
Introduction

Wheat rusts (Puccinia sp.) are still considered as

diseases of major significance. Over the past 20

years, much effort has been made in searching for

resistance genes, their genetic and molecular anal-

ysis, and breeding for rust resistance of tetraploid

and hexaploid wheat. Because of the continuously

evolving virulence in species of this genus, the

wheat rusts have also started to heavily infect

triticale worldwide, and are among the most often

reported triticale diseases (Arseniuk 1996). It is

well documented that triticale is presently at-

tacked by physiological wheat forms of all three

rusts P. graminis, P. triticina and P. striiformis

(McIntosh and Singh 1986; Saari et al. 1986;

Singh and Saari 1991; Arseniuk 1996).

Stripe rust (P. striiformis f. sp. tritici) prefers

humid and cool (3–15
oC) habitats (Arseniuk

1996), which are associated with northern lati-

tudes and higher elevations, where triticale is fre-

quently grown. This pathogen can overwinter on

autumn-sown plants. Because of its early attack,

losses can be severe (50%) due to shriveled grain

and damaged tillers (Roelfs et al. 1992;

Hovm�ller 2001).

Pathogenicity of the wheat stripe rust popula-

tion in Poland was investigated between 1999 to
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2001 (WoŸniak-Strzembicka 2003). Field obser-

vations showed that Puccinia striiformis f. sp.

tritici is becoming an increasingly serious threat to

triticale cultivation in Poland. Since host resis-

tance is considered to be the principal and most

economical mechanism of cereal rust (Johnson

1981; Arseniuk 1996), an attempt has been made

to exploit genes from the Am genome of the diploid

wheat line TM16 (Triticum monococcum L. var.

macedonicum Papag.) to enhance triticale resis-

tance to wheat rusts. Overcoming of the incompat-

ibility barriers between diploid wheat and diploid

rye offers a possibility by which the amphiploid can

be used as a bridge genotype in the process of intro-

duction of T. monococcum genes (Sodkiewicz

1997). A wheat–rye amphitetraploid (AmAmRR) was

crossed with hexaploid triticale to develop, after re-

current hybridization, a number of introgressive

triticale lines Tcl/Tm (Sodkiewicz et al. 2002).

The response of these A/Am recombinant in-

bred lines of triticale to inoculation with leaf rust

showed an expression of resistance based on dip-

loid wheat genes (Sodkiewicz and Strzembicka

2004). Under field conditions, the T. monococcum

line TM16 (the gene donor) was found to be highly

resistant also to stripe rust. The aims of this study

were as follows: (1) to determine if stripe rust re-

sistance was introduced into the introgressive

triticale lines; (2) to analyze the expression of re-

sponsible diploid wheat gene(s) at the hexaploid

level; and (3) to study the relationship between the

response to stripe rust and the leaf rust resistance

introduced with T. monococcum genes.

Materials and methods

Plant materials

Material for the study consisted of 43 secondary
hexaploid triticale lines developed as a result of in-
troduction of genetic information from
T. monococcum L. var. macedonicum Papag. (line
TM16) into the hexaploid triticale LT522/6. To
overcome incompatibility barriers, the line TM16
was crossed with diploid rye (cv. Dankowskie
Z³ote) and by using in vitro cultured F1 hybrids an
AmAmRR amphiploid was produced. This syn-
thetic AmAmRR amphitetraploid provided pollen
for the winter hexaploid triticale line LT522/6,
which became the recipient parent.

Pentaploid F1 hybrids (2n = 35) originating

from those crosses were backcrossed with the pa-

rental triticale, and BC1 plants were propagated

until the BC1/F4 generation with accompanying

chromosome number and fertility checking. Plants

selected in respect of restitution of the hexaploid

somatic chromosome number (secondary

hexaploids) were propagated by self-pollination as

Am/A recombinant inbred lines (introgressive

lines). These lines as well as the parental stocks of

diploid wheat, rye and triticale were inoculated at the

seedling stage (in the greenhouse) and the adult plant

stage (in the field) with stripe rust (P. striiformis

f. sp. tritici) and were evaluated for resistance. Sus-

ceptible bread wheat cultivar Michigan Amber was

used as check in the study.

Seedling tests

In the greenhouse, seedlings were kept in plastic

pots and grown under controlled conditions (20oC,

8 h photoperiod) until the appearance of the second

leaf. Twenty plantlets of each line were inoculated

with four stripe rust pathotypes 1a, 2a, 3a, 4a, which

are the most frequent in Poland (WoŸniak-

Strzembicka 2003). These isolates were tested for

virulence on seedlings of the World/European dif-

ferential set with Yr resistance genes (see Johnson

et al. 1972), with the support of some additional

wheat stocks carrying the known Yr genes. The ge-

netic virulence/avirulence formulae of the

pathotypes are presented in Table 1.

Leaves of the seedlings were inoculated with a

suspension of each isolate (12 000 uredo-

spores mL–1), incubated for 24 h in a moisture

chamber and transferred to controlled conditions

(10–15oC, 3 500 lx light). Ten days after inocula-

tion, the infection type (IT) was assessed on a scale

of 0–4 (Roelfs et al. 1992). Plants of types 0–2

were classified as resistant, and those of types 3–4

as susceptible. Averaged IT was calculated for

each introgressive Tcl/Tm line on the basis of in-

oculations with four stripe rust pathotypes.

Adult plant tests

In the field, the lines were grown in two-row plots

(1 m in length) randomized in two growing sea-

sons (2002 and 2003). In both the experiments, in-

oculation was conducted at the 9–10 Zadoks’

growth stage. Plants were inoculated with a mix-

ture of the same four pathotypes (Table 1) on one

half (50 cm in length) of each two-row plot. The

second half of each plot and the susceptible wheat

cultivar (cv. Michigan Amber) served as controls

of the inoculation effectivity. Adult plant resis-

tance (APR) and percentage of infected leaf area

(infection severity, IS) were scored on a modified

Cobb scale (Roelfs et al. 1992). Thereafter, the
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data on APR and IS were transformed into the co-

efficient of infection (CI) according to Roelfs et al.

(1992).

Statistic analysis

One-factor analysis of variance and the Duncan

multiple range tests were used to study the differ-

ences and relations between introgressive geno-

types (lines) with respect to CI values assessed in

two field experiments. The data were subjected to

analysis of variance (ANOVA) using MSTAT

software (Michigan State University, East Lan-

sing, USA). Coefficient of linear correlation be-

tween seedling infections (averaged IT value) and

adult plant response (the maximum CI value in the

two seasons) was also calculated.

To analyze the relations among introgressive

genotypes with respect to leaf rust (P. triticina) re-

sistance and stripe rust (P. striiformis) resistance

indices jointly, results of this study was compared

with previously reported data on leaf rust infection

score in the same set of introgressive lines

(Sodkiewicz and Strzembicka 2004). The coeffi-

cient of linear correlation (r) was calculated and its

significance was verified. Finally, the hypothesis

about gene linkage was verified with the �
2-link-

age test.

Results

A wide array of seedling infection types (IT),

ranging from resistance (IT = 0–2) to susceptibil-

ity (IT = 3–4), were recorded among introgressive

triticale lines and parental stocks (Table 2). Line

TM16 of T. monococcum consistently showed ITs

of 0–1 in testing with four different stripe rust

pathotypes. In contrast, ITs for parental triticale

LT522/6, being the recipient parent in the process

of introgression of diploid wheat genes, were high

and similar to those for the susceptible check

wheat cv. Michigan Amber. Among the 43

introgressive triticale lines carrying some parts of

the T. monococcum Am genome, from 12 to 13

lines were rated as seedling resistant (IT = 0–2) in

inoculations with particular of the stripe rust

pathotypes used.

Pathotype 4a was the most aggressive, because

among introgressive lines classified as seedling re-

sistant it gave the lowest number of lines with IT =

0 and the highest number of lines with IT = 2

(Table 2). This suggests that the resistance to this

pathotype was slightly lower than the other

pathotypes used. Some of the introgressive

triticale lines expressed resistance to two or three

pathotypes and susceptibility to one or two others

pathotypes evaluated for resistance. Susceptibility

was most frequently observed for pathotype 4a.

Distribution of the introgressive lines in respect of

the averaged IT (based on inoculations with all

four pathotypes used) is presented in Figure 1. Al-

together, 7 lines were resistant to all four stripe

rust pathotypes applied in artificial inoculations

(mean seedling IT = 0.25–1.00).

Field evaluation of adult plant resistance

(APR) gave consistent results in both the years of

the experiment. Exactly the same lines, with only

one exception, were found in groups R–MR (i.e.

completely or moderately resistant) and MS–S

(i.e. moderately or completely susceptible) in both

field evaluations, giving possibilities for clear sep-

aration of resistant and susceptible introgressive

lines. The set of introgressive genotypes in both

field experiments classified as R or MR consisted

of 16 Tcl/Tm lines. Five of these lines were classi-

fied as completely resistant (R) in both the years of

testing.

The infection severity (IS) was also assessed

for each Tcl/Tm line using the modified Cobb

scale and then combined with APR values into the

coefficient of infection (CI). Average CI values

for each Tcl/Tm line, in both years of inoculation,

in the field showed a wide range of variability us-

able as a numeric characteristic of adult plant re-

sistance expressed by any particular introgressive

genotype in the Duncan multiple range test

(Table 3).

CI values (for every line maximal in two years)

showed a statistically significant correlation

(r = 0.745) with averaged ITs values of seedling

response to inoculation. Plant response to stripe
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Table 1. Genetic avirulence/virulence formulae of selected pathotypes of Puccinia striiformis f. sp. tritici

Pathotype Genetic formulae of the avirulence/virulence (effective / ineffective genes)

1a Yr7, Yr9, Yr10, Yr17, YrA, YrSu, Yr6+7, YrA+6 / Yr1, Yr2, Yr3, Yr4, Yr6, Yr8, YrCV, YrSD, YrSP, Yr3a+4a, Yr2+6

2a Yr7, Yr17, YrA, YrSP, Yr6+7 / Yr1, Yr2, Yr3, Yr4, Yr6, Yr8, Yr9, Yr10, YrCV, YrSD, YrSu, Yr3a+4a, Yr2+6, YrA+6

3a Yr7, Yr9, Yr17, YrA, YrSP, YrSu, Yr6+7 / Yr1, Yr2, Yr3, Yr4, Yr6, Yr8, Yr10, YrCV, YrSD, Yr3a+4a, Yr2+6, YrA+6

4a Yr6, Yr7, Yr8 Yr9, Yr10, Yr17, YrA, YrSu, YrSP, Yr6+7, YrA+6 / Yr1, Yr2, Yr3, Yr4, Yr9, YrCV, YrSD, Yr3a+4a,
Yr2+6



rust was compatible at these two developmental

stages, with a high statistical probability

(P < 0.01).

In addition, the classification of introgressive

genotypes (lines) as resistant or susceptible on the

basis of ITs of seedlings showed a high compati-

bility with resistance/susceptibility distribution in

the adult plant response to infection [(R+MR)/

(S+MS)], when compared to the �
2 test (�2 =

29.454, P < 0.001). This high probability strongly

suggests that in the analyzed set of introgressive

lines, the same gene of stripe rust resistance was

expressed at the seedling and adult plant stages.

Analysis of this resistance showed some linkage

with resistance to leaf rust (Puccinia triticina) in-

troduced with T. monococcum genes (Sodkiewicz

and Strzembicka 2004). Classification of seedlings

as resistant (IT = 0–2) or susceptible (IT = 3–4) in

response to stripe rust and in response to leaf rust

has given a significant value of the linkage test (�2 =

32.818, P < 0.001). It is also important to note that

all Tcl/Tm genotypes assessed in this artificial in-

oculations as stripe rust resistant also showed an

adult plant resistance to leaf rust in the previous

studies. Similarly, all Tcl/Tm lines presently

assessed as leaf rust susceptible also showed sus-

ceptibility reaction of the adult plant to stripe rust.

Thus full concordance of this data was observed

(also refer Table 3).

Discussion

In the climatic conditions of Poland, the incidence

of stripe rust (Puccinia striiformis) infection in

triticale has increased in the last few years. One

reason for the high frequency of the disease scored

in breeding stations were cool and overcast sum-

mers, which favored the development of the dis-

ease (e.g. in 2000 and 2004). Simultaneously, in

such conditions, it was very easy to observe that

inoculum of virulent pathotypes is abundant

(Strzembicka unpublished). This means that viru-

lence corresponding to the resistance genes of

many triticale cultivars and breeding stocks was at

a high frequency in the pathogen population.

Although one of the primary aim of triticale

breeding had been to connect diseases resistance
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Table 2. Seedling reaction of introgressive triticale lines to particular pathotypes of Puccinia striiformis compared

with the parents and the check wheat cultivar – quantitative distribution

Stripe rust
pathotype

Infection type (IT) Number of introgressive triticale lines with infection
type (IT) value of

T. monococcum
(TM 16)

triticale parent
(LT522/6)

Check wheat
(Michigan Amber)

0 1 2 3 4

1a 1 4 4 6 7 0 0 27

2a 0 4 4 8 4 0 0 31

3a 1 4 4 8 3 1 1 28

4a 1 4 4 3 5 4 0 31

Figure 1. Mean seedling infection type (IT) of introgressive Tcl/Tm lines of triticale when inoculated with four wheat

stripe rust pathotypes



of rye with bread wheat productivity, the rye genes

for leaf rust and stripe rust resistance are no longer

effective (Arseniuk 1996; Bayles et al. 2000;

Hovm�ller 2001; Sodkiewicz and Strzembicka

2004).

The data of stripe rust virulence surveys across

the Europe (Bayles et al. 2000) showed that five of

six of the most common pathotypes identified in

1999 are virulent for the rye gene Yr9, introduced

to triticale with rye chromosome arm 1RS as a

cluster of resistance genes Lr26 + Sr31 + Yr9. Due

to these reasons, there is a strong need for new re-

sistance genes to be introduced into the triticale

genome. The list of stripe rust resistance genes

comprises 32 (Yr) genes that have been identified

and introduced into common wheat (McIntosh

et al. 2003). However, the majority of these genes

are currently ineffective due to virulence in the

pathogen (Wang and Pasquini 1999). Some recent

pathogenicity studies have suggested that the cur-

rent stripe rust resistance of high-yielding and

commonly grown durum and bread wheats maybe

conferred by only few (4 to 5) resistance genes

(Ma et al. 1997; WoŸniak-Strzembicka 2003; see

also pathotype 2a in Table 1). No gene from

T. monococcum has been reported on the current

list of Yr genes. Because of this, the new genetic

material transferred from the Am genome of
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Table 3. Mean values of disease score (coefficient of infection) assessed on introgressive triticale lines as well as

their donor and recipient parent inoculated with P. striiformis f. sp. tritici in two field experiments in comparison

with their resistance to leaf rust resistance

Genotype Stripe rust resistance values Leaf rust resistance

Coefficient of infection (CI) Duncan’s multiple range test values AUDPC*

Exp. 1 Exp. 2 Mean

TM 16
RB 45
RB 22
RB 36
RB 17
RB 13
RB 19
RB 37
RB 26
RB 18
RB 23
RB 8
RB 20
RB 35
RB 43
RB 44
RB 31
RB 11
RB 33
RB 40
RB 15
RB 27
RB 21
RB 42
RB 25
RB 12
RB 41
RB 24
RB 46
RB 14
RB 39
RB 29
RB 32
RB 38
RB 10
RB 9
RB 28
RB 4
RB 5
LT 522/6
RB 16
RB 30
RB 7
RB 34
RB 6
Michigan Amber

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
2.0
0.2
4.0
0.2
0.2
6.0
8.0
8.0

12.0

16.0
24.0
24.0
24.0
32.0
30.0
16.0
25.0
20.0
40.0
30.0
40.0
50.0
36.0
55.0
50.0
40.0
50.0
40.0
60.0
45.0
50.0
50.0
55.0
65.0
55.0
75.0
60.0
70.0

0.2
0.2
0.2
0.2
0.2
0.2
2.0
2.0
2.0
4.0
4.0
8.0
8.0
6.0

8.0
8.0
8.0
8.0
8.0

24.0
24.0
16.0
24.0
40.0
32.0
40.0
20.0
30.0
32.0
24.0
40.0
24.0
30.0
30.0
30.0
40.0
30.0
50.0
50.0
50.0
50.0
40.0
55.0
40.0
60.0
80.0

0.2
0.2
0.2
0.2
0.2
0.2
1.1
1.1
2.0
2.1
4.0
4.1
4.1
6.0
8.0
8.0

10.0
12.0
16.0
24.0
24.0
24.0
27.0
28.0
28.5
30.0
30.0
30.0
36.0
37.0
38.0
39.5
40.0
35.0
40.0
40.0
45.0
47.5
50.0
50.0
52.5
52.5
55.0
57.5
60.0
75.0

A
A
A
A
A
A
A
A
A
A
AB
AB
AB
AB
ABC
ABC
ABCD
ABCD
BCDE
BCDEF
BCDEF
BCDEF

CDEFG
CDEFG
CDEFG

DEFGH
DEFGH
DEFGH

EFGHI
EFGHIJ

FGHIJ
FGHIJK
FGHIJK
FGHIJK
FGHIJK
FGHIJK
FGHIJK
GHIJK

HIJK
HIJK

IJK
IJK
IJK
JKL
KL

L

0
0
0
0
0
0
0

23.6
0
0
0
0
0

33.2
27.1
13.1
0

38.6
77.5
72.5
82.2
63.1
65.6

110.2
90.1

105.2
119.8
142.1
149.3
178.5
120.7
249.3
370.7
203.2
308.2
373.6
564.3
386.7
230.1
262.5
375.2
322.1
379.1
625.6
492.6
668.5

*the area under disease progress curve (AUDPC) according to Sodkiewicz and Strzembicka (2004)



T. monococcum makes a valuable enrichment of

the pool of resistance genes.

In this study, the genetic factor from diploid

wheat was found in our assessments to be effective

with all four stripe rust pathotypes that are the

highest in virulence and the most frequent in Po-

land. However, its effectiveness was smaller than

leaf rust resistance gene(s) described previously in

plants of the T. monococcum TM16 line

(Sodkiewicz and Strzembicka 2004), as the IT val-

ues after stripe rust inoculations were higher,

reaching up to 1. Besides, none of the

introgressive triticale lines showed IT = 0 with all

four pathotypes of stripe rust, although this was

observed after inoculations with leaf rust

(Sodkiewicz and Strzembicka 2004). This new

leaf rust resistance gene was named LrTM16

(Sodkiewicz et al. 2008).

The highly significant linkage (P < 0.01,

�
2 test), and the full concordance of the resistance

to leaf rust with adult plant resistance to stripe rust

in a set of introgressive lines after some cycles of

recombination support a hypothesis of simple ge-

netic background (maybe some major gene deter-

mination) of both resistances in T. monococcum

genome and suggest that resistance genes against

this two pathogenic fungi are located in proximity.

This limitation of recombination resembles the in-

heritance of the cluster of rust resistance genes

(Lr+Yr+Sr) which is known on chromosome 6M

of Ae. ventricosa and another one on chromosome

1RS of rye. It is difficult to exclude the presence of

a third element of such a cluster in

T. monococcum, because reaction to the inocula-

tion with stem rust in the TM16 line showed ex-

pression of a resistance. Since there is no officially

named Yr gene from the Am genome of

T. monococcum, we have temporarily named the

gene expressed in introgressive Tcl/Tm lines as

Yr TM16.

Altogether, seven of the set of 43 introgressive

triticale lines showed resistance as both seedlings

and adult plants to all applied pathotypes of stripe

rust. These lines could be of great importance for

triticale breeding because this resistance was in-

troduced from T. monococcum to hexaploid

triticale earlier than bread wheat. This is a rare

event, offering the possibility to develop some

new background of resistance in the triticale ge-

nome, distinct from that used in wheat breeding.

This could act, to some extent in triticale breeding,

as the limiting factor for a new virulence that could

arise in the extensive wheat fields, making dura-

bility of this novel triticale resistance more effi-

cient as compared to resistance derived from the

primary gene pool of wheat.

Acknowledgements. This study was a part of the

project No. HORhn – 4040/dec-143/04 sponsored by

the Ministry of Agriculture and Rural Development,

Plant Productivity Dept., Poland.

REFERENCES

Arseniuk E, 1996. Triticale diseases – a review. In:
Guedes-Pinto H. et al. (eds.), Triticale: Today and
Tomorrow. The Netherlands, Kluwer Acad. Pub-
lishers: 499–525.

Bayles RA, Flath K, Hovm�ller MS, de
Vallavieille-Pope C, 2000. Breakdown of the Yr17
resistance to yellow rust of wheat in Northern Eu-
rope. Agronomie 20: 805–811.

Hovm�ller MS, 2001. Disease severity and pathotype
dynamics of Puccinia striiformis f. sp. tritici in
Denmark. Plant Pathology 50: 181–108.

Johnson R, 1981. Durable disease resistance. In:
Jenkyn IF, Plumb RT (eds.), Strategies for Control
of Cereal Diseases. Blackwell, Oxford: 55–63.

Johnson R, Stubbs RW, Fuchs E, Chamberlain NH,
1972. Nomenclature for physiologic races of
Puccinia striiformis infecting wheat. Trans Br
Mycol Soc. 58: 475–480.

Ma H, Singh RP, Mujeeb-Kazi A, 1997. Resistance to

stripe rust in durum wheats, A-genome diploids,

and their amphiploids. Euphytica 94: 279–286.

McIntosh RA, Singh SJ, 1986. Rusts – Real and poten-
tial problems for triticale. Proc Int Triticale Symp.,
Sydney, Occasional Publ No. 24: 199–207.

McIntosh RA, Yamazaki Y, Devos KM, et al. 2003.
Catalogue of Gene Symbols for Wheat. Proc 10th
Int Wheat Genetics Symp., Paestum, Rome, Italy:
Vol. 4.

Roelfs AP, Singh RP, Saari EE, 1992. Rust Disease of
Wheat: Concepts and methods of disease manage-
ment. Mexico, D.F., CIMMYT: 1–81.

Saari E, Varughese G, Abdalla OA, 1986. Triticale dis-

eases: Distribution and importance. Proc Int

Triticale Symp, Sydney, Occasional Publ 24:

208–231.

Singh RP, Saari EE, 1991. Biotic stresses in triticale.
Proc 2nd Int Triticale Symp, Mexico D.F.,
CIMMYT: 171–181.

Sodkiewicz W, 1997. Synthesis of wheat-rye
allotetraploids in the process of T. monococcum L.
(2n=14) genes introgression into hexaploid triticale
(2n=6x=42) (xTriticosecale Wittmack). IPG PAS
(ed.), series Treatises and Monographs v. 7, Poznan,
(in Polish): 1–109.

Sodkiewicz W, Sodkiewicz T, Makarska E, 2002.
Introgression of Triticum monococcum genes as a
method of widening of hexaploid triticale
biodiversity. In: Mar� C, Faccioli P, Stanca AM.,
From Biodiversity to Genomics: Breeding Strat-
egies for Small Grain Cereals in the Third

210 W. Sodkiewicz et al.



Millenium. EUCARPIA – Cereal Section Meeting
(21-25 November, 2002), Salsomaggiore, Italy:
147–149.

Sodkiewicz W, Strzembicka A, 2004. Application of
Triticum monococcum for the improvement of
triticale resistance to leaf rust (Puccinia triticina).
Plant Breeding 123: 39–42.

Sodkiewicz W, Strzembicka A, Apolinarska B, 2008.
Chromosomal location in triticale of leaf rust resis-

tance genes introduced from Triticum monococcum.
Plant Breeding 127: 364–367.

WoŸniak-Strzembicka A, 2003. Wheat yellow rust in
Poland: virulence frequencies in pathogen popula-
tion Biul IHAR 230: 119-126 (in Polish).

Wang F, Pasquini M, 1999. Virulence of wheat stripe
rust in Italy. Cereal Rusts and Powdery Mildews
Bulletin 27: 1–8.

Response to stripe rust in introgressive triticale lines 211


