brookine (1940),
however, concluded that greenhouse eeedling t,egte could be ueed for
eelecting rust resistant materiale for use in the field. MiIter and

Lambert (1955) etudied varioue combinatione of growgh etagee and

environmenÈe and concluded that the higheet correlat,ion of reactiong was

between adultg in the greenhouse and the field. Reactione of eeedlinge to
ruet could be used when they were evaluated on a relative ecale baeed on

the reaction of check varietiee.

2.9 Evaluat,íon of rust, reactions

Mesothetic infection typee are normally encountered when t,rying to
evaruate Pgt on barley. use of etandard infection typee for pgt (Roerfe,
1988) are inappropriate when evaluating barley. wheat and oat eeedling
infection typee are distinct for races of etem ruet but are leee so for
barley (Patterson et ê1., 19s7). The type of evaluation key ueed wirr
differ with the type of plant material, the amount of material being
evaluated and the purpose of the evaluation.

Jedel et al" (1989) produced a useful ecale to numerically code

tradit,ionar adult prant, et,em rust field reactione (Tabre 2.21. The

moderately resistant (MR) clasg wae given a value of 4. The value of the
reeistant - moderately eusceptible class also wae 4. Thie code Buggeets
that the two clasges cause eimilar damage to a prant, but this was noÈ

demonstrated" Thie code wae used to etat,isticalty analyee plant reactione
and to correct disease eeverity (percentage infectione) readinge by
multiplying severity with its associat.ed numeric plant reaction. Thie
Iatter approach was very similar t,o the average coefficient of infect,ion
(ACI) ee presented by St,ubbs et aI" (1986) 

"

Mirrer and Lambert (1955) noted that chlorosie ie more cornmon ae part
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of the reaction in barley to infect,ion by wheat etem ruet, t,han it ie in
wheat and that t,he green ieland reaction found in wheat ie rare on barley.
Scoring infecÈion tyPes in barley ie more effectively done when puat.ule
sLze ie considered (Patterson et al., 1957). Mitler and Lambert, (1955,

1956) used pueture eizee in their infection type ecoring key (Tabre 2.3,,.
Steffenson et al" (1985) used the aane set of infection typee aÊ¡

MilLer and La¡nbert (1955) except that type 3 puetule eizee were from 2 to
3 mm in eize and type 4 pustules greater Èhan 3 mm in aLze. Infection
tygee were numerically coded so etatietice could be applied. The codee

were the Eame aE the type numbere, and the hypersensitive fleck react.ion
qtaE given a code of 0"5" Up to four infection typee vrere recorded per
eeedling leaf. These were then ranked eo a weighted infection type could
be calculated- This method proved ueeful in etatietically eeparating
cultivars without having to record act.ual puet,ule numbere" Both the coding
and the rankinga are arbitrary. The use of t,heee codee and rankinge to
eeparate reeistant from eusceptible material may incorrectly eetimate the
spread between fully resist,ant and fully susceptible lineg: it ie not
crear what the costs to the plant, are for eupporting each type of
infection or whether the costa are the eame for eimilar eized uredinia
produced with different Pgt racee. The retationship between spore
production and infection type in barrey ie not known" The effects of
particular reeistance gene€t on thie relationehip are not known nor are the
effects of different races" In Littte CIub wheaL, Kat,euya and Green (1'967l
showed that 4-10 pust'ules per eeedling leaf of race 56 produced about 1.g
timeg the mass of Bpores per ured.ium when compared to race 158-1 even
though the uredium size of the latter race was l.Z timee that of the
former race. rt is not clear whether pustule eize and puetule freguency
fully compensate for each other in terms of the phyeiologic drain that ie
put. on the host"

Field evaruation can be confusing when conditione for infection are
more favourable for later È,illere than for the primary stem (Brookins,
1940) " The reveree eituation ie also poeeible. Thie problem occure becauee

infection periods do not aJ-waye occur frequently enough to inoculate all
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PLant PartEi. Early planted barley wilt begin to mature before a atem ruat
epidemic can get, fu1J-y establiehed: older, E¡eneecing t,itlere may become

Ieee receptive to infect,ion while later tillers would be more recept,ive.
Wit'h later planted barley, the primary stem may get infected and t,he 1ater
tillere may remain free of rust becauee an adequate infection period did
not occur. Aleo, some parte of the plant may be heavily infected while
other parts appear nearly free from infection. Thie ie due to a

combination of factore: when infection periode occurred; what growt,h etage
the plant qtaE¡ ati depth in the canopy. Field evaluatione are also
difficult becauge the human eye makeg dietinctione according to the
logarithm of right intensity (Horsfarì- and Barratt, 1945). Ae a reeurt,
making an accurate diseaee determination in the 2S-7Sz range of dieeaee
eeverity ie difficult.

Reactione to racee of etem rust are variable which may reeult in
mieclaesification of both genetically resist,ant or eueceptible plants
(Brookins, L94o) " crassification of F, plante ueing F, rinee ie obligatory
when doing inheritance studiee on etem ruet of barley. Replication of
materials wourd aid in decieion making and provide a check on the
reriability of disease readings both in the field and the greenhouee.

2.1.0 Geuetícs of puccinia graminis f . Ep. Xritici
The pat'hotypes of Pgt have been very weII charact,erized by using the

eingle resietance-gene lines of the Pgt wheat differential eet (Roelfe and

Martens, 1988). variatione in uredinial, pycnial and aecial colours have

been observed (Green, 1964). Genet,ic studiee have determined that the
inheritance of pat,hogenicity and Bpore colour ie due to eingle genes

(Loegering and powera, rg62¡ creen, 1964). Avirulence genes may be

dominant or recessive and evidence for independence between or linkage
between various loci areo hae been ehown (Loegering and powers, 1962¡
Green' 1964). Evidence of cytoplaemic inheritance of pathogenicity in pgÉ

has been reported by Johnson and Ner^rton (1946)"

Ueing the F, population from the crose between raceE

wae developed by Loegering and powers (Lg6Z), Burdon et al"

111 and 36 that

(1986) etudied
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the eegregation patterne of eeveral ieozymee and found t,hem to be

controlled by eingle loci with codomlnantly expreeeed al}elee. It was not
ehown whether theee ieozyme loci were rinked to pathogenicity loci.

Efforte have been made to identify other feat,uree of t,he ruets t,hat
are fotmae specialis specific or race epecific. Detergent goluble
polypeptidee obtalned from dormant uredinioeporea were ueed t,o dietinguiah
Pga from Pgt.t and eome close aeeociatione between virulence and apecific
proteine were aleo ehown (Kim et al., 1984). Rohringer and MartenE (19g2)

srere able to identify race-aasociated proteine from the intercellular
waehing fluide of wheat inoculated with Pgt. The protein-virulence
aeeociat,ione may be arÈifacte of the P. graninis populatione since theee
populationE are asexually reproducing (Roelfe and Groth, 19BO). Since none

of these experiments were conducted on Eegregat.ing materiale, it wae not
poseible to make any conclusions about genetic linkage between virulence
Loci and loci coding for specific proteine.

LittIe information on the genomic et,ructure of thie fungue ie
available- Microecopic obeervation of germinating haploid baeidioeporee
undergoing mitosie euggested that Pg¿ had a chromogome complement of n=6

(McGinnis, 1953). Boehm et al. (1992) demonstrated t.hat, pgx hae n=18

chromoeomes. Thie was done elegantly by reconetructing, from t,ranemieeion
erectron micrographs, serial sections of the eynaptonemal complex. The

latter procedure ie the moet sophiet,icated yet devieed to determine
chromosomal complement and likeIy represente the true chromoEome number

for Pgt" The genome eize of pgt i,e eet.imated at 5.g x 107 * 1 x 10? bp and

consiste of three types 0f sequencee; 64s unique, 30t repetitive and 48

foLdback DNA (Backlund and Szabo, 199L).

Terminal associations of ot,herwiee nonhomologoue chromoçome6 were
observed during metaphase of the basidiospore mitot,ic divieion; this
euggeeted that pgÉ may be polyploid (McGinnie, 1953). rt wag areo obeerved
that alL of the chromogomee were eimilar in eize and are very emall in
comparison to wheat chromosomee (McGinnie, 1953; Boehm et al. I tggzr.
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Table 2"1" Racee of pucci-nia grami¡is f" Ep. tritici that areavirulent to the barley stem rust resietanóe gene Rpgl.

I7
59C

56

19, 36

t7
56

10, 14,
t9,2L,
34, 40,
49, 53,
59, 97,
r47

c5

c17

c25

158

T7

56

15,
24'
48,
55,
139,

HFL or HPL

MCC

HFL oT HPL

MCC

HKC or HTC

MCC

8TH

T-
HFL oT HPL

MCC

RTg" gsH, HJC,
QFB, TNM

Pordera and Hines, 1933

Ali, 1954

Brookiner l94O

Immer et al", 1943

Jedel et al", 1989

Miller and Lambert, 1955, 1956

Powere and Hines, 1933

Reid, 1938

Steffeneon et aI", 1985

aut,horit

'races numbers (Stakman et al., L96Zl
"Pgt code (Roelfe and Martens, 19gg)
"RpgI providee low receptivity to race
greenhouee tests were IeEE conclusive
(Steffenson and Wilcoxson, 1-9A7l

or C-races (creen, 1921a)

RTQ in the fietd, but
in demonstrating thie
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Table 2.2. Description of the numeric scaleu used
ãnt infect.ion types for puccinia graminis f" s

to code adult
" tritici"

coded
value

infect.ion type infect,ion deecription

4

5

R

R-MR

R-MS

MR

R-S

MR.MS

MR-S

MS

MS-S

s

flecking and/or puetule aize very small
(<1 ¡run) with chloroeie)
flecking andr/or very emall puetulee topuetulee up t,o 3 mm

flecking and/or very emall puet,ulee topuetulee up to 5 mm

pustulea 1 to 3 mm in Eize with chlorosie
flecking and/or very amall puetulee topustulee greater than 6 mm

moderately. small to moderately largepustulee with eome or litÈle chloróeie
moderately emall pustulee with chloroeis
to large pustulee without chlorosie
pustulee 3 to 5 mm in eize with littlechlorosis
moderately large to large puetulee withIittle or no chloroeie

stules >5 mm in size wit,hout chloroeie
"Jedel et aI., 1989
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Table 2"3"
reactions

Infection typee'ueed to evaluate barley eeedling
tritici.to infection by puccinia gramÍnis t.. aÞ"

type

type 1

type 2

type 3b

type 4"

Lesione are characterized by hypereeneitive fleckewhich have no vieible sporulatión"
Uredinia are emall (not over 1 mm) and eurrounded bydietinct necrotic areaa.
Uredia are larger than type one (up to 2 nun). Chloroeieie ueualry preeent but eome pueturée are r,.irounded bya necrotic area.
Pustulee are moderately large (from 2 to 4 mm) andoccasionally coalesce. Uredinia are eurrounded bychlorotic or necrotic bordere.

deecript,ion

Pustulee are large
Bordere are usuall

(over 4 nun) and often coaleece.
chloroÈic but sometimee necrotic.

5{i}1er and Lambert, 1955; Steffeneon et a}" (19gS)
þuetule sizes by SÈeffeneon et, aI . (19g5¡ weie 2 t,o 3 mm
þuetule eizes by steffenson et al. (19gsi were greater than 3 mm

infection
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Peotlond

1 955

Voníer
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Trent
197 2

York

1 958
Husky

1 955
Vontcge

Vsntmore
I 954

Porklond

1 956
I

\
\

Jubilee

1 960

Vírden

1 987

Brock Windsor

1969 1974
Golt

1 966

Klondike

197 6

Bedford

1979

Polliser

1960
Hector

1973

196 t

Bononzo

1 970

Kînkoro

197 4

Johnson

1 980

lone
Conquest

Diomond

1 985
Noble

1987

Figure 2.1" Pedigree relationehipe between 24barley cultivare. Canadian stem ruet reeist,ant
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Figure 2-2. LLtecycle of puccinia graminis f. ep. Éritici (Agrioe, l97gl.Thie pathogen of barley and wheat Ls a heterotr¡årlic, treteioé.io,," funguewhoee alternate f?"t lg barberry_ (Be_rberis vuijaris t.¡. rn the compreterifecyele, diploid. te.liosporee lt j found on thã etrar"¡ óf uartey or wheat,will- releaee haproid basidiorpoÈé-Js) il tha elring. upon randing on thebarberry, the basidiosporee wirr airéctly infeãt eþiae-rmal celie on t,heupper leaf surface forming pycnia. Each pycnium fofmed will be ãf one oftwo mating typee..PycniosporeE¡ (P) releas-dd from a pycnium muet fertilize
!h" . _f 

lexous hvphae of a _pycnium of oppoeitá' *"di;t --tvp". 
uponferÈirization, a procese of dikaryotizatiån occurE reãairig' to theformation of an aecium which will devJlop on ltå ror"r leaf eurface of thebarberry. The aecium will release dikaiyotic aeciosporee 1Ál-,ni.r, ""r,infect barley or wheat plante. Germtubee or aecioepores must penetrate theIeaf etomata whereupon a uredium wirl aeveto¡r -it 

" .o*pã!iur. hoet-pathogen interaction occura. A mature uredium- will relea^ee ditcaryoticuredinioePores (u) which can then reinfect barley and wheat,. once the hoetbegine to mature, a uredium will hegin to prodúce tetioeporee which arethe overwintering et,ructuree of thij fungue-.

T
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100
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ñ'v60

Zso:fg40
É.
l4

30

'1970 1 975
YEAR

r 980 1 985 f 990 1 995

Figure 2-3- Frequency of- major pathotypes of puccinia graminis t. sp.ttitici occurring in y_early dieeaee eurvey collections tJken from wheat,barrey and wild Þ1fl"v (Hordeum juba€unl in Manit.oba and easternsaekatchewan from 1956 to 1992" surley inf'ormation vraE, pulfGnea ae areport each year in the Canadian Plant Dieeaee Survey tro-m tgeO to 1979and in the canadian Journal of Plant Pathology after tgll" i"pråáe"tativeieolatee from field su_rveye prior to 1988 úère reinaentifiéd ueing thãnomenclatural syetem of Roelfe and Mart,ena (19gg).
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3. St,en rust ree iËt,ance ín barley øeadlingø

3. t ÏaÈroduct,íon

rn planÈ breeding, testing plants for dieeaee reeietance in Èhe

eeedling etage of growth ie a deeirable eelection procedure which can be

accompliehed prior to field eeeding" Reliabte aeedling teete relax the
need to test adult plante in the greenhoueer aeedling teete require lesø
resourceE to conduct Èhan do adult plant, tests. seedling tegts have the
beet predictive value when specific hoet reeistance gene6 interact with
pathogen avirulence geneÊt reeulting in a characteriet,ic infection type
that can be identified throughout the life of the p1ant. seedling teete
are leee reliable when dealing with growbh etage-related reeietance çJenes
and other hoet genee that modify infection proceaaea" Buch as latent
period, amount of sporulation, duration of eporulation, or caueing the
pathogen to enter the tetiar etage of its rife cycre (Figure z"zr. wí.'jin
these latter types of resietancea, evaluating the apparent quantitative
response of the host, ie more difficul-t. Arthough Èheee types of
registancee may be controrled by only a few gene., detecting and
evaluating them ie difficult. The problem ie compounded eince the
physiology of a prant changee during ite tife cycre. The hoet-pathogen
interaction obeerved in a eeedring may have very tittle bearing on the
eame interaction when the plant is at eome later growth etage.

The efficacy of eeedling teet,e for det,ecting reeietance to puccinia
graminis f. sP- tritici (Pstl in barley hae varied between experimentere.
Reid (1938) concluded that eeedling teete r¡rere of Iittte value for
eelecting lines that were registant in the fie1d, while Brookine (1940)
and Miller and Lambert (1955) indicated that eeedling teet,e were ueefur.
At greenhouee temperaturee of 18oC, distinct,ione between cultivarg known

to be reeietant and euecept.ible in t,he fierd courd not be made, but
distinctione courd be made at,25oc (st,effeneon et ar., 19g5; Jeder et, ar.,
1989) ' steffenson et al. (1985) used a weighted infection type to evaluat,e
the mesothet'ic infestion reÊponsee on barley eeedlings and found that
resistant and suseeptible rnat.eriar could be ideniified with some pgr¿ racea
but not with others"
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In thie etudy" distinct,ion of different levela of eeedling
reeietance in barley waa att,empted using a number of pathotypee of pgt" To

determine the predictive value of eeedling tests Ín meaeuring effective
field reeisÈanceo comparieons to a field teet were made"

3"2 &{aterials and metbods

Twenty-three barley cultivare (Table 3"1) and a s¡heat check (McNair

701) were inoculated with 14 different racee of pgt (Table 3"2). McNair
701 wae ueed because it ie highly eueceptible to infect,ion by many racea
of Pgt- Germinat,ed eeede were planted in a randomized complete block
deeign with five replicates and gror.rn in a greenhouse at approxi:nately
20oc wiÈh eupplemental fluorescent lighting. Each block coneieted of eix
7-5 cm Equare peat pote fitled with a eoillese potting mixture. Four eeede

per pot, one in each corner, were pranted. Eight day ord eeedringe were

inoculated by spraying 150 ¡tL of a 2 mg uredinioeporee/ml oil (soltrol
t7o, Phillipe chemical company, specialty chemicale Divieion, Borger, TX

79oo7 ) mixture onto each pot. The mixture sraE applied wit,h an atomizer,
and the plants were kept eeparated from each other by ueing a cardboard
ehield. Each pot was rotated elowly on a turntable at a dietance of 25 cm

in front of the atomizer, resurting in the oir epray being direct,ed in a

narroÌ^t pattern towards the centre of the seedling leavee. The eeedling
leaves were left to dry for 1 t.o 2 houre t,o allow full evaporation of the
oil from the leaves. The seedlings were then put int,o a dark dew chamber

for 16 houre at a temperature of 18oC. Light,a in the chamber were then
turned on for 4 houre and the temperature allowed to riee to 2goc. The

eeedringe hrere arrowed to dry elowly before being praced in a grow.th

cabinet at 25oc. AfÈer 14 daye, t,he number of puetulee and infection type
of each pustule was recorded.

Data were anaryzed by correcting the pueture counte (pc) for
infection t,ype (steffenson et ar., 1995 and Tabre 2.3) and eeedling reaf
width (sLvI) and transforming the dat,a ueing the equare root traneformation
(steel and Torrie, L980) " The infection type weighting factore ueed were

infecLion tlrpe 0 (rro)=0.8r rr1=1t frz=2r rr3-3, and TT4=4. rnfecÈ,ione
È'hat' had a very smarl erumpent pustule srere given an infection type
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reading of "1-'and a numerical acore of (ITl_-)=0.75. Correction only for
leaf width wae made eince the full tengt,h of the aeedling leavee wag not,

inoculated. The correction formula used wae (ITO*PCO +. ".+IT4*PC4)/SLW. An

analyeie of variance on the transformed data waa performed ueing Èhe

statieticar Anaryeie syetem (sAs) (sAS rnetitute rnc., 1990).

The coefficient of variation (cv) for each experiment wae

calculated. SmaIIer cVE were indicative of a more reliable experiment that
had greater povrer to discriminate reeiet,ance genotypee.

The Waller-Duncan'e Bayeeian k-ratio t-teet (Steel and Torrie, 19gO)

was uged to determine eignificant differencee betq¡een linee. Thie multiple
comparieon procedure uBeE a type I to t,ype II error serioueneee ratio
(steel and Torrie, 1990) and ie dependent on the anova F-varue: the t,eet
ie more eensitive when F ie large and more congervative when F ie emall
(carmer and swanson, 1973). A k-ratlo of 100 wae uged in thie procedure
which loosely approximates ø=0.05.

3"3 Result,s and discussion

AII puetule counte stere corrected for infection type and seedling
leaf width and were transformed ueing the equare root traneformation. The

transformation wae effective in reducing the coefficient of variation (cv)
of aIÌ experimente. At the 1s level of eignificance, all experimente
reeulted in significant F-valuee in the analyeie of variance (ANovA) for
the model (Table 3.21 and for the treatmente (not ehown). Repricate
effecte were eignificant (c=0.05) onry in experirnente 3, s, and 7.
However, only 5 experiments had coefficiente of variation (ANovA mean

Bquare error*lOO/grand mean) in the range of 32 t,o 3zB for puetule counte
corrected for infection type and leaf width. The rower cv of theee
experimente htaE indicative of more reliable reeulte and allowed the
detection of more significant differencee between treatment meane. The

high levele of variaÈion observed in the other experiment,s are likely due

in part to the technique used to deliver the inoculum. rn another eeedling
test using a quantit'ative inoculator (eection 5), the coefficient of
variation of a fíve treaÈmenÈ experiment çtas 26s. It is -,ir¡likely that ihe
coefficient of variation can be reduced much below thie level.
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The puetule count,s were aleo corrected for seedling leaf widt,h only
(Table 3"21 " Thie alwaye resulted in a emallero yeL aignificant, F-value
for each experiment compared to when the data wa8 corrected for infection
type and leaf width. Seven of the 20 experirnente had eignificant, (a=0.05)
replicate ef f ecte. Hol,rever, the CVe of the experi¡nente did not change

appreciably in moet' casee. some changee in the ranking of cultivare
occurred when the multiple comparieon procedure waa done, but generally
the moet resistant cultivare would have been selected whether or not
puetule counts had been correcÈed for infection type (analyeie not ehown).
Ïùhen eelecting only for the moet reeietant planta, Eelection baeed on

receptivity (number of successfur infectione) ehoutd be adequate.
Different races varied in their ability to dietinguieh betsreen

curtivare ae had been previouety reported by steffeneon et ar. (19g5).
Race TPP (Table 3-3) v¡as more effective in diecriminating reeietance
genotypee than waE race HFc (Tabre 3"6)" Abee ie generarry quite
eueceptible to the other teet races used but çlave a eimilar level of
resistance as did a majority of other cultivare to race HFc. Many of theee
cultivare are related, Eo there may be no dietlnctione between E¡ome

cultivare for stem rust resist,ance.

Vantage barley wag consietently one of the five moet, reeistant linee
in each testi Husky was one of the five moet regietant in 3 of the s

experimenÈs presented. rn a fleld eval-uation t,rial with the barLey adapted
biotype PgÉ race ecc as a major component of the pathogen popuration,
vantage and Husky both performed very welr (Table q.41. some ot,her rinee
euch ae 80-TT-29 were very resietant to race Tpp and HFC (Tables 3.3 and
3.6) but were more suscepLibre to race Tpg (Tabre 3.5). Arthough Errice
and Johnst'on barleya contain Rpgl, both of t,heee cultivare coneietantly
eupported more infection than all other RpgI carriere in the eeedling
teste" Beacon barley tended to eupport a moderate level of infection with
all teet races except race TPg where the amount of infection detected wae

low (Table 3"5)" In the field, both EIIice and Beacon had eignificantly
higher rust severitiee than arl other carriere of RpgI (Table 4.er¡
Johnston barley was more variable in ite expression of reeigt,ance.
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significant differencee in expression of resiet.ance bet,ween RpgJ carriere
euggeete that eome cultivare contain resietance geneg t,hat are effective
t,o particurar races. Even though dietinct infect,ion typee are not
detectabre, differencee in receptivity may be due to race apecific
interactione" The eimilaritiee obeerved between the aeedling teete and t,he

field teet (Table 4"4) euggeet that, eeedting teete have eome predicÈive
value "

Hietpas-S, which hae the Rpg2 gene, t,ended to expreee a moderate

level of eeedling resistance to all test, raceE. patterson et aI. (1952)

indicated that Rpg2 was an adult plant resietant gene that hfag not
detectable in the seedling st,age. The similar expree¡eion of reeietance
obeerved in these eeedling teete eupporte thie concrueion.

The line pr 382313, which hae the Rpg3 gene, performed poorry
againet all of the test races. However, in another geedling teet. using a

barley adapted ieolate of pgx race ecc, thie line performed the beet
(Table 5.2't. rn a field selection experirnenÈ (Figure 7.21 , the frequency
of the barley adapted race Qcc that úraa ieolated from a mixture of racee
from PI 382313 etaa lower when compared to ot,her cult,ivare carrying
different resietance genes. There appearÊr to be E¡ome race epecificity ín
relation to hoet resistance genes in barley. Thie demonet,rates the need to
combine different resistance gene€t into cultivare to provide broader
protection.

The rine cr 666 (Black Hurreee) containe a receeeive gene for
reeietance to puccinia graminís t. ap. secaris (rpgB?l (steffeneon et ar.,
1'984). cr 666 was one of the 5 most resistant, linee in the four of t,he

experiment,e presented, except for experiment 10 (Tabre 3.4). This atrongty
euggeste that an effective reeistance gene ie in cr 666. whet,her thie gene

ia rpgÛH or Eome other gene ie not known"

A barley adapted race QCC wae not available to me during the period
that eeedling teste r^tere being conducted. An experiment. hae been initiated
in thie regard eo that a direct comparison between the field reeulte of
L990-1993 (Table 4.4) and an indoor quant,itatively inoculated eeedling
test can be made"
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The amount, of infection observed on McNair 701, t,he wheat. check, wae

alwaye about twice that of the moet, eueceptible barley tine in any of the
five teeËe conducted (Tablee 3"3-3"7)" Thie supportø previoue obeervatione
by Green (1971b) that, barley ie innately a leee euit,able hoet, for pgt than
wheat. rn another test using a barrey adapted biotype of race ecc, the
number of pustutee/cm2 wae the same for both the aueceptible barley Hiproly
and the eueceptible wheat Little Club (Table 5"21¡ however, theee valuee

were not corrected for infection type, which may better reflect the level
of infection obeerved. In terme of receptivity, the latter obeervation
eupports the hypotheeie that Pgt race gCC hae eome adaptation to barley
that other races of etem rust do not have (Harder and Dunemore, 1990), and

thue might be expected to perform weII on both hoeta. However, it ie not
known whether the receptivity of McNair 701 ie eimilar to that of Little
Club.

!{hen working with quantitat,ive hoet.-pathogen interactione, aE ie
generally the case in etem rust on barley, it is neceeeary to infect
plante in a reproducible manner" This requiree that plante be at the sane

growth etage and that inoculum densities and incubation conditions be

comparable. Inoculum density can influence eeveral fact,ore; infection
freguency, eLze of infections (Katsuya and creen, 1962) and their
reeulting frequency dietribution. Incubation conditione (dew period,
temperature, light) can effect, the number of pusturee that form
(PoliÈ'oweki and Browning, 19?5). Given the mesothetic response of barley
seedlinge to Pgt, variable infect,ion levele would lead to few reliable
conclusions.

Seedling tests in barley have been very Erucceseful in detecting the
presence of Rpgl by using pgt. Êace Mcc (steffeneon, 1gg1b). Thie race ie
highry avirurent to Rpgl, normally producing a freck reaction and a few
very emarl pustules (1- typee), when eeedringe are teeted in high light
inteneities at 18oc in a growth cabinet. under the available greenhouee

conditione, light intensit,iee erere lower, and the resietance regponge

included the developmenÈ of many emall puetulee and eome larger onee. The

resistance response under these conditiona !À¡aa leee dietinct. Thie
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variable response r^ras demonst.rated by the high experimental cv in
experi-rnente 2 and 4 (Table 3"2)" seedtinge grokrn in the growth cabinet,
conditions may be more effect,ive in expreeeing reeistance becauee they are
more vigoroue t,han those groh¡n in the greenhouee environment. A dietinct
low infection type also has been achieved with pgt :-ace ecc on eeedlinge
carrying a gene for resietance t,o thig race (Dr. B.J. steffeneon, perE.
comm. ) However, in moet cases, the reeietance reaponse of a eeedling to
varioue raceE of Pgt ie mesothetic. Thie intermediate reeponae may etitl
be ueeful to detect the moet reeietant and moet euacept,ible linee, but
thie reeponse faile t,o dieÈinguieh between linee with more intermediate
levele of reeietance.

To evaruate resistance at, the eeedring at,age, the folrowing
condition6 are considered essent,ial:

1. euantitative inoculation. Every effort ehould be made to
etandardize the amount of inoculum that ie applied to eeedlinge within a

test" check cultivare can be used to make comparieons between tests. Dew

chambere or cool miet humidifiere Ehould be ueed during incubation of
inoculated plante to eneure continued and uniform leaf wetnege periode.

2. Good plant health. Regular fertilizing wit,h a eoluble fertil-izer
euch as 2o-2o-2o (N-p-K) (prant producte co. Ltd., 314 orenda Rd.,
Brampton, oN, L6T 1cl), adequate plant, epacing, high humidity, coor
femperaturee (1goc day, 150c night) and high righÈ intensitiee (400 ¡rmor
s-r m-2) provide excellent plant growth conditione. Thie witl delay t,he

aeneacence of first leavee to 19 or more daye after inocurat,ion.
rnfectione on barley apPear to take longer to develop than thoee on wheat.
At l2-r4 daye on wheat, infection phenot,ypea are eaeily dietinguiehed
(Roerfe, 1988) " on barley, r found thaÈ infect,ion phenotypee are more
eaeiry dietinguished at 16 to 1g daye. rt ie hypot.heeized that the
hearthier plants that, are produced in more optimal growt.h cabinet
conditiong allow for better expreeeion of reeietance factors. The
additional- time that the infectione are allowed to develop on the leaves
probabry is equivalent to the effecte of using the higher growt,h
temperatures as used by steffenson et al-. (19gs) and Jedel et al. (r.9g9).



However, higher growLh temperaturee }ead to lower quality
likely altere the phyeiology of the plant and the pathogen

realist,ic infection responae may not be obtained. Harder et
provided ultrastructural evidence ot. pgt being et,reeeed at
obeerved extensive haustorial necrosie when t,he trauetoria. were

with t,he hoet meeophyj-I celle in a eueceptible l¿heat line.
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Tabre 3.2" reoratee of puccinia graminis f" Ep. xritici ueed toevaluate eeedling ruet reeietance in barley and experimental F-valueaand the coefficiente of variation for thè reeurtlng puet,ule countscorrected for infection type and leaf width or corrected-for teaf widthonIy"

experiment raceu

corrected for
infection type and

leaf width

corrected for leaf
width

F-valueb F-value
1

2

3

4

5

6

7

I
9

10

11

t2
13

I4
15

16

l7
18

19

20

GCC

MCC

RFC

MCC

GKH

GCC

TI'IN

8TH

TPP

GKH

GKM

PKH

TP8

8TH

GKH

ccc

8cc
GCC

HFC

MIXTURE

13"13

4I.77
I "57
8.22

27 "9L
18"98

27.L2

18.04

Ls.20

L7 "79
16 "20
11.49

21.81

23.41

8.48

Lt.7 4
1s. 90

9"18

9 .57

13.31

6"19

18.00

4"83

3"38

6"s4

5.87

4"9s

5.03

5 "62
4 "39
4.88

2.85

6.24

6.81

4.22

3.3
4.64

3 "29
2.83

5.02

IT7

87

81

44

55

50

50

44

32

36

43

4T

37

43

67

53

46

40

33

32

].22

102

81

43

61

50

58

49

33

38

50

43

39

51

63

53

48

42

32

29
uPgt race code baeed on the nomenclature of Roelfe and Martene (19gg)bF-varue for the moder, numerator degreee of freedom ('df¡=27,denominator df=92 (aome experiments have a lower df due to'mieeingplante), F*, ie approximat,ely 2.OO where a=0"01.
"lcaeed on aquare root traneformed datadrepreeente a historic race ident,ified as gcc, not the current race gcct,hat ie adapted to barley
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Table 3"3" Means of square root traneformed puetule
counts from barley eeedlinge that were inoculated
with race TPP in experiment 9"

cultivar/Iine" mean' lfaller-Duncan
grouprng

McNair 701b

Klagee

Abee

Pr 382313

Betzee

EIliee
Steptoe
Johnson

York

Gartons

80-ft-30
Kevstone

Beacon

ArqyIe
Virden
Concruest

Hietpae-5
Peatland
ParkLand

Vantaqe

Bonanza

cr 666

80-TT-29

6.5

3"4

3"3

3"0

2.9
2"7

2"6

2"6

2.5
2.2
2.t
2.t
1.8

1.5

1.5

1.5

1.5

t.4
1.3

r.2
1.1

1.0
0"9

A

B

BC

uRpgl carriere are underlined.
and Rpg3 ie in PI 382313"
\n¡heat check
?uetule counte were corrected
and cultivar leaf width.

BCD

BCDE

BCDE

BCDE

CDEF

CDEF

DEFG

EFGH

EFGH

FGHI

GHrJ

GHIJ

GHIJ

GHIJ

GHIJ

HTJ

rJ
IJK

rJK

Rpg2 in Hietpae-S,

for infection type

JK

K

ie
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Table 3"4. Means of square root transformed puet,ule
countÊr from barley eeedlings that were inocuj.ated
wit.h race cKH in experiment 10"

cultivar/Iineo mean" WaIIer-Duncan
u

McNair 7O1b

Abee

Pr 382313

Klageø

Betzes

Johnston

80-tr-30
E11íce

Steptoe
York

Arqvle
cr 666

Hietpae-5
Virden
Beacon

Gartons

Kevstone

Husky

Conquest

Vantaqe

80-TT-29

Parkland
Bonanza

"Rpg7 carriere are underlined.
pnd Rpg3 ie in pr 382313.
\¿heat check
?uetule counts were corrected
and cultivar leaf width.

A

B

BC

BC

BC

CD

CDE

CDEF

DEFG

DEFGH

DEFGH

EFGH

EFGH

FGHI

GHIJ

GHTJ

GHIJ

HIJ

HTJ

HTJ

HIJ

TJ

rJ
J

Rpg2 ie in Hietpae-S,

for infect,ion type

6.L

3"6

3"3

3"1

3"1

2.6
¿.5

2.4
1"9

1"8

1.8

L.7

7.7

1"6

1.5

1.5

t.2
1.0

1.0

1"0

1.0

0.8
0"8

o.7
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Table 3.5. Meane of equare root transformed pustule
counte from barley eeedlings that were inoculated
with race TPQ in experiment 13.

cult,ivarr/line meanb WalIer-Duncan
qrouping

McNair 701"

Abee

Johnston

Steptoe
Klagee

Befzee

EIIice
Pr 382313

80-TT-29

GartonB

ArqvIe
Peatland
York

80-ft-30
Kevstone

Hiet,pas-5

Conquest

Virden
Parkland
Huskv

Bonanza

Beacon

cr 666

Vantaqe

6"1

3"3

3.0
3"0

2"9

2"6

¿"¿

2.O

1.6

1"4

1"3

r.2
I.2
r"2
t.2
1.1

1.0
1"0

0.9
0.9

o.7

0.6

0.6
0.5

A

B

BC

BC

BC

BCD

CDE

DEF

EFG

FGH

FGHI

FGHI

FGHI

GHT

GHI

GHI

GHT

GHT

GHI

GHI

HT

I

r
r

"RpgJ earriere are underlined.
and Rpg3 ie in pI 382313.
\¿heat check
?uetule count,e were corrected
and cult,ivar leaf width.

Rpg2 La in Hietpae-S,

for infect,ion type
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Table 3"6" Meane of
counte from barley
with race HFC in ex

cultivar,/1ine"

McNair 7O1b

Klagee

Johnston

Ellice
Pr 382313

Betzee

Peatland
Virden
Hietpae-5
Abee

Beacon

Parkland
80-rt-30
ArqvIe
Steptoe

Conquest

Huskv

Bonanza

York

KevsÈone

Gartons

Vantage

cr 666

-29

square root, transformed puet,ule
eeedlinge that were inoculat,ed

riment 19"

mean' WaIIer-Duncan

uRpgl carriers are underlined.
and Rpg3 is in pI 382313.
\¿heat check
?ustule counts r^¡ere corrected
and cultivar leaf width.

A

B

BC

CD

CD

CD

CD

CD

CDE

CDEF

CDEF

CDEF

DEFG

DEFG

DEFG

DEFG

DEFG

DEFG

DEFG

EFG

EFG

EFG

FG

G

Rpg2 Ls in Híetpae-S,

for infection type

5"2

3"2

2.8
2"3

2.3
2"3

2.2

2"t
2"O

2.O

2.O

1.9

I"7
L"7

L.7

1.7

1.6
1"5

1.5

1.2

r.2
t.2
1.1

0.9
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Table 3.7" Meane of
counte from barley

Equare root t,raneformed puetule
seedlinge that were inoculat,edwith a mixture of races in experiment 20"

cultivar/Iine"

McNair 7O1b

Steptoe
KIagee

Johnston

Abee

Pr 382313

EIlice
Betzes

Concfuest

Arqvle
Virden
Beacon

80-rt-30
York

80-TT-29

Gartons

Kevstone

Peatland
Parkland
Huskv

Hietpae-5
Bonanza

cr 666

"Rpgf carriere are underlined.
and Rpg3 ie in PI 382313.
l¡heat check
?ustule count,s were corrected
and cultivar leaf width"

Waller-Duncan
rouÞr

A

B

BC

BCD

BCDE

BCDE

BCDE

BCDE

BCDEF

BCDEF

BCDEFG

BCDEFG

CDEFGH

DEFGH

EFGHI

EFGHT

EFGHI

EFGHT

FGHIJ

GHIJK

HTJK

IJK

JK

K

Rpg? ie in Hietpae-S,

for infection type

meanc

5.1

2"6

2.s
2.5
2"3

2"t
2"O

2.O

1"9

1"9

1.9

1.9

I.7
I.7
1.7

1.5

1.5

1"5

t.2
1"1

1"0

0.9

0.6
0.4
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4. Evideuce for & lxew resístsnce gen@ ín barley effecÈåve

agaiuaË Pucci-nia gremìrtís f," 68. Xrit,j.ci rac@ ÐCe

4. X Int,roduct,íou

The eastern prairie region of Canada and the northern central great
plaine of the united stat,ee are important, barley growing areaa where t.here
ie a continual riek of crop loee due t,o stem rust (caused by puccinia
graninis f" sp" tritici (PSt't)" In paet epidemicen loeeee to thie dieeaee

have been ae high as 12-15s on a etatewide baeie in the north central
united states" (Roelfe, rgTe). However, eince the introduction of
reeistant cultivare beginning in 1938, losseg have been negtigible. prior
to 1954' over 908 of the cultivare grown in Manitoba lacked the Rgg.t gene,

but the proportion of culÈivare with Rpgl eubetantially increaeed after
growerE experienced loseee of over $9 million dollare (McDonald, 1970).
Stem rust resistance is a necessary attribut,e for eucceesful barley
production in this region (McDona1d, l-97}l. The reeietance in barley hae

been attributed to a eingle gene, RpgI. Thie gene ie the main eource of
resietance to stem rust in current,ly grown cultivars and hae been

effective eince the 1930e (powera and Hinee, 1933; Lejeune, t946¡ selram
and wilcoxson, 1976¡ Jedel et ar., 1999)" The gene Rpgr hae been ueed ae

an example of a eingle reeietance gene providing durable reeietance
according Èo the definition of Johnson (1991). The durability of RpgJ may

be due in part to the resiet,ance it has provided against many racee of pgt

(rmrner et' al., L943; Jeder et al., 1989; steffeneon et ar., 19gs). rt can

be convenientry detected in the seedling etage with pgt race Mcc

(steffeneon eÈ al., 1991b) " ot,her known etem ruet reeietance geneÊr include
Rpg2, which wae isorated in Hietpae-s (pattereon, 1951¡ and Rpg3 which wae

identified in PI 382313 (Jedel et al., 1989). Rpg7 ie coneidered an adult
plant resist.ance gene (pat,terson et al., 19s7), but hae not been widery
utilized" Gene Rpg3 confere both seedling and adult ptant resietance and

appearE¡ to be complementary to the RpgJ reeietance (Jedel, 1991).

Minor resietance factore were noted by Lejeune (1946) and ùfiller and
1¡ml^rar+ ,1Otrtr I Tè L^- L^^- -L---- !L^!!ËrEË¿L i¿--3Ðie ¿t ilaE Pee¡i Ënowrr E¡-¡aC Ene expfesBj-on Of feSietance in

carriers of Rpgl is not the same in all genet,ic backgrounds (st,effeneon et



41

al.r 1985), but the differences !n expreeeion urere not, large. For the laet,
35 years' barley breedere in North Ðakota, and Minneeot,a have not
evaluated their germ plasm for stem ru€¡t reglstance in uniform ruÊ¡t

nureeriee (Dr" B.J" steffeneon, perE. comm. ). rn Manitoba and

Saekatchewan, barley breedere regularly evaluated their material for stem

rust reeistance, buÈ litt.le currenÈ work has been done to characterize
thie reeistance beyond the detect,ion of Rpgl "

rn 1988, Pgt race ecc wae detecËed (Marteng et al., 19g9), and it
hae continued to increase in prevalence eince then (Harder and Dunemore,

1990, 1991, 1993) " Work by Harder and Dunemore (1990) euggeeted that there
may be eome preferential adaptation of iEolat,es of the etem ruet fungue to
either wheat or barreyi race gcc appears better adapted to barley. of
critical importance ie that Rpgl La not, very effective againet, race ecc.
Therefore, the potentiat exiete for large crop loeses due a etem rust
epidemic. Minor resistance genee that were once thought to be unimportant
may be of greater value now.

À three year field et.udy was conducted to evaluate 22 hist,oric and

current barley cultivare for resistance to a mixture of raceg of pgt,
including the barley adapted race Qcc. The etudy wae ueed t,o meagure the
uniformity of registance of curtivare carrying the Rpgl gene and the
efficacy of th.e Rpg2 and Rpg3 resistance geneg. crogsea among eeveral
cultivars were evaluated ae F, Iinee to det.ect reeistance to race gcg.

4.2 MaÈerials and methods

Twenty-two barley cultivare or lines and a eueceptibÌe wheat (Table
4.1) were planted at Glenlea, Manitoba in l met,re ror.¡E on 23 May Lgg1t 27

May 1991' and 29 ùl'ay l-992, using a randomized complete block deeign with
five replicates" sPreader rorár6, consieting of eueceptible wheat (Thatcher,
Red Bobs) and barley (wolfe, w-3499, w-z6gr-7-76) | were planted
perpendicular to the test mat,erial in t.he pathwaye of the experimental
area two weeks prior to planting. Teet material wae planted later eo that
higher dieease levels of etem ruet wouLd be obtained.

In l'990 and 1991 spreader rows were inocuLated with 8 races of et,em
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ruEt (Table 4"2, " ln these yeara, race Qcc vrag not, inoculated becauee of
the poeeibitity of the test becoming a primary inoculum source, cauaing
dieease in eurrounding commercial barley fielde" wit,h race çcc we1I
eetabliehed in the rust population by tggz, it ruae coneidered eafe to
inocul-ate with thie race. only race gcc r¡ras inoculat,ed in Lgg2.
uredinioeporeÉr rdere mixed with talcum powder (1:1oo¡ and applied wit,h
duet,ere" Plante in the epreader row€r v¡ere inoculat,ed juet ae t,hey began

entering the boot etage of development. Inoculation vrae done on cool,
clear eveninge when overnight dewe could be expected. pÌote were eprayed
with cygon 2E (v{ileon Laborat,oriee rnc. ) to control aphide and thue reduce
infection with barley yellow dwarf virue. one evaluaÈion of rue¡ eeverit,y
(Peterson et al., 1948) wae done about one month after inoculation when

the eueceptible cultivar Hiproly ehowed 75s or more ruet eeverity (see
Appendix 1)- The statietical Anal-yeis Syet,em (sAs) vereion 6.1was used t,o
analyee the data"

single plant eelectione from each cultivar, baeed on greenhouee

teste of adult plante with race MFB, were ueed ag eeed gources to enaure
homogeneity of the linee used in the cultivar teet and ueed in the genetic
etudiee- consideration waa given towarda generar prant phenotype;
eelect,ionc¡ were representaÈive of the cultivar.

To determine the rever of reeiet,ance conferred by Rpgr to pgÈ race
Qcc, a croas between Hiproly 15 (etem rust eueceptible) and peatrand 9 (a
eelection from the originar eource of Rpgr) hrae made. Race Mcc, which ie
highry avirulent, to Rpgl, wae ueed to detect, the preeence of thie gene in
the eegregating F2 population. Greenhouse gro$rn eeedling and adult plants
were inoculated wit,h urediniosporee of race MCC. spores were mixed with
Dustrol oil at 2 mg/mL. seedlingE¡ were eprayed by hand while adult planÈe
were quantitatively inoculat.ed, ueing a mechanical inoculat,or (eection 5)
at a spore deneity of 150-2oo eporee/cmz. After inoculat.ion, the oil wae

alrowed to evaporate from the plants. plante were praced in a dark dew

chamber (Percival, Model 1-6oD) for 16 houre. Folrowing incubation, plante
were placed on a greenhouse bench, covered with plastic for 4 hourg and

provided supplemental fluoreecent lighting. seedlings were evaluat,ed for
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resistance or suEceptibility 16-18 daye after inoculatíon; adult plante
were evaluated at 21 daye" Seedlinge and adulte¡ were coneidered reeietant
if their reaction exhibited infection typee of 1 or ]ege and euecept,ible
if they exhibited a reaction of. 2 or more to race Mcc (Tab1e 2.3) " F, linee
conBiBting of 2O to 30 plante from each F, plant were t,eeted in the fietd
for reeistance to race QCC in 1992. one hundred F, Iinee were planted in
1 metre rowe and replicated three times using a randomized complete block
deeign. spreader rowÊ were planted and inoculat,ed with race gcc aa

indicated above. The lineg were evaluated for ruet eeverity ae above:

reeietance or eueceptibility wae determined baeed on Èhe ruet eeverity
readinge of the parente. one terminal rust severity reading wae obtained
juet prior to t'he onset of plant Ê¡enescence. The terminal severity reading
wae uged becauee it addreseee the poeeibility of growth stage affecting
the resietance responee (Section 6). Multiple infection period.e during t,he

eeaeon will inoculate all growt,h atages of the plante to a degree not
poeeible in practical greenhouee etudiee.

The cultivare Dianond, Q21861, and Hiet,pae-S had been identified ae

poseible Eources of resistance to race gcc (pereonal obeervation;
st,effenson and Jin, 1991) and were croesed to Hiprory 1s and Hueky 9.
Husky 9 ie a eelection from Husky and ie representative of a cult,ivar with
a moderate level of resistance to Pgt race gcc. Diamond (calt/Unitan) ie
related to Gart (Gracier/Newel 2/2/Huaky), Hueky (peatland /F.egaL/ /o.A.c.
2l/3/ñewaLl, and PeaÈtand" The line 821861 ie a eelection from a crMMyT

breeding nuraery in Mexico that wa' made by w.J.R. Boyd (Dr" B.J.
steffenson, pere. corun. ) . Hietpae-S ie the E¡ource of Rpg7 (patterson,
1951). crosses were evaluated in F, linee as above. Not all- linee were

replicated due to limited quantities of eeed. The number of linee in the
Hiproly L5/Q2I86L cross wae reduced because of the appearance of a lethal
chlorophyll mutant. rt wae aseumed that this letha1 gene h7aÊr independent
of any resietance gene.

Replication of lineg was uged to tegt Èhe reliabitity of readinge
and t'o aid in decision making. Where t,hree replicat,ee for a line were

avairabre, a rine waa considered segregating if two or more readinge



indicated eo" where onry t.wo obeervatione for a rine v¿ere

l-ine wae coneidered eegregating if one or more readÍnge
HypotheeeÊ q/ere teeted ueing the Chi E¡quare etatietic.

available,

indicated

4"3 Result,s and discussioa

Heavy etem ruet infection occurred in each of t,he t,hree year€r of the
cultivar etudy" No eignificant environmental variation wae detected (Table
4.3) " The eignificant replicate within environment variation euggeeted
that dieease development between blocke q¡ae not the eame and that ueing a
blocked experimental design was irnportant in ieolating replicate effecte
from cultivar effecte. Cultivar and cuttÍvar X environment effecte r.rere

both eignificant, indicating real differencee in rust eeverity between
cultivars. A range of 38t in mean terminal rust eeveritiee over the t,hree
years of the teet wae observed between the best and the woret genotypes
carrying.RpgJ (Table 4.4r- Thie differe from a range of 178 observed by
steffenson (1983) in a similar experiment where the eusceptible check
Hiprory had 77* rust eeverity. rn thie study, Hiproly had a mean rust
severity of 798 over three yearg. The main difference in the two tests qraa

that PgË race Qcc wae used in t,hie test. Thie race showe some adaptation
to barley (Fox et al., 1992) and wae not, preeent in the North Àmerican
atem rugt popuration until 19gg (Martens et al., 1gg9). The range of
expression of resistance by the varioue carriere of Rpgf euggeete that
additional etem rust, resietance gene(E) or modifying gene(s) are present
in barley. cult,ivare euch as Errice and Beacon, carriere of Rpgl, provide
rittle resistance to race ecc erhich suggests that Rpgr does not confer
reeieÈance to thie race of ruet. A eecond comparison between t,hie
experiment and that of Steffenson (1983) ie that rus¡ eeverit,iee observed
on cultivars cornmon to both studiee r¡rere about 15-2OB higher in the
present etudy"

The eignificant cult'ivar x environment, interaction can be attributed
t'o t'hose cultivare that, gave a large range in eeverity valueg between
yearE. Given that the maximum range of the eueceptible barley check
Hiproly wae 118, those cuLtivare wit,h means exceeding a range of LSB ruet
eeverity over the three yeara probably contributed moet t,o the interact,ion

44

Èhe
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aum of E¡quares" The tinee with a range greater t,han L5& diseaee severit,y
were Erlice, Kragee" york, Argyle, Bonanza, go-tt-3O, conquest, Johnetonn

and 8o-TT-29" Part of the interaction could be due to high t,emperatures
which may have affected eome cult,ivare. Except for Ellice and Klagee, all
of these linee experienced their highest ruet eeverity readinge in 1991

when the weather wae hot, and dry. Differencea may aleo have been due to
the interaction between the different race spectra between 1990 and t,he
l-atter tr^to yeare and any reeietance genec that. t,hese linee may have. An

effect of race mixture wag detected for t,he line pr 382313. This line hae

the Rpg3 gene which confere reeietance to race ecc but appearg to be lees
effective in euppreeeing the development, of ot,her racee of etem rugt,
(Figuree 7.2 D and 7.3 D). the higher eeverity levels that were obeerved
on thie line in 1990 were probably due to the prevalence of t,he wheat
adapted etem rust races in the teet. The lack of stability of stem ruet
reeistance exhibited by some cultivare illuetrates the need t,o evaluate
reeietant lines for severar year€r to adequatety eample the typee of
dieeaee environment,s a cultivar will experience.

Although the eame mixture of etem ruet raseE was inoculated in the
firet two yeare of thie etudy, natural levele of race gcc qrere quite high,
eepeciarly in 1991 (Figure 7.Lr. ueing onry race gcc to initiate an

epidemic in 1992 was not expected to advereely affect the reeults. Thie
waE eupported by t'he non-significant effect of environment that wae

obeerved (Tabte 4.3). Arso, the Rpgl gene appeared to euppre.a the
deveropment of the inocurated races except race eFM (Figures 7.2 and 2.3).
The contribution to rust eeverity readinge by the wheat adapted raqeÊ, on
curtivars with the Rpgr gene were not rarge except, for eFM in 1990. A

random collection of isolatee from the 1992 teet area did not detect the
presence of races other than race eCC.

The cross Hipro).y 1S/peatrand 9 ( Tabre 4 " 5 ) ,^ra.r made to detect,
whether Rpgf provided any residual revel of resiet,ance to pg¿ race ecc. rn
the F2 generation of this cross, eegregat.ion for reaction t,o race Mcc

occurred in eeedring and adurt plante in a 3 reeietant (R) : 1 euecept,ible
(s) ratio which indicaÈed the presence of a eingle dominant, Çene (¡2=e.95,
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P=0"50-0 "25) " Fr seedling infection t,ype reactione corregponded wit,h t,he

adult plant reactione, but were more difficutt t,o interpret, (Table q"Sl 
"

since Rpgl gLvee a clear resistance reaction to race l.l.CC (Martene et al .,
1983; stef f eneon eÈ al . , 1991) o the preaence of t,hÍe gene in t,he

homozygoue or heterozyçtouE¡ condition could be detected. when the F, linee
derived from 100 randomly choeen F, plante were tested in the field with
race QCC, it appeared that Rpgl conterred no reeietance to thie race. Thie
was demonstrated by the class of 12 linee whose low reaction to race Mcc

in the Fr indicated t,he preeence of Rpgl, but theee linee exhibited high
dieease aeverity when inoculated with race gcc in the field (s7-77g
eeverity) " Ílhen teeted with race gcc in the fietd, 7a resistant or
eegregating and 22 eusceptible F, linee were obeerved ae would be expected

if a eingle gene was present (X2=A.48, p=0.50-O.2Sl" Therefore, a eecond

gene ie proposed, in thie etudy carred,'u": it ie independent of Rpgf and

confers a moderate level of reeistance to raee eCC. F3 linee were combined

for reaction to race Mcc because the homozygoue and heterozygoua reeieÈant
reactione in the F, progeny could not be dietinguiehed, and F, linee could
not be tested with thie race. The combined claeeee fit a 6:3 t3¿2t1:1 ratio
(xz=Lo-48, P=0.10-0.05). The hypotheeie of a eecond gene, independent of
Rpgl, that confers resistance to Pgt race Qcc wae not rejected by thie Chi
square va1ue.

In the cross Hiproty L5/Q2L86I, testing of eeedlinge with race Mcc

in the F2 generation of thie crosa indicated that. Rpgf wae preeent in
Q2L861 (62R:20s, x2=o.02, p=0.90-o "7sl " Thie hypot,hesie was supported in
a teet of Fr eeedlinge of the crose¡ Husky g/Ç.2J.86I where eegregation for
resietance to race Mcc did not occur" This would be expected eince Hueky

9 ie a carrier of Rpgl" Field teeting of Q21861 yielded more variable
reeulte, but indicatione hrere t,hat a fair level of reeietance wa'
maintained (pereonal observation). However, upon ecreening the F3 linee of
t,he crose Hiprory rs/o2lg6l, it appeared that the resietance in ç21g61 ia
not conferred by a eingle gene (Tabre 4.6)" The data euggeetø that
resiet,ance may be cont,rolred by two genec where the expreeeion of
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resist,ance occura when both genes are homozygoua recesalve. By combining
eueceptible and eegregating F3 linee, a 15 (S+SEG):1 R model ie not
rejected by the Chí aguare value (Nz=t.Sa, p=0.25-0.10)" The reeietance
that ie effective t'o race ÇcC in Ç.2L86]- ie not. well expreeeed in t,he fietd
and ie difficult to detect !n eegregating material. The poorer expreeeion
of reeietance of 821861 in the field contraeted the type O infection type
obeerved on thie line in seedJ-ing and adult plant greenhouee t,egte to race
QCC (pereonal obeervation; steffenson and Jinn 1gg1). The lack of
reeietant lines providee further evidence that RpgI confere no reeietance
to race QCC"

rn the crogs Husky 9 /ezl9ír (Table 4 "6, , a eingle ef fect,ive
reeistance gene could be detected based on the numbere of F, linee that
were reeietant' Eegregating, or Eusceptible to race eCC. Given that the
reeistance in Q21861 was poorly expressed in the field, the reeietance
obeerved in this popuration can be attributed to a gene in Hueky 9.

F3 lines from the cross Hiproly 15/Diamond arso demonet.rated the

Thepresence of a single gene

preeence of thie gene ie
The 83 F3 linee in

that ie effective to race gCC (Table 4"61.
attributed to Diamond, t.he reeistant parent.
the croes Husky 9/Diamond had severity levele

eimilar to the parente and did not demonetrate dietinct eegregation
indicating that both Husky 9 and Diamond ehare the eame effective
resistance gene" The lines did not give uniform ruet eeverity readinge,
however, but varied between 5 and 202 rust eeverit.iee with 12 linee
between 20 and 40t rust eeverit,ies. Thie suggeet,e that, there are etitl
other factore that are affecting eeverity beyond a eingre major gene.

The crosE Hiproly 15/Peatland 9 provided further etrong evidence
that RpgJ confers no resistance to race Qcc. However, thie croes and thoee
involving Husky 9 and Diamond indicate that there ie an additional gene in
these cultivare that confere a moderate to good level of reeistance to
race Qcc" That' theee cultivars are rel-ated auggeats that, thie new gene ie
common to the three cultivars and ie independent of Rpgl. The expreeeion
of thie new gene appearg to be affect,ed b1r its background, as shobrn by t.he

lower eeverity readinge obt,ained for Diamond barley aE compared to thoee
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obtained for Hueky 9 and Peattand 9. The ruet, øeverit,y obeerved on t,he

reeietant Parents aleo tended to reflect the type of croga that wae made"

Ae ehown in Table 4"6, iJne diseaee eeverity on resistant parents t,ended t,o
be higher in the progeny of a reeietant X eueceptible croee srhen compared

to a reeistant X reeietant croee.

Baeed on the reeults of the cultivar vantage in the cultivar t,eet
(Table 4"4, and the fact it is rerated to peatrand barrey, it ie
hypotheeized thaÈ this cultivar aleo containe thie new gene. Thie being
the case, it ie poseibte that other contemporary barley cultivare, euch ae

virden, contain thie new gene; vant.age barley ie found in many barrey
pedigreee in Canada and the U"S.A"

The presence of gene Uru providee E¡ome evidence that Rpgf hae not
been the only reeietance gene preeent in barley cultivare. previous
obeervatione about the effectivenese of RpgI in providing reeietance to a

wide spectrum of races may be mieleading, Eince reeistance may Þe

attributable to other genes. cene RpgJ hae been used aE¡ the clageical
example of a eingle gene that hae provided durable resietance to a

pathogen" Given these new findinge, it ie poesible that the durabitity of
Rpgl ae an effective reeistance gene may have been aided by the presence
of other previouely unknown reeietance factore. rndicatione of other genes

having minor effecÈ'e were noted, but identification of theee factore wae

not at'tempted (Le jeune, L946¡ Mirl-er and Larnbert, 195s ) . Race gcc is
ueeful to identify a new gene in the pre'ence of Rpgl due t.o ite high
virurence to Rpgl. Race gcc appears to have an advantage in combining
virulence to Rpgl and fitneee t,o barley in general (Harder and Dunsmore,
1990). rf a etem rust epidemic on barley doee occur, it ig expected that
Eome cultivare will be more resistant than othere eirnply through the
fortuitoue Ínclusion of this new gene"

HieÈpas-S 14 hag demonst,rat,ed good fieLd resietance (Tab1e 4.4) and
ie known to carry lJ'e Rpg2 gene which ie independent of Rpgl (pattereon,
1951). The crosg Hiproly ls/Hietpas-S 14 was made to det,ermine how well
Rpg2 couLd be detected in eegregating popurations in the preE¡ence of race
Qcc" It wae difficult to distinguish eegregating from euecept,ible linee as
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ie ehown in Table 4"6r where too few eegregating linee were ident,ified,
Thie indicatee t,hat, Rpg2 ie not effective againet race gcc in the
heterozygoue condition. There aleo wae a lack of reeietant linee t,hat were

detected" Gene Rpg2 appearc to give a eimiLar level of reeiet,ance as the
newly propoeed gene in Peatland and some of its related cultivare.
Independence of Rpg2 and t,his new gene vrae not determined. However, the
performance of the Rpg2 gene in the Hiproly L5/Hietpae-5 14 F3 linee
differed from gene u in the other crosses by being poorly expreeeed !n the
heterozygous condition" Thie suggests that gene U may be different from
Rpg2. Gene U and it.e relationship t.o Rpg3 La aleo unknown.

Table 4"7 preeente the coefficente of variation for each of the
three yearE the cultivar test was conducted and for the F, linee that were

replicated and were not eegregating for reeietance or €¡uEceptibitity. A

coefficient of variation (cv) of about 3OB waE typical for dieeage
eeverity readings" This CV compared favourably to the cvs obtained in
indoor tests of quantitat,ively inoculated eeedling and adult plante
(section 5). The high CV levele demonetrate the need for replication of
any maÈerial that is tegted for disease severity. Replication of F, linee
Ì^tas very important to assist in decision making and to verify the eeverity
readings. Further replicat,ion might, prove useful, but the availabitity of
eeed is restrictive.

Although field condit'ions have many factore that are not controlled,
the opportunity for multiple infect,ion periods and for all teet material
to experience a particular eet of environmental conditions during a geason

providee for a more reliable test of genetic reeietance than many indoor
experiments. The need for control in indoor experimente eteme from the
inabiJ-ity to test all mat,erial at t,he eane time. Teete conducted indoore
over time reguire control of many variablee.
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Table 4"2" Racee of puccinia graminis f" Ê,p"inoculat.e the ruet nureery epreaãer rowe in 19õO
Xritici ueed

and 1991.
to

PgX taceu Avirulence/virulence formula (Sr genee)b IeoIateF
TMR 6rBa,30/5,2I ,9er7brttr9g136rgbrL7
MCC 2Loger!I ,6rgao36,gbr30/5r?brggoLT
OTH 9e,7br36,30/5,2!r!!r6rgar9gr9brl-7
RHT 9er11 ,Ba/SrZLr7br6r9gr36,glor30tL7
QTH 9e,7b,36,30/StZLr!!,6r9a,9g,9b,17

c7ø

23380

3n

146rt

50676

17276

2u

45078

22r&

351s)

RKQ

TPM

8FM

TFL

RKQ

9e, 11, 30, L7 / S, ZL, 7b, 6, ga, 99, 36, 9b

6,9b t30 /5,2! r9e r'lb rtI ,gar99 r36,17
9er'7b n II ,6,9L.,30 /S r2I ,ga,9g,36, L7

tI, 6 r9b, 30, 17 / S, 2L o 9e, 7b, ga r9g" 36

9e, 11, 30, 17 / 5 ,2I ,7b r 6, ga, 99r 36, 9b

Womenclature of Roelfe and Martens, 19ggbformula indicaÈes the effective/ineffective etem rust reeietancegenes) in the wheat cul_tivare of the differential set
genes (Sr
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Tabre 4.3" Analyeis of variance of etem ruat eeverity caused byPucci-nia gtani-nis f" sP" tritici on 22 barley cultivare a'nd one wheatcultivar grown in L99o-1992 in a randomized compret,e block fiverepricat,e experiment at the Glenlea Ruet Nureery. A mixed model iepreeented where environment and replicate are coneLdered random effecteand cultivar ie coneidered a fixed effect.
Sourcee of
variationo

df mean expected mean Erquare
square

F value

E

R(E)

c

c*E

error

2 o"]-525 RCEd"

12 0.080? RCEd.

22 0.4523 RCEd,

cdnrÐ + RcdE

cdors)

Rdg', + nEÐC2/(c-1)

Rd*,

+

+

+

1" 89

6 " 64*s'

10"25**

3.63**43b O"O44t

260b O.OL22

RcEd, +

RCEd.

nE=environment,, R=replicate, C=cult,ivarbcorrected for loes of the wheat check in 1990** indicatee eignificance at a=0.01
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Tabre 4.4" Mean terminal etem ruet, severitiee for 22 barleycurtivara and the aueceptible wheat Klein Titan (KT) when t,eeted inthe field with a mixture of racee, incruding t,he nat,ural occurrenceof Puccinia glaminis f" sp" tritici race gcó in 1990-1992.
cult,ivar" B rust severity

1990 1991 7992 1990-L992
Hiproly
Abee

KIagee

Ellice
KT

Beacon

Arqvle
Kevstone

York

Johnston

Parkland
Gartons

Conquest

Bonanza

80-ft-30
Peatland
Bet,zee

Hietpae-5
Virden
80-TT-29

Huskv

Vantage

Pr 382313

82

66

50

65

44

33

49

35

18

35

37

26

31

30

27

22

T7

13

T2

16

16

2t

83

57

63

37

56

62

60

40

51

57

42

35

48

42

4I
24

27

28

19

29

19

22

15

72

7I
76

72

56

60

39

32

26

35

32

27

24

19

2L

33

27

¿¿

25

15

20

13

T2

79

65

63

58

56

55

44

40

37

37

36

33

33

31

31

28

25

23

19

19

18

T7

16

A

B

BC

BCD

CD

D

E

EF

EFG

FG

FG

GH

GH

GHI

GHI

HIJ

IJK

JKL

KT

KL

KT

L

L
ncurtivare that have the st,em rust reeistance gene Rpgr areunderlined.
harler-Duncan k-ratio t-test appried to the combined 1990-1992
udLd



Table 4"5" Hiproly lS/peatland 9 F,
f " Bp" tritici (pSt,) race MCC and F3
race QCC.

plant reactione to
line t,erminal ruet

55

Puccinia graminis
eeveritiel to pgt

genotlpeu F, plant F, line
reactionb eeverity"

Obeerved
numbere of
F linee

Expected
number of
linee

Expect,ed
F3 ratio of

Iinee

1 TTuu R Qcc high
18"75

1 ttuu
--9c-9-I,-i-s-L_

10 6"25 1

T2

2 TTUU R

4 TtUu R

QCC seg

---Q-c-9-5-"-s-

QCC low

31 37. sO 6

1 TTUU

total

28 18. 752 TtUU R eCC )_ow

100 100. o0 16
o 

-Fr 
plant genotype and frequency of occurrence ie baeed on segregationof two independent genes. The Trt rocus repreeents Rpgr, a coñpleterydominant gene conferring a resietant plant reaction Ló p"""i"i|a gra¡.inisf. sp. tritici (pst't race lqcc. The urü rocrte repreeente a previouelyunreporte_d gene conferring resigtance to pgt ra-ce eCC.o adult plant reaction ro pgt race MCC wherL the rJeietant hoetreactione (R) vtere im¡nune or pustule eize wae 1 rnm or lees and where theeusceptibre (s) host reactione were puetules 2 ¡nm or rarger." The response to race ecc ie baeed oln tne terminar ruet ieverity ofthree replicatee of each line. A low terminal ruat severity wae 408 or

_Ieee_ -nq t high rever wae 6ot or more. The terminar rust eåverity onPeatland 9 and Hiproly 15 wae 34 t lC and 21 * 3g, reepectively.
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Tabre 4"6" segregation of F3 linee of croEaes bet,ween reeietant (R)
and eueceptibre (s) bartey rinee for terminal rust aeverity caueed byPuccinia graminis f. Bp" tritici race gCC in the field.
croE a parental percent

dieeaee eeverity
F, linee

RsegS K2r*t

Hiproly 15 (sl /
Diamond (R)

Hiproly 15 (s)/
Hietpae-S 14 (R)

Hiproly 15 (s) /
82L86r (R)

Hueky 9 (R)/
Diamond (R)

Hueky 9 (R)/

88*1

90r0

8sÈ3

26t2

38*1

16*1

36r3

29t4

11 f

30 74

14 36

2t8

830

28 43

25

39

53

o

26

3"82 0.25-0.10

t7 "29 <0.005

90"01 <0"00s

2

5 1"33 0.7s-0"so
Q2L86L (R
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Table 4"7. coefficient of variation of et,em rust eeverity readingefor the cultivar evaluation teet (1990 to 1992) and for rèpticateãn
homozygoue reeietant and eusceptible F, Ìines ob croeeee aegregat,ingfor resistance to puccinia minis f. ap. xritici.
experiment or croes number of

t,reatments
coefficient of

variation
cultivar, 1990

cultivar, 1991

cultivar, 1992

Hiproly 15/Diarnond

Hiproly 15lHietpae-S 14

Hiproly 15/Peatland 9

Hiproly 1-5/82L86L

Hueky 9/Diamond

22

23

23

23

38

67

40

32

55

28 "2
31" 3

28"1

20. o

28"1

30.8

11" s

36"8

26.sHusky 9/82]-86I
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5. A quaat,ít,at.ive ínoculat,or capabte of i¡¡ocuLatiog aJ-l ErowÈ,b. øt,aEeø

of careal Blant,ø ç¡it,h ruat, frrngal ured.iniosporeø

5.1 Introduction

The evaluatlon of componente of partial reeietance and effecte of
plant growth stage on dieeaee development. requiree that uniform amounte of
inoculum be applied per unit area of all teet material. euanÈitative
evaluations may be neceeeary at either eeedling or adult plant atagee.

Growth stage in particular affecte the development of st,em rust (puccinia
graminis Pera. f. sp" xritici Erike. & E. Henn. (pstl ) on barrey (Hordeum

vulgare L"l (Section 6). Two baeic typee of inoculatore have been deeigned

for thie purpose: eprayers (Andree and Þlilcoxson, 19g4; schein, 1964) and

eettring tor,rers (Eyal et ar., 1968; Mortensen et al", rg7gr. Both typee

have produced repeatable result,e using eeedlinge of barley (Andree and

?lircoxson, t984) or wheat (Mortensen et ê1., 1979). euantitative
inoculation of adult cereal plante hae been more difficrrlt,. Inoculation of
adult' plant steme using a eett,ling tor"rer preeente probleme encountered by

inaccessabitity of inoculum to tillere due to inoculum being removed from

the tower atmosphere as it becomes deposited onto the upper plant
eurfaces. Also, a settling tower neede to be fully re-loaded each time a

tegt ie conducted. Repeatability between rune ueing settling towere hae

not been reported. spray inoculatore can be deeigned to inoculate only one

stem of a plant at a t,ime, and different steme can be inoculat,ed at
different times with different pathogen pathotypee. However, to make valid
guantitative comparisons, the equipment neede to perform in a reproducible
manner.

Thie paper preeente the design, congtruction, and teeting of a spray
inoculator based on that of Andree and vlilcoxeon (1984). Modificatione in
the deeign included providing the facility to spray the ent,ire teng¡h of
an adult plant stemr improved control of epore deposition, and an improved

meana to posit,ion and hold plante"
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5.? Elateråals and methods

The deeign and conetruct,ion ot the inoculator ie given in t,he

reeulte gection below" The device wae conetructed at the Agriculture
Canada Reeearch Station, Winnipeg.

The effectiveneee of the inoculator t,o uniformly deliver
uredinioePoreE af Pgt onto a eurface wae teeted by spraying glaee slidee
with a uredinioepore/oit mixt,ure (Duetrol mineral oil, Ciba-ceigy Canada

Ltd" ) and t,hen counting the number of eporea on the e1ide. A eix replicate
completely randomized deeign experiment was conducted three timee ueing
five uredinioepore concentratione" Three other experimenÈe were carried
out where a large number of elidee were eucceeeively eprayed ueing a

eingle concentration uredinioepore/oil mix of 2 mg/ml. Three additional
teete were carried out where five etides r,rere eprayed within each run.
Each run $ras EPrayed with a new aliquot from Èhe eame uredinioepore/oil
mix. Before epraying a elide, a line wae drawn acrosg it eo that this line
could be matched t'o the centre line on the eprayer ehield. UredinioEpores
were counted by eelecting a band alongeide the line drawn on the elide.
The band dimeneionE were 25 mm (width of elide) x 1.g mm (diameter of
field of view of the microscope at lOOx) which equatted an area of 0.45
cm2. Uredinioepore counte are presented on a per Equare centimetre baeie.

In plant teets, adult or eeedling plante of barley or wheat were

inoculated with Pgt race Qcc (race nomenclat,ure that of Roelfe and Martene
(1988)). The eeedling test involved a aix replicat.e completely randomized

deeign experiment using 8-day-old eeedlinge of four barley linee and the
eueceptible wheat l-ine Little club" Bonanza, Hietpae-S, and pr 3g2313

carry the independently inherited etem ruet reeigtance genes Rpgl, Rpg2,

and Rpg3, respectively; Hiproty barrey was included as a eueceptible
cultivar" The plante were inoculated with a 2 mg/mL urediniospore/oil
mixture" The adult plant teet involved a randomized complet,e btock deaign
experiment with eight replicatee of Hueky 9, Hiprory 15 linee and four
BCrFo rinee deveroped from Hueky 9 and Hiprory 15, and eelected for the

PreEence of the etem ruet resistance gene Rpgl. Each treatment coneieted
of two plante Per pot. Any uredinia on the entire stem that r¡rere
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sporulating 12 daye after inoculation vrere counted as eucceeeful
infect,lone, prior to infect,ione beginning to coaleece. A, mean of the
uredinia counte of the two plante rÄras ueed in t,he analysia of variance.
The adult plante hrere inoculated at growt,h atagea ranging from the
appearance of awne to complet.ion of epike emergence.

After inoculation, oir erae allowed to evaporate from the prant
eurfacee fot I-2 h. The eeedlinge were then incubated in a dew chamber

(Percival, moder 1-60D), and the adult plant,e were incubated in a dark
cabinet wiÈh a soraray ultraeonic coor miet humidifier, moder 4s6, to
provide the necesaary humidity" The plante were then removed from the
chamber or cabinet and covered with tranelucent plaetic to maintain
moieture on the plante while being expoeed to light (276 ¡tmoL m-2e-t) and

temperatures of about 25oc for 4 h" The plastic wae then removed and the
plante were allowed to dry. The number of uredinia on eeedling leavee and

adult eteme wae counted 12 daye after inoculation, before uredinia began

to coaleece. Leaf area of the firet eeedling leaf was eetj¡¡ated by
meaeuring the leaf width and length, and adult plant heighte $rere

meaeured" Thie allowed for expreseion of dieease per unit of plant tigeue.

5.3 Result,s and diEcussion

5.3.1 Desig:l aad const'ruction. The quantitative inoculator conaieta
of five main parte (Figure 1):
1. A 71 x 76 cm base (A), made of 20 mm t,hick pllrwood and covered wit,h

a waterproof hard ptaetic laminate. .A,25 cm x 41 cm eection üras cut
out of the base underneath the ehield to enable the placement of
different sized pots. The base ie used to anchor the shield and

tower.

A Èower (B) consiet,ing of an angre iron apine with a eprocket, at
each end and two metal rode which run paralrel to t,he angle Íron
epine. A chain rung between the two eprockete.
A truck (c), coneieting of four pulley wheele, ridee along the
metal rode. The truck has a run of 123.s cm and ie driven from a
*.i- +L-! :- i--prn Er¡aE 16 incorporated inio ihe chain. The atomizer used to

¿-

3.
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disperee the uredinioepore-oil mixture (Browdero 1971) ie att,ached

t,o the t,ruck and oriented t,o spray direct,ly at the shield"
4" An acrylic ehield (C) ie ueed t,o Beparate one t,iIler from the reet

of a cereal plant so that only the eingle tiller ie inoculat,ed" Ã,

centre line is marked on the back of the shierd to aid in
poeitioning the target in the centre of the atomizer Bpray pattern.
LocaÈed on the ehield, epring l-oaded praetic fingere (H) hold the
etem and top leaf in place while being inoculated.

5. A variable epeed alternating current 12o v, 60 Hz (A.c.) motor (E)

drivee the lower eprocket on the tower providing a epeed range of
6 to 14 cm,/e for the t.ruck" The motor ie controlled by a variable
reeiet,or and an on/ot.f switch (D).

6. Àir preseure ie delivered to the atomizer from an air regulator (F)

attached to an air pressure eyetem.

5"3.2 Performance testi¡¡g. In preliminary experimente, it wae found

that the inoculator performed optimally under the fottowing conditions: 55

kPa operating air presaure, a truck epeed of 9 cm/e, and a

uredinioepore/oil mixture of 2 mg/ml oil. Under theee conditione, 125 to
224 eporeafemz were applied to glaee eurfacee (Table S.1). Variabitity in
urediniospore numberg for a given mase of aporea may occur due to
differences in relative humidity during collection of eporee and in the
gize of Epores (Rowelr, 1984). rt ie important, to uEe one

urediniospore/oi1 mix Per experiment eo that, the concentration and

viability of urediniosporee will be consietent for aII materials within a

teet. The etandard errore obeerved from theee teete are eimilar to thoee
obtained by Mortenaen et aI (1979). Variability in epore counte was found
to be similar between and wit,hin Bpray runs.

The operating conditions Ì¡rere eelect,ed based on a number of
compromiees" A low air Pressure was desired that would provide even

application of oil but would not force the oil into the planÈ tieeuee. The

urediniospore/oil mixture of 2 mg/ml wae ueed so t,hat the amount of oil
that wae eprayed could be minimized" Higher concentratione of eporee were

not ueed because they tended Èo eettle out of the oil too rapidly.
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Minimizing t,he amount of oil eprayed wae necee¡aary eo t,hat phytotoxic
effects of the oil would be avoided" The nurnber of sporeÊr t,hat were

applied per Eguare centj-¡netre was gelected baeed on previoue experience by

Rowe}l (1984) which indicated that only 15-2sB of Bpores thaÈ are
depoeited on a wheat plant will infect. Rowell (1984) aleo noted that the
linear relationehip between Eporea applied and uredinia formed ie
maint'ained up to 1O uredinLa/cm2" Dietinctions between genotlpee would moet

likely occur when thie relationship ie linear.
5"3.3 Plant tests" Quantitative inoculation of aeedlinge wa6

effective t,o dietinguieh varying levele of receptivity to pgt dieplayed by

each cultivar (Tabre 5.2, " rf inocurated free hand, evaruation of
receptivity ie not poeeibre becauee hand epraying ie inherentry non-
uniform (PoPular, 1978) " Evaluation of resietance baeed on plant reaction
wae not' reliable because of mesothetic infection typee. The reeulte of the
adult plant teet demonstrated the precision of thie experimental procedure
(Table 5.3) " Husky 9 ie coneidered partialty reeietant Eo pgt, race gCC and

Hiproly 15 ie euscept.ibte. Thie method of inoculation wae able to clearly
dietinguieh between theee two cultivare. The expregeion of reeietance by

each BCaF4 line etac¡ related to its recurrent parent regardleee of the
preerence of the RpgI gene (Table 3) "

when the data were analyzed by coneidering each plant, aa a

eubsample, it wae found that, the experimental error wae not signlficantly
different from the sampling error. However, the mean square for treat,ment,
mean aquare error, and coefficient of variation was 2 times emaller, 3.s
times larger, and 2 t,imes smaller, respectively, t,han v¡hen the analyeie of
variance wae done ueing the meane of the plante in each pot. When only one

plant Per pot wae coneidered in the analyeie of variance, the experi:nent
was leee conclueive" Ueing the meane of 2 plante per pot ie etat,ietically
more robust than using eingle plante and makee better use of epace than
ueing eingle plante and increaeing Èhe number of replicat,ee.

The coefficient of variation (cv) for the eeedling dat.a wae 4ZE and

the adult plant data was 308" Ueing the square root traneformation to
equilibrate mean variancee wae useful to reduce the CV to 268 and 168,
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resPectively" fn the eeedling teetn the transformat,ion aleo increaeed the
anova .F value from 16 to 27 and allovred t,he Waller-Duncan k-ratio É-t,eet

(Steel and Torrier 1980) to separate an addit,ional group" The equare root
transformat,ion wae of ei¡nilar value in Èhe analysie of t,he adulÈ ptant,

t,eet, when plante were conaidered ae eubeamplee.

Providing uniform moÍature during incubation is very irnport,ant for
reproducibilit,y, as wae demonetrated by Browning (1923) " Both t,he dew

chamber and the cool miet humidifier provided adequate humidity
condit,ione, and gave reproducible infection levele.

The inoculator allowe for a number of variations in cereal ruet
studiee: repeatable uredinioepore nu¡nbere can be applied to steme of adult,
plante or reavee of eeedling and adult plante; eingle tiLlere can be

inoculated so that the remaining tilter€¡ can be left unaffected to be ueed

for other comparative etudies or for eeed production. With appropriate
adaptations, the inoculaÈor could also be used for other plant, pathogen-

host interaction gtudies"



Table 5. l-. Mean
graminis f" ep"
glass glidee.
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number and standard error of uredinioeporee of puccinia
t,rit.ici per E¡ç[uare centi¡netre applied on the gurface of

Expt Treatment (mg eporee/ml oil)
DTd o.25 0"5 1"0 2"O 4"O

CR

CR

CR

sc

SC

sc

WR

WR

WR

6

6

6

18

32

29

5

5

5

¿10TL

#2

#3

#Lb

#2

#3

#L'

#2

#3

20t4
16r3
23t4

7 L1L

354
384

11 zLI
4 t25
6 180

224

L44

158

222

207

t87

501 S

290 !
364 r

10

11

10

50r
37t
â.? +

13

11

9

11

5

5

14

7

15

+

+

À

+

*
+

+

+

*
f

f

i

15

22

L2

2L

20

T7

t4
7

18
a

b

c

d

complet.ely randomized deeign experiment
eingle concentration experiment
within run experiment
eample eize
coefficient of variation for t,he 2 mg/mL treatment
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Table 5"2" Mean pustuj-es/equare centimetre and etandard error on the firet
eeedling leavee of four barley cultivare and Little CIub wheat ínoculat,ed
with Puccinia graminis f. sp. trítici race OCC.

cultivar known reeietance
genotype

mean
etulee/cm2

!ûaller-Ðuncan k-
ratio Ë-test"

Hiproly
Little Club

Hietpae-5
Bonanza

Pr382313

Rpg2

Rpgl

6"4 r 0"91

6.1 r 0.91
3.4 r 0.80

1"4 * 0"33

0.2 f 0"05

À

A

B

c

D3

lGroupinge are baeed on E¡quare root transformed data.
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Tabl-e 5"3" Mean pust,ulee,/cent.imeÈre of etem
linee inoculated- with piccinia graminis f.
where plant,e ranged in growL,h etage from

and etandard error on
ep" trit,ici race gCC,

appearance of awne tolete epike emergence.

Iineu mean puetules/cm
Etem

Waller-Duncan k-
ratio t-teetb

sF 338"

Hiproly 15d

sE 292

sF 220

sF 216

3.0 r
I"2 *.

I"2 t
0.6 r
0"5 å

o "2L
0. 07

0. 15

o "r2
0. 07

A

B

B

c

CD

" SF linee are BCaF4 linee where SF 216 and SF
as the recurrent parent and where SF 292 and

22O h.ave Hueky 9
SF 338 have Hiproly15 ae the recurrent parent.b Groupinga vrere the eame for untraneformed

transformed data"
and equare root

'This line wae inadvertently subject,ed to additional light andpoeeibly higher temperaturee during incubat.ion, perhapeaccounting for the higher infection leve1e
" eueceptible
'partially reeietant,



67

Figure 5"1. A guantit,ative inoculator to inoculate eeedling leavee
or adult plant eteme of cereale" The inocurator consiete of: a baee

(A), tower (B), acrylic ehield (C), control ewit,ch (D), motor and

epeed controÌ (E), air regurator and gauge (F), truck and atomizer
(G), epring-loaded f ingere (H) t,o hold et,ems and reavee in place,
and a preeeurized air eupply line (I)"



. ¿?*^ù:4eãbø*-4: - ::" ::: :' :,".. ": 

* 
-' :. 

-

:2¿..úW::¿:i¿:a.aa .- ''.';'-;'.;-;'*'@



69

6. Ebe effect, of prant growth stage ou the receBÈJ-vÍ.Èy of barley
to i¡¡f,ection by Pucci:tia. gz'amíniø f " sp " triXici

6. I Int.roduction

Plante vary in eueceptibility to dieeaee wit,h age (popular, 197g) "

Cheeter (].946) indicated that a 'wheat plant may retain a uniform leaf
ruet reaction through life, may become more reeietant with age, may be

characterized by a vrave of resietance eeparating juvenile and adult
eueceptibility' or may show varied reactione in different tieeueg at a

given ti¡ne. " In wheat, the gene Lr34 confere resietance to pucci-nia

tecondita f. sP" xritici (Prtl where resietance ie expreeeed better in
adult prante than in eeedlinge (German and Kolmerr 1992). A simirar
pattern ig observed in barley tov¡ards Puccinia hordei regardlese of the

PreE¡ence of reeistance genee (Parlevliet and Kievet, 1986). An oppoeite
eituation was observed with Selkirk and Exchange wheate where reeistance
began to break down ae the prante ripened (samborski and ost,apyk, 1959).
Thie pattern also hae been obeerved for powdery mitdew (Erysiphe graninis¡
on oat (Popular, 1978) and for eÈem ruet (puccinia graminis f. ep. avenae,

on Kyto oat (Martene et ar., 1968). pretoriue et al. (1999) found that,
compared with eome wheate, other wheate exhibited a longer Latent period
when inoculated hrith Prt"

The effecte of growth et,age on the resietance of barley to stem rust.
(Puccinia gtaninÍs f. sP. triticil have not been inveetigated. Any effecte
of growth Etage on diseaee development, may cauae unknown biae(ee) in
disease evaluations"

fn thie preliminary etudy, changee in receptivity of a eueceptible
and reeietant barley cultivar from geedling to mid-dough growth atages
were investigated.

6.2 Mat,erials and methods

A barley cultivar (Hiproly) eueceptible t,o race Occ and a cultivar
(Hueky) more reeietant to thie race $rere planted over a period of eight
eucceeeive weeke eo thaÈ a full range of plant growth stages wae available
at one ti¡ne" Eight L2.5 cm pote with one pJ.ant/pot were planted for each
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cultivar each week" Pote were fertilized at 10 day int,ervals with 2O-ZO-ZO

(N-P-K) eoluble fertilizer and plante were trj-mmed t,o maint,ain only t,he

main et,em and the firet two tillere. Plants were grown in a growt,h cabinet
with a 16 hour day at 18oC and an I hour night at 14oC. plante of t,he game

planting date were kept together to minimíze ehading of younger plante by

older onee.

When the eeedling leaf of t,he youngeet plant had fully emerged and

the oldeet prante had reached early to mid dough (growth atage g5)" alr
plante in the etudy were inoculat,ed on the E¡ane day with freeh
uredinioeporea of pucci-nia gramiLzis f" sp. xritici race gcc. prior to
inocuration, growth etage (Tottman and Broad, LggT ), stem height, and reaf
area Ì^tere determined. Àll of each stem and ite uppermoet leaf were

inoculated individuatly ueing a quant,itative inoculator (eection 5). A

epore-oil mix of 2 mg/mL was Eprayed which repreeented a epore deneity on

the prant eurface of approxímatery lso to 2oo sporee/cm2. After
inoeulat'ion, the plantE were allowed to dry for eeveral houre to allow
evaporation of aII tracee of the oil carrier. Plante were then placed in
a dark chamber for 16 hours where moieture wae provided ueing a cool
mieter (Solaray ultrasonic cool miet humidifier, model 456). The plante
were then covered with tranelucent plaetic and provided with approximately
276 pmoL m'2e'r of cool white fluorescent, lighting for 4 houre. The plaetic
staE¡ removed and plante qtere allowed to dry elowly" Thie work r¡ra6¡

conveniently carried out, in a growbh chamber where good air movement for
rapid drying of plante ie available. The chamber can be t,urned off and

ueed ae an incubat,ion chamber and be ueed to provide lighting during t,he
latter phase of inoculation.

f{hen infections had developed but had not yet begun to coaleece
(about 15 daye after inoculation), the number of puetulea r,rae recorded for
the whole stem and for the upper most leaf that !.¡aE¡ inoculated. All
infectione thaÈ were eporulating vrere counted, and puetule counte were

divided by etem height or leaf area €ro counte could be expressed on a per
unit plant tissue baeig.

rn contrast, to wheat, barley goee through anthesie prior to the
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emergence of the sPike from the boot" Ae a reeult" it wae neceseary t.o

modify the growth etage numbering ayetem aE preE¡ented by Tottman and Broad

(1987) eo that an appropriate plot of receptivity versua growt,h øtage

could be made (Table 6"1)" Growt,h cabinet-grown plante were coneidered
eeeential for this experirnent eince they were healt,hier and sturdier than
plante grown under the greenhouee conditione available. variability in
inoculum viability wae controtled by ueing one bulk inoculum mix of freeh
uredinioePores" Variability in other procedureE¡ wae contro]led by

inoculating all of the plante in the experiment on the eame day.

6.3 Result,s and discussion

The resulte of thie experirnent are ehown in Figure 6.1 A-D. The

growth etagee indicated on the independent, axeE repreeenL intermediate
etepe within each growth etage indicated in Table 6.1. For example, in the
infloreeence emergence growth etage (60), growth Btage 65 repreeenta L/Z
epike emergence.

Hiproly utae more receptive to infection aÈ all growth etagee when

compared to Hueky; however, both emall and large elzed puetulee erere

obeerved on both cultivare" There were no indicatione in Hueky bartey that
the entire etem was any more or leee recept,ive to infection at any
particurar growth etage" Hiproly etems, however, ehowed eome changee in
receptivity. Receptivity was higher during the period between emergence of
the boot to the end of spike emergence. The pattern and abeolut,e levele of
receptivity appeared to be coneietent, between main atems and tillerE at
the Eane growth stages for both cultivare. The pointe in Èhe central
regione of the graphe are repreeented by 2 to 5 plante that had the same

growth etage. Ae a reeult, etandard errorÊr are large eo the conclueione
baeed on Figure 6.1 are tentative.

The receptivity of the reavee wae higher in Hiproly than in Hueky

(Figure 6"1 D). Pustute counte from the leavee t,ended t,o be more variable.
An increased lever of receptivity during one period of growt,h of Hiproty
was not crearry eupported by the leaf data. on the frag reavee of Hueky,

the pustul-es tenCed tc be smaller and more irrfrequent aE ihe ieaf aged ae

compared to the infectione observed on the lower leaveg. fn the field,
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flag leavee of even very eueceptible material t,end t,o eupport very liÈtle
infection" The flag teaf appeara to be poor hoet t,iegue tor pgt so ite uee

in evaluating hoet reeietance or pathogen development may be difficult and

mieleading"

on stema, the development of infectione changed from internode to
internode. on both reeietant and eusceptible mat,erial, infectione Èended

to be the largeet on the top internode and had very 1it¡Ie chlorosia
eurrounding the infection eitee" Moving to lower internodee, infect,ione
generarry were emaller, leee frequent, and had more chloroeie. Thie

Pattern of dieeaee development lt¡aE¡ leee obvioue in the eueceptible
cultivar" Infectione generally were larger at t,he leaf sheath collar.
Regardlees of growt,h stage, younger tiesue seemed to be more receptive to
infection than older tiesue. Evaluating only the upper two internodee by
inoculating them just, as the awns emerge from the boot, may be the moet

appropriate stage t,o make comparieone between cultivare. The etem hae

fully elongated at thie point and the upper two int,ernodee have the
youngeet etem tiesue. If a real increaee in eueceptibility of eome barley
cuLtivare with advancing maturity occurs, then infecting plante at ahrn

emergence would be the beet time to detect cultivare that are more
reeietant to infection. If eome barley cult,ivara become more Ê¡uc¡ceptibte

during emergence of awng and antheeien then the recommendation of early
planting of barrey is very important,. Early pJ_anted barley may be past
thie growth stage before a natural etem ruet inoculat,ion would occur, thue
eecaping heavy infection.

It tl¡ae important to coneider the entire stem when 1ooking for
effecte due to growth atage eince each int,ernode varied in ite capacity to
auppreE€r ruet infection, depending on ite age. considering only the upper
internodee would preclude making interpretatione about earlier growth
stages' thue inflating the view of a growth etage effect. A prant etem,

coneidered as a whore, may not. disptay an effect due to growÈ,h et,age, but
individual internodee may be more receptive to infection when they firet
emerge.

Thie experiment ilrust,ratee t,he irnportance of receptivity aE¡ a
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mechanism of resist,ance in barley: Hueky was leee receptíve t,o infection
by race Qcc than wae Hiproly. In the field, t,his krae obeerved ae }ower

ruet eeverity (Table 4"4') " rn the greenhouee, count of puetulea kas an

effective meaEure of receptivity" but, r¡¡aa dependenÈ on a quantitative
inoculation procedure (Section 5). Although receptivit,y waø eignificantly
different between cultivare at all growt,h etagee, differencee were greater
during the boot emergence to epike emergence growt,h Btagea. Detection of
cultivar differences might be expected to be more frequent if teeting ie
done when plante are in these growLh atages.

A difficulty with thie experi¡nent wae to obtain eufficient numbere

of plante to evaluate the periode of booting through to the end of epike
emergence, eince theee growth periode occur in a period of about 10 daye.

Plante within a cultivar tended to remain eynchronized with each other in
their growth patterns until the plant entered lte reproductive grosr.th

phaee beginning with stem elongation. Even wit,h the uee of genetically
homogeneoue material, plante differed in their growbh rateg. Thie tùaa

preeumably due to pot to pot variation in watering, fert,ilizer, eoil, and

locaÈion in t,he growth cabinet,.
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TabIe

barley
Barley and wheat Iant growth s

wheatu

OO Germination
10 Seedling growt.h

20 lillering
30 Stem eÌongation
40 Booting
50 Antheeie
60 InfloreE¡cence emergence

70 Milk development

80 Dough development

o0
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60

70
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90

Germination
Seedling growÈh

Tillering
Stem elongation
Booting
Inf loreecence emergence

Ant.heEie

MiIk development

Dough development
90 Ri I

"after Tottman and Broad (1987)
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7. The effect of 6t,em rust, e'esí6t,e!xc@ gellea åa barJ-ey o¡¡ the
selact'io¡r of, races from an arLíf,icial.J.y lnduceé e¡lÍdeuic

7 " I Iat,roduct.ion

Hietorically, etem rueÈ, caueed by pucci-nia graminj,s f . ep. xritici
Erike" and E. Henn" (PStl hae affected both wheat (Triticum aestivum L.l
and barley (Hordeum vuLgare L.l ín North America. Loesee in eueceptible
wheat cultivars have alwaye exceeded those in øueceptible barley cult,ivare
(Roelfe, 1978) " However' stem ruet infectione of barley crops in 1999 and

1990 have raieed concernE¡ about the effectivenees of the reeietance gene

RP7T ' a gene that hae been widely ueed in areae where infection by etem

ruet ie a concern (Harder and Dunsmore, lggo; steffeneon et aI., 1gg1a).
Although the increaeed infect,ione have been attributed to the appearance
of race Qcc, other factore euch ae relative fitneee of componente of the
Pg¿ poPulation to the barley genome may play a ro1e. The relative fitneee
of a pathotype refers to ite abitity to penetrate the hoet more

frequently, grow within the host more rapidry, and produce more spores
than another pathotype (Johnson and Tayror, 1926). on the hoet, thie wourd

be observed in terme of receptivity, latent period and infection typee.
Meeothetic reactionE are normally encountered when evaluating etem

ruet infectione of barley" !{ith exceptions, barley doee not exhibit clear
differential infection types to most races of. Pgt, so vieual diet,inctione
between different raceg on a barley genotype are not poeeible. rt ie
hypotheeized, however, that race Epecific reeietance doee operat,e in ¡he
barley-stem rust syetem, but not in terme of epecific hoet reeigtance
gene-pathogen avirurence gene interact,ion phenotypee (infection typeB).
rnetead, eome raceÊr of pgt may be better adapted to particular host
genotypes. Racea able to establieh more infection eites and produce more

EPoree while in competition with ot,her racea would be coneidered
relatively more fit than those races with leseer capabilitiee. rf hoet,

resietance genes influence the development of different racee of pgÉ, then
combining appropriate reeistance genee ehould,suppreae componen¡e of the
Pgt poPulation better than the 6âmê ^êñôo nnarr**lng ê¡eparateiy.

There are three known geneg in barley that confer reeietance t,o pgË.
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Of t,heeen Rpgl has been widely ueed and hae been ehown to be effective
againet gome racee of Pgt, (rmmer eÈ al., 1943¡ st,effenson et al.o 1995).

Although Rpgl hae been widety ueed, ite reeietance ie not completely
effective, and infectione will ocqur" under artificial field epidemic

conditione, cultivare with different reeietance genee may have ei¡¡ilar
levele of infection, but it is unclear which racec of t,he pathogen cauae

theee infectione"

The purpoee of thie etudy wae to determine t,he effect of barley etem

ruet, resistance genotypes on the eelection of pathotypee in an artificial
ruet epidemic.

7.2 Materials and methods

A five replicate randomized complete block experiment coneieting of
22 barLey genotypes and one wheat cultivar (Table 4.1) wae grown in 1990

and l-991. The test vtas 6 rows wide and 20 rangee long. A plot coneieted of
one 1 metre row. The test was surrounded by a epreader row coneieting of
stem rust eueceptible wheat and barley genotypee" A heading date qrag

recorded for each cultivar when sot of the eteme ín a plot had awn8

prot,ruding the top of t.he boot "

Urediniospores of eight racee (Table 4"21 erere bulked together,
diruted with talcum powder (1:1OO) and appried with a dueter to the
epreader rohr at the boot, etage of development,. From the available
genotypee' st,ems infected with Pgt were collected when plante hrere

ripening from five barley cultivare and the wheat cultivar: peatland and

Hueky (Rpgl)' Hietpas-S (Rpg?l, pr 382313 (Rpg3l, Hiproly (euecept) and

Klein Titan, respectively. The wheat and barley components of the epreader
rows also etere s6rmpled. Collect.ione were made by randomly eelect,ing a 15

cm eection from five et,eme from each plot. Collectione were air dried in
paper envelopee for one day and then stored in an ultra-low temperature
f.reezer (-80 oC) until they were used.

To analyze the collectione made from each plot, each collection wae

removed from the ultra-low freezet and heat ehocked in a drying oven at
40oc for 7 minutes. Spores were remo.,'ed frcm t,he stems using a Errraii

vacuum aepirator which depoeited the eporee into a gelatin capeule (JBS-
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suppliee", eize oo) " A drying oil (Duetrol, ciba-Geig-y canada Ltd" ) rÂrag

added (0.2 ml) to the EPorea t,o act aE a carrier for epraying the eporea

onto five 10 cm pote of 8-9 day old aeedlinge of the highly euecept,ible
¡,¡heat cultivar Litt'}e CIub. The Little Club eeed.linga had previouely been

treated with a 25 ml eoil drench of maleic hydrazide (O.36 g/L water) when

the coleoptilee protruded about 0"5 cm above the eoil eurface. This
treatment reetrict,ed eeedling growt,h to about 2-3 leavee which maintained
leaf vigour and enhanced ruet fungal development on them. once the drying
oil had evaporated, the pota were placed in a dew chamber (percival, model

1-60D) for approximately 16 houre. They were t,hen removed to a greenhouee

bench with eupplemental fluoreecent lighting and covered wit,h tranelucent
plaetic to maintain moieture on the leavee. The plaetic cover wae removed

after 4 houre. At 14-16 daye after inoculation, 10 (2o in 1gg1) eingre
puetule isolates were obtained from each collection ueing an individual
vacuum aspirator and gel cap for each ieolate, to avoid contamination. The

ieolatee were handled ae above and inoculated ont,o 8-9 day old se¡e of
eeedlinge of the Pgt dLtferential Eet congieting of L2 eingle gene linee
of TÍiticum aestivum L" (Roerfe and Martena, 19gg). The eete h¡ere

fertirized once before inoculation with a eorubre 2o-2o-zo (N-p-K)
fertilizer eolution. The eete were kept at 2ooc with fLuoreecent lighte
about 30 cm above them. Thig eneured that, the primary leavee were healthy
at L4 daye after inoculation when rust reactione on the sets srere

recorded. rnfection typee, ae described by Roelfg (19gg) and stakman et
aI" (L9621 ' were evaluated to identify the raceE according to the
nomenclature of Roelfe and Martene (1999) "

Race frequency dietributions were obtained by combining the reeulte
for each cultivar and were compared ueing a cont,ingency t,able t,eet (st,eel
and Torrie, 1980).

7.3 Results and discussion

Johneon and Taylor (r976) et,ated that, measurements of Epore
production provideg a eeneitive t,est, for differential interactione, and

that euch interactione oft,en occur due to geneË for race-epecific
resieLance that are unrecognized becauee the interact,ione are not
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detecLabl-e visually" The barley-etem rust eyetem meete t,hie deecription"
The amplification of uredínioeporee and their identificat,lon from randomly

eelected eteme of a cultivar can meaÊ,ure t,he relative levele of E¡pore

production of the races found on that etem. The procedure in thie
experiment doee not meaeure abeolute epore product,ion or account, for t,he

leve1 of diseaee eeverity obeerved on a plant," Thie procedure doeg

indicate which raceÊ are responelble for caueing the amount, of dieeaee
that ie obeerved" The racee found at a higher frequency would have had

larger and/or more frequent, epore producing uredinia.
ChangeB in plant eueceptibitity due to growth stage (eection 6) were

not coneidered irnportant in thie experiment. Mean heading daÈee for the
five barrey curtivare had a range of 3.4 daye in 1990 and 6.6 daye in
1991- rf increased eusceptibility to infection doee occur during the
period of boot emergence to infloreBcence emergence (Figure 6.1 A-c), tor
eome of the cultivars, the number of daye for the plant to go through
theee growth stages is eimilar to the range for heading date ao a

eufficient amount of overlap should have occurred. Therefore, the
interaction of exogenou€t inoculum of different raceg infecting plante at
different growth stages should be emall in thiE experirnent becauee the
window of differentiar eueceptibitity due to growth etage ie emarl.
Heading date may have been important in 1991 when comparing Klein Títan t,o
the barley cultivarg since ite heading dat,e was about 10 daye lat.er than
the barley cultivare"

The tegt genotypes are asEumed not to experience inoculum preeeure

differentially from either the wheat or barley componente of the epreader,
but rather a combination of t,he two. To compare each cultivar with the
epreader row, it wae neceÊrsary Èo develop a weighÈing echeme ueing the
ratio of barley and wheat component. weight cont,ributione to the epreader

row eeed mixture. The weight, given to any particular race in the epreader
wae calculated using t,he following formula:

8 race in = (& race in * 27 E barley in * tot,al races) +spreader bartey spreadêr

l9 çaaa in * ?2 e ..L^^! :- ¿ ¿-!-t u - svÉ ¡¡¡ .. , J ! w¡¡Eês !¡¡ - LuLc'¡ .La(.:eE,,
wheat spreader
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Thie weighting aasumes that epore product,ion ie t,he ea¡ne for each race on

both barley and wheat componente" Although thie may not, be t,rue, eeti¡nat,es

Èo correct for differencee of fit,nese depending on the hoet are lacking.
Germination rates and eeed weight of the componentc were not coneidered in
t,he weighting echeme"

of the eight different Pgt raceg that, were artificiatly inoculated
(Tabte 4"2) n TFL and RHT vrere not recovered in both years from the
epreader ro$¡8r but RHT was recovered a few tj¡nee from the t,est, material in
1991 (Figure 7.1)" Races gcc' QFC, RCC and RCR were naturally occurring
races which alEo r¡tere found on the spreader rowE in low amounte. The

exception to t'hie vtaE in 1991' when high natural levele of race gcc

overwhelmed the inoculated racee, affecting the abilit,y to differentiate
the competitive ability of raceg of Pgt on the different hoet genotlT)es.

Initially, when increasing the rust collectione, a pot of prolific
rye (Secale cereale L.l also wae inoculat,ed to test for the preeence of
rye etem rust Puccinia graminis f. sp. secalisl, which areo occura on

barley and wheat in weetern Canada (Johnson and Buchannon, 1954). No rye
etem ruet wag detected in theee teste.

The proportions of Pgt racea on the barley and wheat componente of
the epreader rowe were not eignificantly different from each other or from
the weight,ed combination of the two in bot.h yeare (Figure 7.1, Table 2.1).
In 1991, the barley component, had much higher levele of race eCC than did
the wheat component, whereae the oppoeiÈe wae true for race TpM. At row

levele of race ecc, ae in 1990, race TpM wae found at equarty high levere
on both spreader componente. Thie euggeete that, in a competitive
situation, race QCC ie more aggreeeive on barley and race TpM more Eo on

wheat" Thie was aleo ehown by the distribution of racea eampled from Klein
Titan wheat, in 1991 (Figure 7"3 r). The abiJ_ity of race gcc to produce

viable uredinioeporee appears t,o have been much lese on the wheat check
than it waE with any of the barley linee rerative to race TpM. Thie
obeervation ie further supported from Eurvey data from wee¡ern Canada

(Harder and Dunamore, L990), where race gcc !.ra€¡ the predominant race
corlected from curtivated barley, but was relatively leee frequent on
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wheat "

Figiuree 7 "2 A-F. show the race dieÈributione found on f ive eelect,ed
barley genotypee in 1990. Atl barley genoÈypee gave race frequency
dietributione that rdere eignificantly different from the dietribution
found on the combined componente of t,he epreader row with t,he except,ion of
PI 382313 (Tabte 7 "21. The race compoeition found on pI 382313 wae not,

eignificantly different from the epreader roe¡ aE indicated by the emall
chi Êrç[uare value (x+l .ggl . rn 1991, atr of the barley cult,ivare algo
ehowed eignificantly different race frequency dietributione to that of the
epreader row (Table 7.3). A few of the raceÊr coneiEtent,ty predominated in
199o: theee çrere oFM, TpM, and ecc" Race eFM was predominant in all
eampree except for those cotrect,ed from Hiprory (Figure 7.2 E).

Hietpae-S ehowed eimilar race compoeitione ae thoee found on Hiproly
and Pf 382313 in both 1990 and 1991. Thig suggeets that theee host
genotyPe exerte a similar eelection presaure on the pathogen. However,

thie preseure ie dietinct from the overall frequency at which infectione
occur. Hiproly ie very eueceptible in the field and ueually experiencegr
high levele of infection, whereae the other two genotypes tend to
experience eignificantly rower disease eeveritiee (Tabte 4.4,r.

on PI 382313r race QCC wae recovered at a much lower frequency than
on Peatland or Hueky in 1990" Thie trend wae aleo exhibited in L991 wit,h
Peat1and, but eignificant differencee in race dietributione between Husky
and Pf 382313 did not occur. The high levels of naturally occurring eCC

made differenceE¡ in competitive abirity more difficult to detect.
Peatland and Husky both supported eimilar race dist,ributione in 199o

and 1991' which qras expected eince both genotypes contain Rpgl and gene u
(seetion 4). Race QCC ehowed eome advant,age on these cultivare in 1990 and

vtaa oven¡rhelmingly prevalent in 1991. Racee MCC and TÌ,fR were not ieolated
from Peatland or Hueky in both yeara atthough theee raceg were preÊ¡ent in
the epreader rowe and were isolat,ed from the other barley linee. Thie wae

consietent with previous obeervations that Rpgr providee effective
reEistance against theee racea (Jeder et ê1., 19g9). The eimirar race
compositions thaÈ were obtained from Peatland and Hueky euggeeted that.
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t,hie experimental procedure wae valid becauee the eimilar reeietance gene

background of theee Èr{to cult,ivare would be expect,ed to eupport a ejfiilar
race freguency dietribution"

Hiproly supporta high infect.ion levele by Pgt and ie coneidered
highly euscept,ibre" However, it wag capabre of modifying the race

frequency diet.ribution of the rgt population (Figuree 7"2 E and 2.3 E)"

The Hiproly-derived ruet populationE were eignificantly different from the
epreader rowe in both yeare, and were different from the eueceptible v¡heat

check in 1991 and from barrey linee carrying RpgL. Hiproly etrongly
favoured race Qcc, to which it is the moet eueceptible. Thig providee

evidence that there are unidentified factore in barley not related to
known reeietance genes that affect the development of certain raceg of
Pgt. Theee effectg are emall and hard to identify"

Becauee of the narrov, width of the field experiment, it wae aeeumed

that the population of uredinioeporee releaeed by the epreader row€r eraer

equally distributed to all the test material. rf the resulting populatione
obtained from each test line are eimilar in race frequency dietribution,
it could be concluded that all etem ruet raceE have t.he eame relative
fitness on barley regardleee of the barley genotype they came from"
rnterplot interference in this experiment wae expect,ed to be very high
eince only eingle row plota were uged. since the prote are very emarl,
interference by more than the immediat,ely adjacent plot would be expected.
If interplot interference wae an important, factor, then the race frequency
dieÈributions obeerved on the different cultivare ehould have been

eimilar. This was not demonstrated by the data. Replicatíon of treatments
helped arleviat,e probleme due to int,erplot interference.

Two to three uredinial generationc occurred during thie experiment.
Thue the opportunity to eelect racee of ruet that are better adapted t,o a

particular hoet genotype is emall. An experi¡nent conducted in areae with
a longer growing Eeason might be expected to generate more dietinctive
popurat,ione on each genotype. Alt,ernativery, an experiment deeigned to
eample races at increasing dietanceE from an inoculum poinÈ source within
a spatially isolated field of a cult.ivar might provide information on race



a4

adaptatio¡l. Racea found at, diet,ancee furt,her removed from t,he point source
would be coneidered better adapt,ed.
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Table 7"L" g2 valuee from contingency tablee ueed t,o compare
the frequency dietributione of racea of puccinia graminis r.Ep" trixici recovered from t,he wheat and barley componente ofthe gpreader rowe in the Glenlea Rust Nureery in 19901 and
199]-2"

other
component

epreader epreader row
row 1990 1991

barley component,

wheat, component

7"01
( 1ee0 )

15. 58

s"31

2.7r

L5 "24

2 "341991
rin 1990, xto.*.*=o = 16.922in 19 9 1 , xto.*. df= lo = 19 . 31
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Tabte 7.2" g2 valuee from contingency t,abree used to compare
frequency dietributione of raceE of puccinia grami-nis f.tritici recovered from combined componenta of the epreader row

the
sP"
andfive barley cultivare in the 1990 GIenIea Rust Nu

cult.ivare Peat.land Hueky
99

PI 382313 Hietpae-S
9t4

Hiproly
15

Peatland 9

Hueky 9

Hiproly 15

Pr 382313 9

Hietpae-S 14

3.25t

23.90 **

26"20 **

20 "79 "
51.32 **

23 "96
36"00

2s.9I
63 .64

18"89

12 "77
36.51**gpreader row

Idegree of freedom = 7* 58 level of eignificance,** 18 level of eignificance,
degree of freedom =
degreee of freedom

34"64 **

9
=$
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Table ?"3" g2 valuee from contingeny tables ueed to compare the frequencydietributione of racee of Puccinia-graninis f. sp. t.rixici recovered fromthe combined componentc¡ of the epreader row, fi-ve barley cultivare, andthe eueceptible wheat Klein Titan in the 1991 Glenlea Ruet Nureery.
cult,ivare Peatrand Hueky Hiprory pr 392313 Hietpae-S Ktein9 9 15 9 1ã ritan
PeaÈland 9

Hueky 9 5"18
df=5

Hiproly 15 15.42# 15.36
df=9 df=10

Pr 382313 9 17.39* 72.47 7 "86df=g df=g df=g
Hietpae-S t7.93# 14.51 8.74 S.ZO
L4 df=l1 df=11 df=1l df=l1
Klein Titan 36.70**' 32.8O** 19"60# B.87 B.ZBdf=10 df=10 df=l1 df=10 df=11
epreader 78.77** 64.60** 38.63** 25.90** 2t.74* ro.42df=10 df=10 df=11 df=11 df=11 df=1l
# LOt level of eignificance* 5t level of eignificance** 1* level of significance
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8. Comparíaoa of dif,feraat, :Lçolat,eø of racø ÇCC @f

Pucc.i-aJ,a grami-aís f . sB. xnixici for vj.rulenc@ and for høt,eroEeneít,y

in the gene gpaeer regionø of Èbe ríbosoeal D¡üå reBeat, u:oit

8.1 Xntroduction

Puccinia graminis f" Bp" tritici Erike. and E. Henn. (pstl cauÊ,eg

stem ruet on wheat and barley" Race Qcc of thie fungue hae become one of
the prevalent racee of t.he pralrie PgÊ population in North America eince
1989 (Harder and Dunemore, 1990, 1991, L9921" Atthough current, hard red
epring wheat (Tríticum aestivum L" ) cultivars are reeietant to thie race,
it differe from other racea becauee it hae developed virul-ence and eome

adaptation towards currentry registered barrey (Hordeum vuLgare L" )

curtivare (Fox et al., r992r. Race gcc appeared infrequently in the pgt
popuration in the late 1950e and gince Lg74 (Martene et â1.,19g9).
However, only the QCC isolatee recovered eince 1989 have shown increaeed
virulence and adapt,ation to previouely etem ruet reeietan¡ barley
cultivare "

stem rust raceE¡ are often genetically uniform and stable over time
and over a wide geographical area becauee of the asexual reproductive
nature of thie pathogen population in the north central United statea and

the Canadian prairiee (Roelfe and Groth, 1980) " ThiE hae been demonetrated

with isozYmee (Burdon and Roelfe, 1985), infection relat,ed prot,eine in
intercerrurar waehing fluide (Rohringer and Martens I tgg7), detergent
soruble polypeptidee (Kim et al., 1994), and the rength heterogeneity of
a spacer region within the riboeomal repeat unit (Kim et ar., Lggzr.

Isolatee of Pgt are provided with a letter code deeignation baeed on

their avirulence/virulence to a eet of 12 eingle gene wheat linee that
compose t'he Pgt differential eet (Roelfs and Martene, 1988). comparieon of
ieolatee baeed on pgt nameE and c-race nameÊr (Martene et ar., 19g9)

euggeeted that PgË race gcc was not genetically uniform over time ae were
other once Prevalent raceE¡ euch ae MCC and TpM: nine different c-raceB
were coded ae PgÊ race Çcc. The currently ueed Pgt differential eeÈ lacke
the abiliÈy to distinguish between o1d and new eCC ieol_ates.

In barley, eÈem rusL registance hae been derived from a eingle
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resiatance gene, RpqJ (Powers and Hines, 1933)o which remained effect.ive
to prevalent field racee of Pgx unt,il the appearance of barley adapted

race QCC" Little information ie available to indicate krtry theee neet

. ieolat,ee of race QCC ehould be virulent t,o RpgJ or how t,hese ieolat,ee
differ from older ieolatee of thie race.

Thie etudy preaentg Eome dietinct,ione between new and old ieolatee
ot Pgt race Qcc baeed on t,he dieeaee reaction of 24 eingle gene wheat,

lines (in addition to thoee in the Pgt differential eet,) and variability
in the length of the intergenic epacer region between t,he large eubunit
rRNA gene and the 5s rRNA gene in t,he riboeomal DNA repeat unit.

8.2 Materíals and nethods

Eleven isolatee of Pgt race gcc were obtained from annuaL diseaee
surveysr representing the three epidemiologic regione of Canada: weet

(Britieh Columbia and Alberta), prairie (Saskatchewan and Manitoba) and

eaet (ontario, Quebec, and the Maritimee) " The collectione s¡ere made

between 1957 and 1991 (Table 8.1). Races TpM (c53 or c99) and gFc were

included in thie work becauee they are currently prevalent field raceE¡.

Race MCC (CI1 | race 56) wae included becauee it iE an important hietorical
race (Green, 1971a) and ie avirulent to RpgJ (st,effeneon et ar., 1991b).

8"2.L Virulence testing

Alr isoratee of pgÊ used in thie study were teeted on 24 eingre
reeietance gene wheat rinee in addit,ion to the 12 rinee of t,he pgt
differentiar set (Tabre 8.2) (Mcrntoeh, 19gg; RL linee are Agricurture
Canada Winnipeg Research station 'Ruet Lab' deeignatione). Wheat eeedlinge
were inocurated at B-9 daye aft,er prant,ing by epraying with a

urediniospore/oil mixture" P1ants were incubated at. 2Ooc at, 1008 relative
humidity for 16 houre followed by a 4 hour light period where planta were

put under fluoreecent lighting and covered with t,ranelucent plaet,ic. After
incubat,ion, prante were allowed to dry elowly. seedting infection type
reactione were evaluated 14 daye after inoculation ueing the ecale of
stakman et al " (1962) " uniformity of reactione on each differentiat line
wae ueed to demonstraÈe ieolate purity"
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8.2.2 DlüA preparaÈi-on

Eight 10 cm pots of the eueceptible wheat, cult,ivar Litt,Ie CIub were

ueed to multiply urediniosporeÊt of each ieolate" The seedlinge were

treated with O "36 g/L maleic hydrazide at a rate ot. 25 mt/pot juet, aa the
coleoptilee emerged from the eoil and t,hen inoculated aE¡ above with a

eingle pustule taken from each pure ieoLate" At r6-L7 daye after
inoculation, 100-300 mg of uredinioeporee were collected and germinated

ueing a method modified from one preeented by Kirn and Howee (1997). Freeh

ePore€t (1OO-150 mg) were dispersed in a 20 X 20 cm pyreN dieh containing
2oO ml gramicidin D (6 mg/f). Gramicidin D was uged t,o inhibit bact,erial
growLh" lwenty ml of a 63.5 Hg/mL nonanal eolution, contained in a 1O cm

diameter Petri dish, wae placed above the gramicidin eolution. Nonanal wae

ueed ae a germination etiJnulant (French and gleintraub, 19s?). The pyrex
dish was eealed with plastic wrap and kept, in the dark for eix houre.
Urediniosporelinge were ekimmed off the eolution ae a eingte mat, wrapped

in aluminum foil and immediatety frozen in tiquid nitrogen.
The frozen uredinioeporelings !ìrere ground in dry ice and tyophitized

for 48 houre. care wae taken to eneure that the frozen material did not
defrost during the grinding operation" DNA waa extracted from t,his
material ueing the method of Kim et ar. (1990) (appendix z,)" After
extractionr 2"5 volumee of 958 ethanol were added to the DNA eolution and

precipitated overnight at -ZOÙC.

To remove RNA from the DNA, DNA precipitatee were dieeolved in 250

¡rl eterire water, then RNAaBe (RNAaEe A [10 mg/ml] in 10 mM Trie/HCt (pH

7.5r, 15 mM Nacl (sambrook et ar., 1999)) wae added at 75 pg RNAase/ml of
DNA eolution and incubated at 3zoc for t hour to digeet the RNA. The

eolution was then deprot,einized ueing phenol eaturat,ed with lyeie buffer
(no proteinase K) as described by Kim et al. (19gg). The DNA þra€,

precipitated ueing 1rl2 volurne ammonium acetate and 2.5 volumes EtOH as

described by sa¡nbrook et al., (1989). DNA was diruted to 10 ng/HL in
eterile water for use in the polymeraee chain reaction (pCR). Solutione
were frozen until used and could be reuged for more than one mont,h if
etored at 4oC, but were never ref¡ozen. DNA ueed in regtriction enz)rme
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procedureE was purified with a Becond cetyltrimeÈhylammonium bromide

(CTAB) extract,ion"

8"2.3 Ãnplíf5.cat,íon of 6pac@r regionø

Four primere ueed for amplification of the Epacer regiong of t,he

ribeomal DNA repeat unit (Figure 8.1) are preeent,ed in Table 8.3). primer

NP was derived from the seguence of the 5, end of the 5s rRNA gene of pgt

(Kim et aI.' 1992)" Primer Q wae obtained from aequence data of Èhe 23S

riboeomal RNA of yeast (saccharomyces cerevisiae) by Gutell and Fox (L9gg)

etarting at poeit'ion 3110. Pri¡ner Y wae developed from eequence data of
the 55 ribosomal RNA (Woltera and Erdmann, 1988). Thie primer binde t,o
central Eequences of the 5S and also wae derived from yeaeÈ DNA aequencea

(Kim, L9921. Primer P binde at the 5' end of the 18S rRNA gene (zerucha,
19921. PcR was done in a 50 gl volume cont,aining 5Fl of promega Taq DNÀ

porlrmerase 10x buffer (500 mM Kcl, 1oo Mm Trie-HCl (pH 9.0 at 25oc), 1g

Triton x-100)n 3 ¡¡1 of 25 mt'[ Mgcl , 4 ltL dNTp mix (2.s mM for each of dATp,

dTTP' dcrP, and dcrP), 32 ¡tL eterire Hzo, 0.75 ¡tL of each so ng/¡tL prÍmer

that contains homologoue Beç[uences to the region to be amplified, and 0.5

¡.r)- (2.5 unitg, Taq porymeraee. The pcR mix wae added to 4 ¡rl_ of 10 ns/yL
template DNA. Laetly, the reaction mixture r.raer overlaid with 50 ¡ll of
Fieher light mineral oiI. The reaction mixture was kept on ice during the
mixing proeedure. The pcR protocol hrag aE followe: firet, a 3 minut,e

denaturation etep at 93oc followed by 30 cyclee of denaturation, annealing
and polYmerization aa presented in TabLe 8.4" Amplificatione were

completed wit,h a 5 minute polymerization etep.

PcR producte, which were precipitated with ethanol at -2ooc
overnight, erere centrifuged for 30 minutee at high apeed on a tabre t,op

centrifuge, and were waehed again with cold ?OB ethanol by centrifugation
again for 15 minutee at high epeed. The precipitatee were allowed to air
dry and then were dieeolved in 13 ¡lI eterile water and kept on ice. To the
DNA solution were added 1.5 ¡.rI of 10X concentration Reactl buffer and 0.5

¡rr (5 unite) HspÍ. enz)¡me (Gibco BRl, caitthereburg, ND, u.s.A.), and the
ñ: .-+.. -^ - -- - i 

- ---L -!¡¡¡!ô Lq! e wdÞ r¡tuurJclLcu ¿i'E, J / - U O\¡ef n.¡-gnE' "
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Genomic DNA wae restrícted in a 15 ¡.rl reaet,ion mixt,ure containing 5

pg DNA in 12 ¡.rI eterile water, 1.5 ¡rl 1OX concentrat,ion React,ion l buffer,
1"5 ¡tL Mspf enzyme (15 uníts) " The reaction mixture qraE incubat,ed aE

above"

PCR producte, reetrict,ed PCR producte, or reet,rlct,ed genomic DNAa

were electophoreeed in 1"3* agaroÊe gele in a Biorad Laboratoriee (3300

Regatta Blvd. o Richmond, cA) eubmarine gel apparat,ue ueing Trie-Borat,e-
EDTA buffer (TBE) (sambrook et ã1., 1989) and etained with ethidium
bromide (staining eolution: 0"5 ¡¡g ethidium bromide/mr 1x rBE).

Band eizeg qtere eetimated ueing a comput,er progran called DNAFR.ã,G,

a ehareqtare program t,hat ueee the leaet squareg procedure of Schaffer and

sederoff (1981)" Thie Progran develope an equation that beet deecribee the
mobility of DNA ELze etandarde on an agaroEe gel and then useE thie
standard curve to estimate the eize of the unknown bande on the same gel
baged on their mobility"

I "2.& DNA hybridizat,ion

Ueing Zet,a-Probe membrane and protocol (Biorad Laboratoriea),
Southern blote of the PCR producte and restrict,ed producte were probed
with pMF2, a plaemid containing Neurospora crassa riboeomal RNA genea

(Free et ar ", t979 ) " Probe pMF2 hae homology to the LSrRNÀ, ssrRNA and 5.g
s rRNA genes; it hae no homology to 5 s rRNA gene sequence' (Figure 1).
Genomic reetrictiong were probed ueing g-y pcR producte, pMF2, and a 1.5
kb eegment within IGR-2. 8-Y PCR producte were purified with an ethanol
precipitation and a CTAB extraction ae deecribed above" The 1.5 kb fcR-2
probe was obtained by regtrict,ing NP-P PCR products with MspI. Digeeted
producte were eeparated on a 1.39 agaroee gel and the 1.s kb fragment was

cut out of the gel aft'er etaining with eLhidium bromide. Using a meLhod

modified from Tautz and Renz (1983), the gel piecee were frozen and then
further coored to -196oc with riquid nitrogen. By placing individual
frozen pieces between parafilm, thumb preErÊrure or the weight of a eteel
brock, warmed to *ooc, expreeeed the water, arong with the 1.5 kb

fragment, out of t'he agarose. The fragänent wae then precipitaÈ,ed with
ammonium acetate and ethanol. Probea rdere labetled with 32p ueing the Gibco
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BRL nick translation kit, and instructions"

8"3 R.esulÈc and di-scussio¡r

8.3.L víruleuce Èeçt,s. Table 8"2 showe the react,ione of 10 ç¡heat,

Iinee each earrying a different, atem ruet reeistance (sir) gene. AIeo
Èeeted wit'h theee ieolat,ee¡ vrere linee with reeistance genea SrI3, 22, Zd,
25,26' 27,29,31, 32, 33,37 and t,he linee RL 6076, RL 60g7, and RL

5711. Theee linee were reÊtietant t,o all of the ieolatee. Racee eCC (1),
w377 Qcc, and W399 Qcc are the 'new" isolatee and repreeent t,hoee t.hat are
adapted to barley. They are dietinguiehed by their avirulence on Srg.b. All
other isolatee were virulent to t,hie resietance gene. The new eCC ieolatea
aleo appear to be avirulent to Sr9a, a reeietance gene in Triumph wheat,
and srMcN in McNair 7oL wheat (Dr. A"p. Roelfe, perg. conm. ). Thie
variation in virulence can be ueed to dietinguieh between the more

prevalent barley-adapted QCC isolatee and the older and lese freguently
occurring wheat-adapted QCC ieolat,ee.

8.3"2 Length heterogeneity in the rcR-l region. Becauee of the
variability that had been previouely identified in the intergenic spacer
region located between the large eubunit, rRNA gene (LSTRNA) and the 55

rRNA gene (rcR-1) (Kim et ê1., r99z), it wag hypotheeized that a

comparieon of hietorical and new isolatee of race ecC in t.hie region would
indicat'e differencee in the DNA Eequence t,hat could be ueed for ieolate
identification beyond the phenotypic expreeeion of avirulence/virulence on

,sr genes of wheat" Amprification of rcR-l with primere a and y (g-y
product,e) revealed a length heterogeneity pattern that, wae unique to the
new ieolatee of ecc (w3zz, w399, ecc(1))" Figure g.2 ehowe the agaroee ger
and eouthern blot of the Q-y PcR producte. The different bande represent
length variante of the riboeomal repeat unit within the genome. The

rocat,ion of length variation wae localized by Kim et ar., (1992) to a

region within rcR-1 (Figure 9.1). The barrey adapted ecc ieolatee were

dietinguiehed by the presence of a 1.1 kb band which wag abeent in the
historicar gcc ieorates as werl ag t,he isoratee of TpM" gFc and Mcc" The

banding patterns vrere reprodueible for all ieoLat,ee. The patterne of TpM

and MCC were the aame aE those reported previouely by Kim et, aI . (Lggz).
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The Southern blot of these products, probed with plfF2, ehowed the eame

bande ae thoee ehown with ethidium bromide et,aining" Theee bande involved
rcR-1 and a portion of the 3' end of the LSTRNA gene to which the pHF2

probe hae homology" Reetriction of the Q-Y product,s wit,h }fspf reduced all
band eizee by 278 bp and a 278 bp fragment wae clearly vieible on the
ethidium bromide etained gel (not ehown). This ie eupported by eimilar
results obtained by Kim eÈ aI" (1992) with race cCC (C36) of the Eame

fungue.

Avirulence towarde the Sr8å gene and the preeence of the 1.1 kb band

euggeste that t.he new QcC ieolatee are monophytetic, and were not derived
by mutation from race TPM, which q¡aa the moat prevalent race on the
prairiee prior to the emergence of race Qcc. This conclueion aleo wae

arrived at by McCallum et aI. (1992) using ieozymee. It hae been

hypotheeized that the new Qcc ieolatee v¡ere derived from a eexual

population in the Pacific region of the usÀ (Roerfe et, al., 1991) and not
from the aeexually reproducing prairie populat,ion. The barley adapted race

QCC probably aroe¡e due to genetic recombinaÈion during a eexual croae

between two different races. The ability to to uE¡e Èhe IcR-1 tengt,h

heterogeneity patterns aE a marker for a epecific biotype depende on

whether the population reproducee aeexualLy. Asexual reproduction will
maintain associations between trait.e t,hat are geneticalty independent of
each other" Kim et al " (]-992) eampled 2 and 5 different isolatee of racea

MCC and TPM, respectively, and found no differencee in banding patterne
within raceE " Bot.h of t,heee racea were prevalent for many yeara on t,he

prairiee where the alternate hoet (Berberis vulgarisl, necesEary for
eexual stage of the ruet life cycle, doee not occur" However, banding
patterns in the present eÈudy differed between QCC ieolatee obtained from
different regione andr/or timee, euggeeting that, the ieolatee ehowing theee
differencee originated from different popuÌatione. The three new ecc
isolates all gave eimilar banding paÈt,erna except for an additional 1"4 kb

band in the !1377 QCC ieolate. The eimilar banding pattern of the new çcc
ieolatee indicatee the increaeing prevalence of a eingle adapÈed biotlpe
that ie now reproducing aeexually.
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8"3"3 Ãm¡rlíf,ícat,íon of rcR-Z. Amplification of IcR-z waa fire¡
att,empt,ed using primer p and pri:ner N (complement of y) " Although
effective in amplifying IeR-z in Tillexia caries and T. conxroversa
(zerucha, L9921, it was found that primer N did not arnplify rGR-2 of pgt

even though ite complement (primer Y) wae effectively ueed to amplify IcR-
1" Preeumably, the 3'end of primer N vüa6 not homologoua t,o t,he 55 rRNA

gene sequence and did not adequately prime t,he DNA t,emplate ao the Tag

polymeraee enzyme could not anchor to t,he template DNA.

Two fragment,a utere produced for all isolat,ee when ueing primere Np

and P: a 2"4 kb fragment and a 170 bp fragrment (gel not, ehown). The lack
of length heterogeneity in IGR-2 contrasted that obeerved for IcR-1.
Restriction of theee NP-P producte with lfspl resulted in the eame bande

for all ieolatee (Figure 8.3 A). The Southern blot of the reetricted
producte of arr ieolatee (Figure 9.3 B) !,¡aE probed with pMF2 and

vieualized o.5, 0.6 and z"o kb fragmente. ThiE indicated that arl
fragmente invorved part of the 5, end of the Emarl eubunit rRNA gene

(ssrRNA) that wag homologous to the pMF2 probe. Thie euggeeted that an

Ilspr. cut eite was preeent towarde the 3, end of rcR-2 which qraa not
reported by Kim et al. (L992)" The 1"5 kb fragment wae not visualizedwit,h
the pMF2 probe indicating that it wae bounded by 2 ÌtspÍ. eitee and wae

within the IGR-2. The 2"0 kb band repreeente the union of the 0,5 kb and

1"5 kb fragmemta. The preaence of the 2.0 kb band ie not due to partial
digeeÈion at the }fspl restriction enzl¡me site but rather the presence or
abeence of that eite. Since NP-P amplifiee the IGR-2 of many riboeomal
repeat, unit,s, those variant,s with the lfspr eite at the 3, end of rGR-2

will give 0-5 kb and 1.5 kb fragmente when digeet,ed wit.h.&fspl enzymei

thoee variante lacking the lfspr site wirr give a 2.0 kb fragrment,. rn
support of this hypot,hesie, southern blote of Mspr. digeeted Np-p pcR

product,s (Figure 8"4) and lfspr digested genomic DNA (Figure g.5) vrere

probed v¡ith the 1.5 kb IGR-2 DNA fragrment and reeulted in vieualizing 1.5
kb and 2-O kb fragment,e in both blot,e. The variability of inteneity
between the 1.5 kb and 2"0 kb bande in Figure 8.5 euggeet,e the relative
freguency of each variant in each riboeomal DNA repeat population.
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The 240 bp fragment (Figure 8"3) wae bounded by t,he t{p prjmer eit,e
and t,he tfspr eite t,owards the s, end of rcR-2. Thie fragment hae no

homology with the pMF2 probe and was not vieualized on the southern blot"
The emalleet fragment (170 bp) (Figure 9"3) ie preeumed t,o be a pcR

product not related to the IGR-2 region. The 0"6 kb fragnnent (Figure g.3)
ie preeumed to repreeent a longer version of t,he 0.5 kb fragment, becauee

of the homology to the pMF2 probe that wae demonetrated in the Southern
blot (Figure 8.3 B) " Hovrever, the fragment wae not vieualized on the
southern brot of genomic DNA (Figure 8.6 B) euggeeting t,hat t,hie fragrment,

may be an artifact or ie a rare member of the riboeomal DNA repeat family"
Pri¡ners Q and P were ueed to amplify IcR-l and rGR-2 and ehowed the

same pattern of length heterogeneiÈy ae with the e-y amplification, but
the band sLzee were larger due to the inclueion of the uniformty gized
rGR-2 region (gel not shown). rt ie not. clear what featuree dietinguieh
rGR-1 from rGR-2 euch that the former Êrpacer region dieptaye lengrth
heterogeneity while the latt.er region does not. poeaibly, rcR-2 repreaent'
an earrier evorved region that hae now etabilized while rcR-1 may be a
leee et,able and more recenÈly evolved region.

8.3.11 Lengrth of the ribosomal- DNA, repeat uait,. The southern bloÈ, of
the Àlspr genomic digeet of the rust ieolatee revealed t,he game banding
pattern when probed with 8-Y PcR producte (Figure 8.6 A) as Èhat, obeerved
with the amprification of rcR-l (Figure g"2). A o.4 kb fragment rrras

produced which is bounded by t.he ìtsp[. sitee in the E¡pacer regione on
either eide of the 5s rRNA gene (Figure g.6 A). Thie fragment eLze ie
emaller than the 600 bp eize reporÈed by Kim et al" (rgg2,). The 2.9 kb
fragment dietinguishee the barley adapted ecc isolatee from all ot,her
isoIat,eE.

Probing the eame southern btot with pMFZ (Figure 8.6 B) revealed t,he
eame 2.9 to 3.2 kb bande as with probing with Q-y. Hovrever, the o.4 kb
band wae not det,ected eince pMF2 hae no homorogy with the 5s gene. A o"s
kb band was detected which represents the region bounded by t,he ¡fspr eitee
located at the 3'end of rGR-2 and the 5. end of the ssrRNA gene (Figure
8.1)" since t,he 0"5 kb fragrment in Figuree g.3 and g.6 B are the eame
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eLze, theee fragrmente }ocate the llspl eit,e and the primer p binding eite
t,o t.he Bame rocat,ion" rnepection of t,he prlmer p sequence (Tabre g"3)

revealed an.rfspr eite (5'-cccc-3') which eupporte t,hie conclueion. A 3.4
kb band, preeent in all ieolatee, repreeente the region bounded by Hspr
reeÈriction enzyme eitee of t,he repeat unit and doeg not involve fGR-l and

IGR-2 (Figure 8"58)" Baeed on the genomic digeete and the Southern blot, of
the reetriction of rcR-2 region, the aLze of the rDNA repeat unit ie
eetimat,ed at 8"7-9"0 kb.
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Table 8 " l- " Fourteen ieolatee of pucci_nia graminis f "Bp" t,ritici ueed t,o determine whether current ieolat,ee
of race QCC, adapted to barley (Hordeum vuJgarel odiffer genetically from Lhoee found before 1g8g.

ieolate and race" year region"
w169 QCC

Fl27 QCC

F83O gCC

w399 gcc

w232 gcc

F301 gcc

F56s gcc

QCC (1)b

w272 gcc

F185 gcc

vr377 gcc

F]-263 TPM

gFcb

MCCb

19s7

t97 6

198s

1991

1958

797 6

1980

1990

]-957

1978

199 1

1984

1990

1990

west

wegt

weEt

west
prairie
prairie
prairie
prairie

east
east
eaet

prairie
prairie
prairie

uAgriculture Canada ieolate name and pg¿ letter codeusing the nomenclature of Roelfe and Martene (19gg)bfeolatee collecÈed from the Glenlea ruet nureèry
ï{eet = British Columbia and Alberta
Prairie = Saskatchewan and Manitoba
Eaet = Ont,ario, euebec, and the Maritimee
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Tab1e 8"2" Stem rust reeietance (Sr) genee in wheat ehowing
euecept.ible (S) react,ions to different ieolat.ee ot pgt race gCC
and to racec TPM, QFc, and MCc" Blank Bpaces indicate reeietant
reactione "

ieolate
7a 8b

Sr gene

9a9d10L41535H RL6071b

Qcc (1)

w377 QCC

w399 QCc

Ft27 gCC

F18s QCC

F301 QCC

Fs65 gcc

F83O gCC

vü169 Qcc

w232 gCC

w272 gcc

F1263 TPM S

8FC

MCC

s

s

s

S

s

s

s

s

S

s

s

S

Þ

s

s

s

S

S

s

s

S

s

s

s

s

s

S

s

s

s

s

S

s

s

S

s

s

s

s

s

s

s

s

s

S

s

s

S

s

s

s

S

S

s

s

ss
s

sss

" Sr73,22,24,25,26,27 ,29 t3l,32,33 r37 and RL 6026, RL 6092, and
RL 5711 were reeistant to alr ieoratee test,ed. The genee lietedare in addition to thoee of the pg¿ differential Eet.b a eugceptible eelection from Litltle club wheat,
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Tab1e 8.3" Primere and their E¡equenceÉr ueed toamplify the intergenic regione IcR-1 and IGR-2
of the cereal ruet ribosomal DNA r uniÈ"

NP

Pr

dATC TGG GGG

dGGC TCC CTC

d.ACG CCT CTA

dTCG CAG AGC

CAT ACC AC

TCC GGA ATC

AGT CAG AAT

GAA CGG GAT

a

Y

rUnderlining indicat,ee the location
reetriction enzyme eite.

of a MspL
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Table 8.4. Temperature (T) and time
each etep in the PCR reaction ueed

(minutee) conditione for
t,o amplify the intergenic
repeat unit,"regione (IcR) of the ribogomal DNA

region
amplified

denat,uration annealing
T ( oC) time

polymerization
T ( oC) ti¡neT loC) time

rGR-1

IGR.2

rGR-1 +

93

93

IGR-2 93

1

1

0.s

52

45

45

72

72

68

1

2

1

2

2

5
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SSTRNA 5.8 S LSTRNA IGR-1 S IGR-z SSTRNA

5.4 2.9-3.2 o.4

Figure 8-1" Phyeica! map of the cereal ruet ribeomal DNA repeat unit. Thiemap ie a more detaired vereion of that provided by Kim èt "r. (1992).Primere Q and Y amptify the intergenic epãcer regioå (rcR-l) uãtween tt¡elarge eubunit rRNA gene (LsrRNA) ãnd thJ 5s rR¡üC gene. primere Np and pamplify rGR-2 between the 55 rRNA gene and the emall eubunit rRNA gene(ssrRNA). Rest,riction eitee EcoRr (E) and ffspr (M) are indicated. Theregion of heterogeneouÊr rength in the rcR-l rigiòn'ie ehown with an h.Homology of the P{F2 pÍobe (containing rRNA genãe from reuro"pot" crassa(Free et a1-, 1979)) within the cereal rust iiboeomal DNA repãai unit ieindicated.

- 

pMFZ
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Figure 8"2 A,B" PCR amptified e-y producte of 14 wheat. et,em ruet
ieolat'ee t lane .t, BRL kb ladder i lane 2, wl-6g ecc¡ rane 3 , FLZT ecc¡
Tane 4, F83o QCC. Tane 5' w399 occ¡ rane 6, wz3z ecc¡ rane 7, F3o1

QCCì Lane 8, F565 eCC; Jane 9, ÇCC (1)¡ lane LO, WZTZ eCC; Iane l.I,
F185 QCC; Lane L2, W377 ee?¡ lane l.3o TpM; J.ane Ldo eFCì Jane l.S,
Mcc" The barrey adapted gcc isoratee are underlined. The 1.38
agarose ger (A) hras run at 40 v for 6 houre and etained wit,h
et,hidiu¡n bromide" The southern brot (B) wae probed with pMF2. The

2"o l4'b' 1.6 kb' 0"5 kb, 0"4 kb' 0"35 kb, 0.3 kb, o.z2 ]kb, and o.2o
kb bande of the radder were homologoue to plaemid DNA of pMF2.



q
Í

.1,
I



L12

Figure 8"3 A,B" Restriction of pcR amplified Np-p producte of L4

wheaÈ etem ruet isolatee wit,h /{spr z Lane J, BRL kb radder ¡ lane z,
W169 QCC; Iane j, FL27 eCC¡ Tane d, FB3O eCC, J-ane 5, W399 eggi lane
6, W232 QCC; Tane 7o F301 eCC; Zane B, F565 eCC; Jane g, eCC (1);
Tane 10, W272 QCC¡ Tane LL, F185 eCC; Iane 12, W377 eCC¡ lane L3,

lPl{.¡ Tane L4, eFCi lane ls, MCC" The barley adapted ecc isolatee are
underlined" The 1"38 agaroee gel (A) rdas run at g0 v for 5 houre and

etained wit,h ethidiurn bromide. The sout,hern brot (B) wae probed with
pMF2. The 2.0 kb, 1"6 kb, 0"S kb, 0.4 kb, O"3S kb, O.3 kb, O.Z2 t1b,

and 0.20 kb bande of the ladder were homologoue t,o plaemid DNA of
pMF2 "
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Figure 8"4" southern blot of PCR amplified Np-p producte of 14 wheat

Etem rust, ieolatee probed with the 1"5 kb DNA eegment from rGR-2

that ie bounded by lfspl rest,riction enzlrme aitee z Zane !., BRL kb

ladder; rane 2 ' w169 QCC¡ Tane 3 o FrzT ecc¡ lane d, F83o ecc, rane

5, VÍ399 QCC¡ lane 6, W232 eCC¡ lane 7, F3O1 eCC; Jane g, F565 eCC;

Tane 9, Qcc (1); l-ane 10, W272 eCC¡ lane.¡-¿, FlgS eCC¡ Jane l.Z, W377

QCC; lane 13 ' TPM' Tane 14, gîcì Tane ls, Mcc. Barrey adapted ecc
ieolat,ee are underrined" The 1.38 agaroee gel (A) wae run at g0 v
for 5 houre. The ladder has no homorogy with the l-"5 kb rcR-2 probe.
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Figure 8.5. Southern blot of genomic DNA of 14 wheat stem rusL

isolat,es, restricted with MspIt and probed with the l_.5 kb DNA

segment from IGR-2 that is bounded by /{spI restriction enzyme sites:
fane L, BRL 1 kb ladder¡ Jane 2 | W1-69 QCC; Tane 3 | FL27 eCC¡ lane 4,

FB30 QCC, Lane 5, W399 OCC¡ Tane 6, W232QCC¡ Tane 7t F3OLeCC¡ Jane

8, F565 QCC; Jane 9, QCC (1); Lane 10, Vt272 eCC¡ Lane ff, FL85 eCC;

Lane 12, W377 QCC; Jane L3, TPl{¡ lane 14, eFC; Lane 15, MCC. Barley

adapted QCC isolates are underlined. The 1.3% agarose gel (A) hras

run at 60 V for 10 hours.
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Figure 8.6 A,B. southern blote of genomic DNA of 14 wheat Bt,em rust.
ieolat.es reetrict,ed with &fspr and probed with rabelred e-y product,

(A) and pMF2 (B)s Tane L, BRL kb ladderì l_ane Z, WL69 eCC¡ lane 3,

FL27 QCC¡ Lane 4, F83o QCC, Tane 5, w399 occ¡ lane 6, wz32 ecc¡ rane

7, F301 9CC; Iane 8, F565 QCC; Tane 9, eCC L1 ); lane 1.0, W2.12 eCC¡

Tane 77, F185 QCC; J.ane 12, !t377 eCCi j.ane 13, TpM; Iane !.d, eFC,

rane L5, Mcc" The barrey adapted ecc isolatea are underlined. The

1.38 agaroee ger was run at 6o v for 10 houre" The z.o kb, 1.6 kb,

0.5 kb, 0"4 kb, 0"35 kb, 0.3 kb, O"ZZ l<b, and 0"2O kb bande of the
ladder were homologoue t.o praemid DNA of pl'{F2 but not to the g-y
product 

"
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9 " General d,iccussíoa

9 ' t' A'pproacbes t,o øt'udyiug barJ.ey s.es rust, rea.i.sËance
compared to wheat, the approachee ueed t,o etudy et,em ruet reeietance

in barrey differ for eeveral reaeone. Reduced receptivity appeara to be
the moet important tlpe of reeistance that any of the barrey et,em ruet
reeieÈance genes provide. Receptivity, although often a eimpry inherited
characterietic, requiree guantitative and etatietical techniguee to be
identified and evaluated.

To measure recept,ivity on indoor grown plante, quantitative
inocuration of materiare muet be done. The plant teete ueed in
demonetraÈing the quantitat,ive inocurator (Tabre' s.2, 5.3) show the
usefulneee of t'his technigue. Receptivity cannot be meaeured when prante
are inoculated by hand.

Replication of treatments waa very ueefur for determining the
reriabirity of field ru't eeverity readings. The high coefficient ofvariation (3oB) that ie ageociated with ruet eeverit,y readinge
neceesitatee reprication (Table 4.7'). This high rever of variation iepartiarly due to the nature of determining ruet eeverity: it ie more
difficurt to make accurate observa.ione in the 25 to 25 percent eeverity
range (Horefalr and Barratt, 1945)- variability may aleo be due to anumber of agronomic factore 1eoiJ. fertility, eoil moieture, plant
compet'ition), other diseaseg (barley yerrow dwarf virue), and weather
conditions (heat,, dew periode). How t,he interactione between barrey andthese factore will affect Etem rust' development are not crear. Becauge ofthe particurar moisture' temperature, and i-ight requiremente needed forstem ruet to infect, barrey, reprication becomes irnportant, to contror
interprot influences. For exampre" it ie often obeerved that, epace prant,ed
barley wirl devetop infection earlier and more Eeverery than barrey thatie pranted in row or hilr prote. rf a prot ie rocated beside another prot
where only a few planta grew, the ruet reading obtained might be higher
Èhan if atJ- prote were of eimirar prant deneity. Given theee sourcee ofvariation' the coefficiente of variation observed from the field etudiee
compared favourabÌy with thoee obtained from indoor etudiee ueing



quant,itative techniques "

coneidered.

ft was noted in the

hrere directly expoeed to
ehaded eide of the ptant"

be leee reliable than row

L2L

Row epacing and planting direct,ion ehould be

fietd that the eide of the barley plante t,hat
Èhe Bun had higher ruet eeveritiee then Èhe

Thie being the case, the uee of hill plote may

plote eince more intraplot ehading occure.

9.2 speciaLization of puccittÍa graminis f," 6Ir. xrixici to barloy
The lack of dietinct infection typee euggeete t,hat. pgt ie leee

epeciarized on barley than on wheat. Green (1971b) and Martene et ar.
(1983) euggested that barley wae a primitive hoet tor p. graminis trom
which the more epecialized formae speeiales developed. The avirulence of
race Mcc to RpgJ and the avirurence of ecc to gene u in peatrand, Hueky,
and Diamond euggeete that Pgt trae eome of the characterietice of a gene-
for-gene relationship thaÈ are obgerved in the wheat-pgx eyat;em. Thie idea
of race epecificity was algo demonetrat,ed in the gelection experimenÈ,

whereby certain races predominated in relation to the reeietant genotype
from which rust collectiona were obtained.

9 "3 RpgI fro¡q Peat,land and Kindred bartey

It hae been wideJ-y believed t,hat, the reeietance derived from
Peatland and Kindred wae the eane. Howevern only one previoue report of
alreliem has been made (Mirrer and Lambert, 1955). A crogg between
Peatrand and Kindred was made during this etudy and test,ed in the Fz

generat,ion. using race MCC, which ie highry avirurent to Rpgl, all 350 F2

seedlinge were reeietant, confirming that boÈh peatland and Kindred have
the same reeietance gene' Rpgl. Since canadian barley cultivars derived
their reeistance mainly from Peatland and many nort,h central- U.s. barley
cultivare derived their resistance from Kindred, ít wae worthwhile doing
a teet to ehow alleriem between theee two sourcee of reeietance.

9.4 Risk asaessmeut of sten¡ rust ou barley
The main reason for etudying the barley-etem ruet eyetem wae to

develop an understanding of potential yield and quality loseee in barley
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in light of t,he aPPearance of, Pgt race QCC. The tevele of t,his race in t.he

current prairie ruet, population et,eadity have rieen since it,e appearance

in 1988 (Marteng et al., 1999). Baeed on the progreeeion of previoue
important raceE (Figure 2.31, iÈ might be expecÈed t,hat, race ecc wirl be

a major component of the prairie ruat population for about LO yeare. It, is
not, crear whether future racee, likery derived from race ecc, will
maintain this adapt.at,ion to barley or whether it will be replaced by a

more typical wheat adapted race.

The diecovery of gene uru in peatrand, Husky, and Diamond barreye
Èhat confere e moderate to good }evel of reeietance to race gcc suggest,s
that eome modern barley cultivare may aleo contain Èhie gene. Given t,he
low etem rugt eeverity of Vantage barley in the field cultivar evaluation
tegt, ite pedigree rerationship to peatland barley, and ite uae aa a

parent in more modern curtivarg, thie hope ie not unfounded.

Early pranting, a werl firred crop canopy, rate appearance of the
pathogen, atem rust resistance in the wheat crop, and dry weather (few dew

periods¡ will retard the development of stem ruet. A review of the
canadian gtem rust surveys indicated that conditiong favourable for a etem
ruet epidemic occur about every 4 years. Given theee factore, the riek of
a st,em ruet epidemic occurring in the barley crop may not be ae high ae

once thought.

It ie clear that the renewed concern about etem rugt, on barley ie
warranted, eepecialry if bett,er adapted race€¡ evolve from race çcc.
rmproved screening of breeding linee ig neceeeary to maintain and improve
et'em ruet, resistance. Met,hods, in addit,ion to dieease testing, to pyramid
genes into lines need t,o be developed.
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3.0, Su.møary

A mult,í-f aceted approach waa ueed t,o develop an irnproved

underet,anding of the barrey-puccinia graminis t" sp. tritici ayatem"

Durable etem ruet reeigtance had been provided by t,he gene RpgJ eince the
193oe and is one of the main reaEona why work on barley etem ruet hae been

largely ignored" Cereal ruet workers srere rather unprepared tchen race Çcc
appeared" Thie race hae greater adaptation towarde barley than other racee
of Pgt. Work with both the host and t,he pathogen yielded Bome new ineighte
which are lieted below¡

1" Quantitative inoculation of aeedting plante have the potential to
identify linee with good ruet reeistance, but they lack the power to make

dietinctione between l-ines with emall differences in reeistance. Füork to
validate thege findinge will be conducted, but wilt not be reported in
this thesie.

2- À reeietance gene, cal-red .u"u' in t,hie etudy, independent of
RpgI, wae identified in the cultivars Peatland, Hueky, and Diamond which
providee a moderate to good level of resiet.ance to race gcc in the field.
Thie ie the firet report' of an effective reeietance gene in these
cultivare other than Rpg-t. Many canadian barley cultivare have peatland or
derivativee of it in their parent,age Eo it, ie poeeible that E¡ome currentry
grown cultivare have thie gene aleo.

3. A quantitative inoculator capable of epraying leavee and eteme of
cereal plante at all growth etagee wae developed. Repeatabte uredinioE¡pore
deneities can be applied which allowed for the evaluation of receptivity
of eeedlings and adult barley plante.

4" The quantitative inoculator waa ueed in a preliminary growth
etage etudy which ehowed that the cultivar Hiproly waEr more eusceptible to
race QCC during the period of boot emergence to head emergence. The more

reeietant cultivar Hueky wae found to have a lower overall receptivity
than Hiproly and ite receptivit,y wae the same at arl growth et,agee.

5" IÈ was demonstrated that, there waa an effect of Etem rust
reeistanee genes in barley on the eelection of races from an arÈificially
induced epidemic" Each registance gene tended Èo retard the development of
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certain race8' allowing bett,er adapted onea to thrive. The cleareet
demonetration of thia involved the comparieoo of Rpgl in peatland 9 and

Hueky 9 and RpgS in PI 382313" Race QCC kras ieolated at a higher frequency
than race TPM on RpgI " However, the oppoeite occurred when isolatee $rere

recovered from the Rpg3 hoet. Thie demonetrated t,hat gome level of.

epeciarization doee exiet in the barley-et,em ruet eyetem.

6" ComparieonE r{rere made between new ieolat,es of pgt race eCC and

hietoricar ieolatee of thie race, based on virurence and tength
heterogeneity within the riboeomal DNA repeat unit. The new barley adapted

ieolatee of race Qcc were avirulent to SrSa rr¡hile t,he hietorical isolat,ee
had virulence to t,hie wheat etem ruet, reeiet,ance gene. StudieE of the IGR-

1 epacer region in the riboeomal DNA repeat unit revealed the preeence of
a Ìength porymorphiem that Ì¡rag epecific to the barley adapted gcc

isolatee. ft was shown that heterogeneity for the preaence of a þlsp¡

reetriction enzyme site exiete in the IcR-z between variante of Èhe

riboeomal DNA rePeat unit. It wae ehown that the eize of the ribogomal DNA

repeat unit is 8"7-9.0 kb"
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11. Suggest,ioas for future reøearcb

1" only a few eegregating populatione of. Pgt exieto which eeverely
lj¡nite the number of inferences t,hat, can be made about, t,he genetice of
Pgt. The development of croeetea bet,ween raceÊr &1CC and eCC would enable t,he

identification of genee controlling virulence towarde bartey ae well ae to
a number of wheat etem rust reeietance genes. Because of the ability to
reproduce aeexually, it a poeeible to mainÈain a permanent F, popurat,ion

which can be ueed in many etudiee to determine linkage relat,ionahipø
between traite and molecular markere. Underetanding the genet,ica of the
pathogen may open the door to new avenueE of crop protection. Through
unravelling the intricaciee of obligate paraeitiem, particularly the
genetic aepect,e, it may be poeeible to arter Eome part of the hoet-
paraeite interaction in favour of hoet resigtance.

2" one of the main reetrict,ions in improving etem rust reeietance in
barley ie the difficulty of incorporating multiple reeigtance genee int,o
a eingle line" stem rust racea that dist,inguieh one gene from another are
lacking. one meLhod to accomptish gene pyrarniding in barley would be to
develop doubled haploid populations for each of the resieÈance genes. Thue

a eet of homozygous linee that segregate between linee for Etem ruet
reeistance could be evaluated for dieeaee reeietance. Thie is important,
since evaluation of eingle F2 plants ig unreliable except in the caee of
Rpsl with race Mcc. Homozygous linee could be more accurat,ely
characterized" once characterized, bulk eegregant analyeis ueing Random

Amplified Polymorphic DNÀ (R-APDE) markere (Michetmore et aI., 1991) could
be used to identify DNA markere tinked to the different reeietance genes.
once markere have been identified, individual plante carrying two or three
of the Rpg genee could be accurately identified without having to uee the
pathogen"

3" screen raceg of ruet collected from many regione of the world and
thoge deveroped from any genetic croaÊ¡e' of the pathogen. rt many be
poeeible to identify a race epecific to each of t,he other resietance
geneE¡ 

"
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light and temperat,ure for developing ideal levels
barley need t,o be further inveøtigated eo that

etandard inoculat,ion practicee for s¡orkere in various labe can be

eetabliehed" since Pgt appeare to have more difficulty in becominE

eeÈabliehed on barley than on wheat, the factors that effecÈ thie
eetabliefunent may reguire etricter cont,rol t,han for wheat.

5" More work ueing effective quantitative t,echniquee neede to be
done with barley eeedlings. careful work wlth seedlinge may prove to be a

ugeful- alternative to handling adutt plante. A number of different races
using a emall differential aet of Iinee containing known e¡em ruet
reeíetance genes ehould be teeted. The euggested differential- Iinee
incrude the forrowing: Beacon carrying Rpgr, Hietpae-S carrying Rpg2, and
Pr382313 carrying Rpg3. rt ie expected, however, that lines with theee
geneE would differ in their recept.ivity towards different racee of rueÈ.

6. Very little ie underetood regarding yield lose due to infection
by Pgt. A yield losg trial ehould be conducted to better underetand the
potentÍal loeeee that may occur ehould Eevere epidemic conditione occur.

7. Some obeervations have been made that even with a local heavy
infection of barley with etem ruet, the dieeaee doee not appear to epread.
Epidemiologic reasone for this need to be coneidered. Ruete t,hat occur on
wild epeciee eeem to disperee much leee when compared to the
agriculturarry import,ant cereal ruste (Dr. A.p. Roelfe, perE. cornm. ). one
of the reasonE¡ euggested for thie is the poeeible et,ickineeg of the
urediniosporeE, which would hamper diepereion by wind. rt may be poeeible
that Pgx uredinioepores growing on barrey may have erightly different,
eurface propertiee when compared to the Barne race grown on wheat.
Additional etickineee of sporea woul-d retard apore diepereion but may add
to the levele of infection where ruet hae managed to become eEt.abliehed.

8" severar det,ergent eoruble proteine (Kim et ar., 19g4) and
proteins from intercellular washing fluide (Rohringer and Marteng, 19g7)
have been idenÈified ae being race-specific. Monoclonal antibodiee could
be developed for t,heee particurar prot,eins and then be appried to t,he
progeny of crosses between parent,al races that are pollrmorphic for a

OE

on
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Protein" rt may be poseible t.o develop a prot,ein marker for a virulence
gene"

9" The effecte of growth eÈage on reeistance or auecept,ibitity need
t'o be further inveetigated. Growth etage effecte ehould be coneidered at
the whole plant Ìevel and at the level of an individual internode.
Phyeiologic comparieone between t,ieeuee of different internodeg may reveaJ_

factore which enhance or retard t,he deveLopment of etem rus¿ infection.
10" An experiment deeigned to compare the reliability of ruet

eeverity readinge taken from roqr plot,e and hilr plots needg to be
conducted. rt ie hllpotheeized that. the level of int,raptot shading in hilt
prote would read to more variabre ru't eeverity readings. Areo"
competition between plante in a hill ptot ie higher than in a rov, plot and
may affect rust eeverity readings in other lraya.
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ÃBpendix l; Evaluat,ion of ruøÈ, øøverity
The evaruation of ruet, aeverity ie presen.ed by petereon and

campbell (1948) " The maximum eurface area covered by uredinia ie about 378
given that mycelial- development within a reaf or st,em is more exteneive.
rt ie aeeumed t'hat the danage caueed to the prant is at a maximu¡n with
thie rever of infection and ie given a varue of loo* aeverity. Lower ruet
eeverity ie obeerved ae plante having a }ower surface area covered by
uredinia"

To aeeese ruet geverity, known eueceptibre curt,ivara are incruded in
an experirnent eo that the deveropment of the epidemic in an artificíal
nurBery eetting can be monitored. The aueceptible cultivare ehourd be
supporting a high level of infection before noteg on ruet eeverity are
taken. severity ratinge are determined by comparing the amount of ruet
obeerved on a curtivar to that obeerved on the rueted check.

Experience in taking eeverity not,es for severar dieeaeee can be
obtained ueing the dieease eimulation program DrsrRArN (Tomerlin and
Howerr' lggg) or r,reing dieeaee aa'¡esament keys (i'ames, 19?1).






