
Theor Appl Genet (1991) 81:735-739 

@ Springer-Verlag 1991 

Analysis of the resistance of Aegilops squarrosa 
to the wheatgrass mildew fungus by using 
the gene-for-gene reationship 

Y. Tosa and K. Sakai 
Kochi University, Faculty of Agriculture, Nankoku, Kochi 783, Japan 

Received July 15, 1990; Accepted October 5, 1990 
Communicated by J. MacKey 

Summary. PmlO and Pml5, resistance genes to Erysiphe 
graminis f. sp. agropyri, are located on the D genome of  
common wheat. It was determined whether or not they 
were carried by existing lines of  the D genome donor, 
Aegilops squarrosa, using the gene-for-gene relationship. 
Two lines of  Ae. squarrosa tested (one was var. meyeri 
and the other was vat. anathera) were susceptible to cul- 
ture Tk-1 of  E. graminis f. sp. tritiei and were highly 
resistant to culture Ak-1 of  E. graminis f. sp. agropyri. 
The two lines were inoculated with an Fa population 
derived from the cross Ak- i  x Tk-l .  Comparative anal- 
yses of  the segregation patterns revealed that PpmlO and 
Ppml5, avirulence genes corresponding to PmlO and 
Pml5, respectively, are involved in the avirulence of  Ak-1 
on vat. meyeri and var. anathera, respectively. According 
to the gene-for-gene relationship, var. meyeri and vat. 
anathera were inferred to carry PmlO and Pml5, respec- 
tively. Analysis with a synthetic hexaploid confirmed the 
inference. 
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Introduction 

Erysiphe graminis DC., the powdery mildew fungus of  
gramineous plants, comprises several formae speciales. 
The host range of  each forma specialis is restricted to a 
genus of  gramineous plants. This relationship has been 
called forma specialis-genus specificity (Tosa and 
Shishiyama 1984; Tosa et al. 1987). 

Genetic analyses of  the forma specialis-genus 
specificity were made possible by Hiura and his cowork- 
ers. Hiura (1962, 1964) succeeded in hybridizing different 

formae speciales and produced F1 ascospores from a 
cross between E. graminis f. sp. agropyri (the wheatgrass 
mildew fungus, parasitic on Agropyron) and E. graminis 
f. sp. tritici (the wheat mildew fungus, parasitic on 
Triticum). He isolated the F 1 ascospores on wheat or 
wheatgrass, produced two F 1 populations, and examined 
their virulence on various wheat cultivars or wheatgrass 
accessions (Hiura 1978). Tosa (1989a) crossed culture 
Ak-I  of  E. graminis f. sp. agropyri with culture Tk-1 of  
E. graminis f. sp. tritici, isolated their F 1 ascospores on a 
common host of  the two formae speciales, and obtained 
an F1 population of  240 cultures. Using these cultures, 
Tosa (1989b) showed that the forma specialis-genus 
specificity follows the gene-for-gene relationship (Flor 
1956). 

In analyses of  host genes, we have identified four 
genes that condition the resistance of  common wheat 
[Triticum aestivum (L.) Thell.] to the wheatgrass mildew 
fungus (Tosa et al. 1987, 1988; Tosa and Sakai 1990). 
Two of  them, PmlO and Pml5, were located on the D 
genome. The D genome of  common wheat is known to be 
derived from a wild species, Aegilops squarrosa L. 
[Triticum tauschii (Coss.) Schmal.]. It is thus interesting 
to determine whether or not the existing population of  
Ae. squarrosa carries PmlO and Pml5. However, direct 
analyses for it are difficult since Ae. squarrosa is a diploid 
and common wheat is a hexaploid. 

We considered that the gene-for-gene relationship 
should make it possible to identify genes in Ae. squarrosa 
without crossing plants. The F1 population from Ak-1 x 
Tk-1 carries PpmlO and Ppml5, avirulence genes corre- 
sponding to PmlO and Pml5, respectively. Ae. squarrosa 
may be inoculated with the F 1 cultures. I f  PpmlO or 
Ppml5 condition avirulence on a line of  Ae. squarrosa, 
then the line should have the corresponding resistance 
genes, PmlO or Pml5, respectively. In the present study, 
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the resis tance o f  Ae. squarrosa to the wheatgrass  mi ldew 

fungus  was ana lyzed  using this idea. 

Materials and methods 

Fungal and plant materials 

Fungal materials used were the 240 F 1 cultures dervied from the 
cross between culture Ak-1 of Erysiphe graminis DC. f. sp. 
agropyri Em. Marchal and culture Tk-I ofE.  graminis DC. f. sp. 
tritici Em. Marchal, and 45 F 2 cultures derived from a cross 
between two F 1 cultures, Gw-34 and Gw-180 (Tosa 1989b). 
These cultures were maintained on Triticum urartu Thum. acces- 
sion 199-1 (Urr), the common host of the two formae speciales 
that had previously been used to isolate the F 1 and F 2 cultures 
(Tosa 1989a, b). 

Plant materials used were three lines of the D genome do- 
nor, Ae. squarrosa var. typica accession KU20-2 (tpc), var. 
meyeri accession KU20-10 (myr), var. anathera accession 
RL5266 (anth); three cultivars of common wheat, Triticum aes- 
tivum (L.) Thell. cv Norin 4 (N4), cv Red Egyptian (RE), cv 
Canthatch (Cth); and a synthetic hexaploid accession RL5403 
(TCA) produced from Tetra Canthatch (extracted AABB com- 
ponent of Cth) and anth (DD) (Kerber and Rowland 1974). The 
lines and cultivars were highly resistant (infection type 0) to 
Ak-1 with the exception of tpc, which allowed scant sporulation 
of Ak-1 (Table 1). All host material was susceptible (infection 
type 3) or highly susceptible (infection type 4) to Tk-1. 

Determination of infection types 

Seeds of test plants were sown in soil in 1.8 x 35 cm glass test 
tubes with paper plugs. On the same day, conidia of cultures to 
be tested were transferred to Urr seedlings growing in test tubes. 
The seedlings were grown in a controlled-environment room 
under fluorescent lighting (2,000-4,000 lx). The temperature 
in the room was 21-23~ during the light cycle (13 h) and 
19-21 ~ during the dark cycle (11 h). Eight days after sowing, 
primary leaves of test plants were inoculated with conidia from 
the 8-day-old colonies using wriling brushes. Eight days after 
inoculation, infection was rated using 13 progressive grades 
from 0 to 4 : 0  - no mycelial growth or sporulation; 0 + - 
mycelial growth or conidiophore formation with no visible 

sporulation; 1 - ,  1,1 + - scant sporulation; 2-,2,2 + - reduced 
sporulation; 3-,3,3 + - slightly reduced sporulation; and 4-,4 
- heavy sporulation. Taking frequency distribution of infection 
types into consideration, cultures were rated as avirulent or 
virulent, and seedlings were rated as resistant or susceptible. In 
this report avirulent, virulent, resistant, and susceptible are con- 
sidered only as relative. 

Results 

Avirulence gene analyses using F i cultures 

The  c o m m o n  whea t  cu l t ivar  N4  carries b o t h  PmlO and  

P m l 5  (Tosa et al. 1987; Tosa and  Sakai  1990). W h e n  N 4  

was inocu la ted  wi th  the F i  cul tures  der ived f r o m  A k - I  x 

T k - l ,  av i ru lent  and  vi rulent  cultures segregated in a 3 : 1 

ra t io  (Tosa 1989a), suggest ing tha t  two m a j o r  genes are 

invo lved  in the avi ru lence  o f  Ak-1 on N4.  The  two avir-  

u lence genes co r r e sponded  to PmlO and  Pml5 ,  and  were  

des ignated  PpmlO and  Ppml5 ,  respect ively (Tosa 1989 b; 

Tosa and Sakai  1990). 

W h e n  myr,  an accession o f  Ae. squarrosa, was inocu-  

la ted with  the F 1 cultures,  these cul tures  showed  a dis- 

con t inuous  d is t r ibu t ion  o f  infec t ion  types, wi th  one  

b reak  at 1 -  (Table 2). A s s u m i n g  that  cul tures  showing  

infec t ion  types 0 to 0 + and  1 -  to 4 were  avi ru lent  and  

virulent ,  respect ively,  the segrega t ion  f i t ted a 1:1 rat io,  

ind ica t ing  tha t  the avi ru lence  o f  Ak-1 on  m y r  is condi -  

t ioned  by one  m a j o r  gene. The  cul tures  av i ru lent  on myr  
were all av i ru lent  on  N4,  while the cul tures  v i ru lent  on 

myr  compr i sed  avi ru lent  and  v i ru lent  ones on  N 4  in a 1 : 1 
ra t io  (Table 3). These results indica ted  tha t  the gene con-  

d i t ioning  avi ru lence  on  myr  is the same as one  o f  the two 

genes cond i t i on ing  avi ru lence  on N4,  i.e., PpmlO and  

Ppml5.  A n  F1 culture,  Gw-34,  which carries PpmlO 
(Tosa and  Sakai  1990), was avi ru lent  on myr,  whereas  

ano the r  F 1 culture,  Gw-121,  which  carries Ppml5  (Tosa 

Table 1. Plant materials used, and their infection types with culture Tk-1 of Erysiphe graminis f. sp. tritiei, culture Ak-1 of E. graminis 
f. sp. agropyri, and their F 1 hybrid, Gw-34, Gw-180, and Gw-121 

Plant Infection type" with 

Tk-I Gw-34 Gw-180 Gw-121 Ak-I 

Aegilops squarrosa 
var. typiea accession K U  20-2 (tpc) 
var. meyeri accession KU 20-10 (myr) 
var. anathera accession RL5266 (anth) 

Triticum aestivum 
cv Norin 4 (N4) 
cv Red Egyptian (RE) 
cv Canthatch (Cth) 

Tetra Canthatch + anth (TCA) b 

3 2 2 3 1 
3 0 2 2 0 
4 0 3 0 0 

4 0 4 0 0 
4 2 3 4 0 
4 2 0 0 0 
4 2 _c 0 0 

" 0 - no mycelial growth or sporulation; 1 - scant sporulation; 2 - reduced sporulation; 3 - slightly reduced sporulation; 4 - heavy 
sporulation 
b Synthetic hexaploid produced from Tetra Canthatch (2n = 28 = AABB) and anth (2n = 14 = DD) (Kerber and Rowland 1974) 
c Not examined 
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Table 2. Distribution of infection types on Aegilops squarrosa lines and a common wheat cultivar in an F 1 population derived from 
a cross between Ak-1 of Erysiphe graminis f. sp. agropyri and Tk-1 of E. graminis f. sp. tritici 

Plant" No. of F~ cultures X 2 (ratio) P 

0 b 0+ 1-- 1 1 + 2 -  2 2+ 3-- to 4 Total Avirulent:virulent 

tpc 0 0 4 15 19 45 89 43 25 240 0:240 - - 
myr 105 18 0 10 9 18 34 38 8 240 123:117 0.15 (1:1) 0.50-0.75 
anth 164 23 7 11 10 6 8 5 6 240 187:53 1.09 (3:1) 0.25-0.50 
N4 r 185 3 0 1 11 19 11 5 5 240 188:52 1.42 (3:1) 0.10-0.25 

tpc - Ae. squarrosa var. typica; myr - Ae. squarrosa var. meyeri; anth - Ae. squarrosa var. anathera; N4 - Triticum aestivum cv 
Norin 4 
b Infection type. 0 to 0 +,  avirulent; 1 -  to 4, virulent 

Reported by Tosa (1989a) 

Table 3. The combined segregation on sets of Aegilops squar- 
rosa lines or a common wheat cultivar in an F t population 
derived from a cross between Ak-1 of Erysiphe grarninis f. sp. 
agropyri and Tk-I of E. graminis f. sp. tritici 

Plant ~ No. of F 1 cultures Z 2 [ratio] 

p q ApAq b A~Vq ~Aq VpYq Total 

myr N4 123 0 65 52 240 1.56 
[2:(0:)1:1] 

anth N4 167 20 21 32 240 8.09* 
[5:1:1:1] 
53.54** 
[9:3:3:1] 

myr anth 102 21 85 32 240 4.71 
[3:1:3:1] 

a myr - Ae. squarrosa var. meyeri; anth - Ae. squarrosa var. 
anathera; N4 - Triticum aestivurn cv Norin 4 
b A - Avirulent (infection type 0 to 0 +); V - Virulent (infection 
type 1 -  to 4). For example, AvV ~ represents cultures that are 
avirutent on p and virulent on q. 
* Significant at the 5% level 
** Significant at the 1% level 

and Sakai 1990), was virulent on it (Table 1). It was, 
therefore, concluded that the gene conditioning aviru- 
lence on myr is PpmtO. 

On anth the distribution of F t  phenotypes was not  
discontinuous, with a small class at infection type 1 -  
(Table 2). If  the same division was used as in N4 and myr, 
i.e., between 0 +  and 1- ,  the segregation fitted a 3 : i  
ratio. This suggested that at least two genes are involved 
in the avirulence of Ak-I  on anth. As mentioned above, 
the avirulence of Ak-1 on N4 is also conditioned by two 
genes. For  the relationship between the two pairs of avir- 
ulence genes, two hypotheses are possible (Hiura 1978; 
Tosa 1989 a). One hypothesis assumes that the two pairs 
have one gene in common, i.e., that three genes are in- 
volved in the avirulence of Ak-1 on anth and N4: A1, a 
gene condit ioning avirulence on both anth and N4; A2, 
a gene condit ioning avirulence only on anth; and A 3, a 
gene condit ioning avirulence only on N4. Their virulence 

alleles are symbolized as a~, a2, and a3, respectively. The 
genotypes of Ak-1 and Tk-1 are then A1A~A 3 and 
ala2a3, respectively. In the F 1 generation from the cross, 
Ak-1 x Tk- l ,  eight genotypes occur. Of these genotypes, 

AIA2A3, A 1A2a3, A la2A3, and A la2a3 are avirulent on 
both anth and N4 since they possess A~. Another  geno- 
type, a~A2A a, is also avirulent on both anth and N4 since 
it possesses both A 2 and A 3. Genotypes alA2a 3 and 
a~a2A~ are avirulent only on anth and only on N4, re- 
spectively. The eighth genotype, alaza3, is virulent on 
both anth and N4 since it does not  possess any of the 
three avirulence genes. Consequently, the four possible 
phenotypes are expected to occur in a 5:1 : 1 : 1 ratio. 

The other hypothesis assumes that the two pairs of 
avirulence genes have no common gene, i.e., that four 
genes are involved in the virulence of Ak-1 on anth and 
N4: Aa,A2, genes condit ioning avirulence only on anth; 
and A3,A ~, genes conditioning avirulence only on N4. 
The virulence alleles are a~, a2, a3, and a4, respectively. 
The genotypes of Ak-1 and Tk-1 are then A~A2AaA 4 and 

ala2aaa4, respectively. In  the F~ generation from the 
cross Ak-1 x Tk- l ,  16 genotypes occur. Of these geno- 

types, A1A2A3A4, A1A2A3a4, A1A2a3A4, Ala~A3A4, 
AaazA3a4, Aaa2a3Aa, alA2A3A4, atA2A3a 4, and 
a~A2a3A 4 are avirulent on both anth and N4. Three 
genotype - A~A2a3a4, Ala2a3a,, and atAza3a 4 - are 
avirulent only on anth. Three genotypes - a~a2A3A~, 
a~a2A3a,, and ala2a3A 4 - are avirulent only on N4. The 
remaining genotype, alaza3a4, is virulent on both anth 
and N4. Consequently, the four possible phenotypes are 
expected to occur in a 9 : 3 : 3 : i ratio. 

When the data on anth and on N4 were combined, 
the segregation of the four possible phenotypes fitted the 
5: 1 : 1 : 1 ratio rather than the 9 : 3 : 3 : 1 ratio (Table 3). 
This result suggested that one of the two genes condition- 
ing avirulence on anth is the same as one of the two genes 
conditioning avirulence on N4, i.e., PpmlO and Ppml5. 
It is not  clear why the actual ratio deviated from the 
5 : 1 : 1 : 1 ratio at the 5% level. It should be noted that the 
deviation is characterized by lower numbers of recombi- 
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Table 4. Distribution of infection types on Aegilops squarrosa var. meyeri (myr) and Triticum aestivum cv Norin 4 (N4) in an F 2 
population derived from a cross between two F 1 cultures of Erysiphe graminis, Gw-34 and Gw-180 

Plant No. of Fz cultures )~2 (l:1) P 

0 a 0+ 1 -  1 1 + 2 -  2 2+ 3 -  to 4 Total Avirulent:virulent 

myr 22 0 0 0 0 0 7 8 8 45 22:23 ~ 0.02 0.75-0.90 
N4 b 22 0 0 0 0 0 2 6 15 45 22:23 0 . 0 2  0.75-0.90 

" Infection type 
b Reported by Tosa (1989b) 
c All of the 22 cultures avirulent on N4 were avirulent on myr, and all of the 23 cultures virulent on N4 were virulent on myr 

Table 5. Distribution of infection types with an F~ culture of Erysiphe graminis, Ow-121, in F~ populations derived from crosses 
among Aegilops squarrosa lines, common wheat cultivars, and a synthetic hexaploid wheat 

Cross" No. of F z seedlings X2 (3:1) P 

0b 0+ 1 -  1 1+ 2 -  2 2+ 3 -  to4 Total Resistant: 
susceptible 

anth x tpc 79 10 9 0 0 8 13 6 5 130 98:32 0.01 >0.90 
Cth x RE 65 0 0 0 0 2 3 7 6 83 65:18 0.49 0.25-0.50 
Cth x N4 251 0 0 0 0 0 0 0 0 251 251:0 - - 
TCA x Cth 255 1 0 0 0 0 0 0 0 256 256:0 - - 

anth - Ae. squarrosa var. anathera; tpc - Ae. squarrosa var. typica; Cth - Triticum aestivum cv Canthatch; RE - T. aestivum cv Red 
Egyptian; N4 T. aestivum cv Norin 4; TCA - synthetic hexaploid produced from Tetra Canthatch (2n = 28 = AABB) and anth 
(2n = 14 = DD) 
b Infection type 

nant  cultures (ApVq and VpAq) than those expected. 
There may be linkage between the gene condit ioning 
avirulence only on anth and the one condit ioning aviru- 
lence only on N4. 

When the data on myr and on anth were combined, 
the segregation of the four possible phenotypes fitted a 
3 : 1 : 3 : 1 ratio (Table 3), indicating that the avirulence on 
myr and that on anth are inherited independently. There- 
fore, neither of the two genes condit ioning avirulence on 
anth are PpmlO, which conditions avirulence on myr. It 
was concluded that the gene condit ioning avirulence on 
both anth and N4 is Ppml5. 

On tpc, which allowed scant sporulation of Ak- l ,  the 
distribution of F1 phenotypes was continuous,  with no 
breaks (Table 2). There were no F 1 cultures that showed 
infection type 0 or 0 + .  

Avirulence gene analyses using F z cultures 

Gw-34 was avirulent on N4 while another F1 culture, 
Gw-180, was virulent (Table 1). When N4 was inoculated 
with the 45 F 2 cultures derived from Gw-34 x Gw-180, 
avirulent and virulent cultures segregated in a 1 : 1 ratio 
(Table 4), indicating that the avirulence of Gw-34 on N4 
is conditioned by a single gene (Tosa 1989b). This gene 
was PpmlO (Tosa 1989b). 

Gw-34 was avirulent on myr, but  Gw-180 was viru- 
lent (Table 2). When myr was inoculated with the F z 

cultures, avirulent and virulent cultures also segregated 
clearly in a 1 : 1 ratio (Table 4). The segregation pattern 
on myr was identical to that on N4; the 22 cultures 
avirulent on N4 were all avirulent on myr, while the other 
23 cultures virulent on N4 were all virulent on myr. These 
results indicated that the avirulence of Gw-34 on myr is 
also conditioned by PpmlO. 

The results of avirulence gene analyses showed that 
PpmlO and Ppml5 condition avirulence on myr and 
anth, respectively. Based on the gene-for-gene relation- 
ship, it was inferred that myr and anth should carry 
PmlO and Pml5,  respectively. 

Evidence that the inference from avirulence gene analyses 
is correct 

Anth  was highly resistant to Gw-121, which had been 
used to identify Pml5 (Tosa and Sakai 1990), while tpc 
was susceptible (Table 1). When a n  F 2 populat ion from 
anth x tpc was inoculated with Gw-121, resistant and 
susceptible seedlings segregated in a 3 : 1 ratio (Table 5), 
indicating that the resistance of anth to Gw-121 is condi- 
tioned by a single gene. 

N4 and Cth were highly resistant to Gw-121, while 
RE was highly susceptible (Table 1). The resistance of N4 
to Gw-121 is conditioned by Pml5 (Tosa and Sakai 
2990). When a n  F 2 populat ion from Cth x RE was inoc- 
ulated with Gw-121, resistant and susceptible seedlings 
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segregated in a 3 : 1 ratio (Table 5). A cross between Cth 
and N4 yielded no susceptible F 2 seedlings (Table 5), 
indicating that these cultivars have a resistance gene in 
common. These results showed that the resistance of  Cth 
to Gw-121 is also conditioned by Pml5. 

The synthetic hexaploid produced from Tetra Can- 
thatch and anth (TCA) was highly resistant to Gw-121 
(Table 1). Tetra Canthatch should not carry genes condi- 
tioning resistance to Gw-121, since the resistance of  Cth 
to Gw-121 is conditioned by the single gene (Pml5) lo- 
cated on the D genome. Hence, the resistance of  TCA to 
Gw-121 is attributable to the gene carried by anth. When 
an F 2 population from TCA x Cth was inoculated with 
Gw-121, no susceptible seedlings occurred (Table 5). It 
was, therefore, concluded that the gene conditioning the 
resistance of  anth to Gw-121 is Pml5. These results con- 
firmed the inference that anth carries Pml5. 

Discussion 

Flor (1956) established the gene-for-gene relationship in 
the rust race-flax cultivar system. Moseman (1959) and 
Hiura et al. (1961) showed that this relationship holds 
true in interactions between races of  E. graminis f. sp. 
hordei and barley cultivars. The three reports referred to 
the application of  the gene-for-gene relationship to iden- 
tify resistance genes: " I f  the same gene conditions the 
pathogenicity of  a culture on two cultivars, then those 
cultivars should have the same gene conditioning their 
reaction to that culture (Moseman 1966)." In the present 
study, this idea was successfully applied to compare resis- 
tance genes between plant species that are different in 
ploidy. 

Genes in tetraploid or diploid progenitors can be 
compared with genes in hexaploid wheat using synthetic 
hexaploids. However, production of  a synthetic hexa- 
ploid is a ' labor ious  work. Furthermore, resistance of  
tetraploid or diploid species is often unexpressed when 
they are combined in an amphiploid (Kerber 1983). An 
example is found in the materials used in the present 
study (Table 1). Anth  was resistant to Gw-34, whereas 
TCA was susceptible. The resistance of  anth to Gw-34 
was not expressed in the synthetic hexaploid. These ob- 
stacles could be overcome by the analysis using the gene- 
for-gene relationship. 

The present study showed that the exiting population 
ofAe. squarrosa carries PmlO and Pml5. This result indi- 
cates that the two genes arose before the formation of  
hexaploid wheat from its tetraploid (AABB) and diploid 
(DD) progenitors. 
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