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Abstract

Wheat stem rust, caused by Puccinia graminis f. sp. tritici, is a re-emerging dis-
ease, posing a significant threat to durum wheat production worldwide. The limited
number of stem rust resistance genes in modern cultivars compels us to identify and
incorporate new effective genes in durum wheat breeding programs. We evaluated
8,245 spring durum wheat accessions deposited at the USDA National Small Grains
Collection (NSGC) for resistance in field stem rust nurseries in Debre Zeit, Ethiopia
and St. Paul, MN (USA). A higher level of disease development was observed at the
Debre Zeit nursery compared with St. Paul, and the effective alleles of Sr/3 in this
nursery did not display the level of resistance observed at the St. Paul nursery. Four
hundred and ninety-one (-~6%) accessions exhibited resistant to moderately suscep-
tible responses after three field evaluations at Debre Zeit and two at St. Paul. Nearly
70% of these accessions originated from Ethiopia, Mexico, Egypt, and USA. Eight
additional countries, namely Portugal, Turkey, Italy, Canada, Chile, Australia, Syria,
and Tunisia contributed to 19% of the resistant to moderately susceptible entries.
Among the 491 resistant to moderately susceptible accessions, 53.8% (n = 265) were
landraces, and 28.4% (n = 139) and 11.4% (n = 55) were breeding lines and culti-
vars, respectively. Breeding lines and cultivars displayed a higher level and frequency
of resistance than the landraces. We concluded that a large number of durum wheat
accessions from diverse origins deposited at the NSGC can be exploited for diversi-

fying and improving stem rust resistance in wheat.

1 | INTRODUCTION

Abbreviations: APR, adult plant resistance; COI, coefficient of infection;
MR, moderately resistant; MS, moderately susceptible; NSGC, National
Small Grains Collection; Pgt, Puccinia graminis f. sp. tritici; R, resistant;

Ssusceptible, susceptible; T, traces.

Stem or black rust, caused by Puccinia graminis Pers.:Pers.
f. sp. tritici Eriks. & E. Henn. (Pgt), is one of the most
destructive diseases of durum wheat [Triticum turgidum L.
sp. durum (Desf.) Huns.] and bread wheat (T. aestivum L.)
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worldwide. Severe devastations caused by stem rust epi-
demics were reported in the major wheat-growing regions
until the late 1950s (Roelfs, 1985; Saari & Prescott, 1985)
when the disease was effectively controlled through the
widespread use of host resistance and the eradication of the
alternate host, common barberry (Berberis vulgaris L.) in
Europe and the USA. Wheat stem rust is a re-emerging dis-
ease, posing a significant threat to wheat production world-
wide (Singh et al.,, 2015). The occurrence and spread of
Sr31-virulent races in the Ug99 race group in East Africa
(Hale et al., 2013; Newcomb et al., 2016; Pretorius et al.,
2000; Singh et al., 2015; Wanyera et al., 2006), coupled with
other races causing severe epidemics and localized outbreaks
in East Africa (Olivera et al., 2015), Europe (Bhattacharya,
2017; Lewis et al., 2018; Olivera Firpo et al., 2017), and Cen-
tral Asia (Shamanin et al., 2020), indicates that the disease has
reemerged as a major challenge to wheat production.
Tetraploid wheats have contributed genes for stem rust
resistance, including Sr7a, Sr8b, several alleles of Sr9, Sril,
Sri2, alleles of Sri3, Sri4, Sri7, and Sr8155-B1 (Mclntosh
et al., 1995; Nirmala et al., 2017; Zhang et al., 2017). Many
of these genes are widely used in common and durum wheat,
contributing to the successful control of stem rust worldwide.
For example, Sr/3 is a major component of stem rust resis-
tance in durum wheat worldwide (Klindworth et al., 2007;
Luig, 1983; Quamar et al., 2009; Singh et al., 2015), and it is
the only gene in durum wheat that is effective against all vari-
ants in the Ug99 race group (Simons et al., 2011). The occur-
rence of Pgt races (JRCQC and TTRTF) with combined viru-
lence to Sri13b and Sr9e (Olivera et al., 2012b; Olivera et al.,
2019), has increased the vulnerability of durum wheat. The
severe stem rust epidemic on durum wheat in Sicily (Italy)
in 2016 caused by race TTRTF (Bhattacharya, 2017; Patpour
et al., 2018) was indicative of the threat of stem rust to durum
wheat production. Virulent Pgt races, including TTRTF, were
recently detected in North Africa and the Middle East, both
regions where durum wheat is an important crop (Hovmgller
et al., 2020; Patpour et al., 2020). The limited availability
of resistance to stem rust in durum wheat, coupled with the
rapid occurrence and spread of virulent Pgt races, requires
the identification and deployment of new and diverse resis-
tance genes. Genetic resources, such as those maintained in
germplasm banks, offer diverse sources to expand the genetic
base of stem rust resistance in durum wheat. More than 78,000
accessions of durum wheat and its close relatives (other 7.
turgidum spp.) are deposited in germplasm collections around
the world (Skovmand et al., 2005). The United States Depart-
ment of Agriculture (USDA) National Small Grain Collection
(NSGC) in Aberdeen (Idaho) maintains about 8,300 durum
wheat accessions from more than 80 countries, which include
landraces, obsolete cultivars, and modern breeding lines and
cultivars. Breeding lines and cultivars represent the most
immediate useful germplasm for breeding for disease resis-

Core Ideas

* Identify new sources of stem rust resistance
through field evaluations of durum wheat.

e 8,245 durum accessions deposited at NSGC eval-
uated in two field nurseries (Ethiopia and US).

* Presence of large number of entries from diverse
origin that can be used for rust resistance.

tance, but their contribution of new resistance genes may be
limited because of the narrow genetic background of the pool
of elite durum cultivars (Maccaferri et al., 2005; Singh et al.,
1992). Durum landraces provide a useful source of genetic
variability. These genetically diverse and locally well-adapted
materials derived from farmers’ selections provide a good
source of genetic variability for crop improvement (Villaet al.,
2006). However, as landraces are unimproved materials, more
intensive pre-breeding manipulations are required to transfer
desired genes from them into advanced breeding lines (Skov-
mand & Rajaram, 1990). The objective of this work was to
identify new sources of stem rust resistance through field eval-
uations of durum wheat accessions deposited at the NSGC
germplasm bank.

2 | MATERIALS AND METHODS

2.1 | Germplasm

A total of 8,245 spring durum wheat accessions deposited at
the USDA NSGC (Aberdeen, ID, USA) were evaluated for
9 yr. The collection included 574 cultivars, 1,195 breeding
materials, 5,688 landraces, and 788 accessions of uncertain
improvement status from 82 countries. Among the countries,
17 contributed more than 100 accessions each, 32 contributed
between 10 and 99 accessions, and 33 contributed fewer than
10 accessions (Supplementary Table S1).

2.2 | Field stem rust evaluation

Field stem rust evaluations were conducted between 2009 and
2017 at the international durum stem rust nursery at Debre
Zeit Agricultural Research Center in Ethiopia and at the Uni-
versity of Minnesota in St. Paul, MN (USA). At the Debre Zeit
nursery, stem rust evaluations were performed in two seasons
per year: the main (meher) season under rainfed conditions
(June — November) and the off-season under irrigated condi-
tions (January — June). The Debre Zeit nursery was artificially
inoculated with a local source of inoculum that consisted of
races TTKSK (a variant in the Ug99 race group), JRCQC
(combined virulence on Sr/3b and Sr9¢), and race TRTTF
(appeared to be virulent to Sr9 and Sri3a) (Olivera et al.,
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TABLE 1

wheat (Triticum turgidum sp. durum)
Race Isolate Origin
TTKSK* PI14ETHO02-1 Ethiopia
TRTTF 33Wonchi-1 Ethiopia
JRCQC PETHO1DZ-2 Ethiopia
TKTTF Digalu 1/1 Assasa Ethiopia
TPMKC 74MN1409 USA
RKRQC 99KS76A-1 USA
RCRSC 7TINDS2A USA
QTHIC 75ND717C USA
QFCSC 06ND76C USA
MCCFC 59KS19 USA

2Race nomenclature based on Roelfs & Martens (1988) and Jin et al. (2008).

2012b). Since 2014, race TKTTF, which was responsible for
the severe stem rust epidemic in Ethiopia in 2013 (Olivera
et al., 2015), was included as part of the field inoculum. In St.
Paul, the nursery was artificially inoculated with a composite
of six US races representing a diversity of virulence to spe-
cific resistance genes: TPMKC, RKRQC, RCRSC, QTHIC,
QFCSC, and MCCEFC. The virulence/avirulence profile of all
the isolates used in this study is presented in Table 1. At the
Debre Zeit nursery, entries were planted in double 1-m row
plots, whereas in St. Paul nursery, entries were planted as sin-
gle 1-m rows. Wheat cultivar ‘Red Bobs’ (cultivar 6255) or
line LMPG-6 was included at an interval of 50 lines as a sus-
ceptibility check. Continuous rows of stem rust spreader (i.e.,
mixture of susceptible lines) were planted perpendicular to
all entries to facilitate inoculum buildup and uniform infec-
tion. In addition, the 20 stem rust differentials and lines car-
rying other relevant stem rust resistance genes were planted
every season to monitor pathogen virulence in the nursery.
Wheat lines and cultivars carrying Sri3a (ST464, Combina-
tion VII, and Khapstein/9*LMPG-6) and Sr/3b (Leeds and
Sceptre) were also included to assess the effect of this resis-
tance gene under field conditions in both nurseries. For details
about the management of the nurseries and inoculation proce-
dures at St. Paul and Debre Zeit, refer to Olivera et al., 2012a,
2012b. Disease assessment was done at the soft-dough stage
of plant growth. Because of differences in maturity among
durum entries, three to four data points were recorded at

Avirulence
Sr24 36 Tmp

Sr8a 24 31

Sr57b 8a 9b 10 24 30 31 36
38 Tmp

Srll 24 31

Sr6 9a 9b 24 30 31 38

Sr9e 10 11 24 30 31 38 Tmp

Sr6 8a 9e 11 24 30 31 38
Tmp

Sr7b 9a 9e 24 30 31 36 38
Tmp

Sr6 7b 9b 9e 11 24 30 31 36
38 Tmp

Sr6 8a 9a 9b 9d 9e 11 21 24
30 31 36 38

cropscience N

Isolate designation, origin, and virulence phenotype of Puccinia graminis f. sp. tritici races used to evaluate resistance in durum

Virulence

Sr5 6 7b 8a 9a 9b 9d 9e 9g 10 11
17 21 30 31 38 McN

Sr5 6 7b 9a 9b 9d 9e 9g 10 11 17
21 30 36 38 McN Tmp

Sr6 9a 9d 9e 9g 11 17 21 McN

Sr5 6 7b 8a 9a 9b 9d 9e 9g 10 17
21 30 36 38 McN Tmp

Sr57b 8a 9d 9e 9g 10 11 17 21 36
McN Tmp

Sr5 6 7b 8a 9a 9b 9d 9g 17 21 36
McN

Sr57b 9a 9b 9d 9¢ 10 17 21 36
McN

Sr56 8a 9b 9d 9g 10 11 17 McN

Sr5 8a 9a 9d 9g 10 17 21 McN

Sr57b 9g 10 17 McN Tmp

weekly intervals, starting when the first entries reached the
soft-dough stage. Plants were evaluated for their response to
infection (i.e., pustule type and size) (Roelfs et al., 1992) and
terminal disease severity following the modified Cobb scale
(Peterson et al., 1948). Infection response categories were:
resistant (R), moderately resistant (MR), moderately suscep-
tible (MS), and susceptible (S). Combinations of categories
were recorded when two or more infection responses were
observed on a single stem. Infection response categories R, R-
MR, and MR-R were considered resistant, infection responses
MR and MR-MS were considered moderately resistant, and
infection responses MS-MR and MS with 30% or lower stem
rust severity were considered moderately susceptible.

In each evaluation year, 1,000 durum accessions from
NSGC and checks were evaluated for field resistance in the
main-season nursery at Debre Zeit. Entries rated as resistant,
moderately resistant, and moderately susceptible, with a max-
imum of 30% terminal disease severity (30 MS) in the Debre
Zeit field nursery, were selected and further evaluated in the
next off-season nursery at Debre Zeit and the St. Paul nurs-
ery. Entries that remained resistant to moderately susceptible
after the three field tests (two in Debre Zeit and one in St.
Paul) were evaluated for one additional season in both nurs-
eries. Mean disease severity and median infection response in
both the Debre Zeit and St. Paul nursery evaluations were cal-
culated for all the accessions that were resistant to moderately
susceptible in all field tests. The median infection response for
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each accession was converted into a constant value and mul- Z. o

tiplied by the terminal disease severity to derive a coefficient E =
of infection (COI; Stubbs et al., 1986). One-way ANOVA and 5 § s @ o © - I g ¥
Duncan’s Multiple Range Test were used to test the signifi- & =0 = & & <=3 E 2
cance of the difference in the mean disease severity and the E z 8
COL g g E i
2 P R
3 | RESULTS . . N
§ 522 g2 ¢ R
5 $22 2 2 £ :
Uniform disease development across the field was observed in S s 8 E E § Y = Z:?
the Debre Zeit and St. Paul stem rust nurseries in all the sea- 2 % %
sons. Disease development was generally higher in the Debre g . Z; j
Zeit nursery than the St. Paul nursery. In Debre Zeit, dis- ‘§ g g - o - 2 %
ease severity and infection response on the susceptible checks g § % = ® c =2 j §
ranged between 50 and 90 S, with a mean value of 75 S, = = é
whereas in St. Paul, disease severity and infection response “; - i E
ranged between 50 and 80 S, with a mean value of 65 S. Infec- ) 2= L E %
tion observed on the differentials and lines carrying additional E:D E’ % - "or Céi ‘é’ E ‘é’ - g g E
genes confirmed the virulence composition of the used inocu- 3 E g;n -% E e, E' E % E ﬁ n 52
lum in both nurseries. Unusual virulences were not detected ”g 2 E § 2 = 5] ~ =) © 2 ﬁ c% %
in all the field seasons in Debre Zeit and St. Paul nurseries iﬁ % 2
(data not shown). At the St. Paul nursery, lines carrying Sri3a fo % i ZE
(ST464, Combination VII, and Khapstein/9*LMPG) exhib- = < FE
ited a moderately resistant to moderately susceptible response, g 8§ 2 2 23 tE
. . » = 5 o 3] < < Si-4
whereas the two cultivars carrying Sr/3b (Leeds and Scep- 8 s =
tre) were highly resistant (0 to 10 R) (Table 2). At the Debre = - 5 §
Zeit nursery, these five lines and cultivars, carrying Sr/3a and é % § %’
Sri3b, exhibited high infection response and disease severity % & & g
that ranged from 30 MS to 60 S (Table 2). E ER: é 2
From the 8,245 spring durum wheat accessions evaluated § Tas ¢ 2 £ 5 g
in the main season at Debre Zeit, 1,787 (21.7%) exhibited ; = E 7 » = o 53
a resistant to moderately susceptible response. These acces- g g é
sions were evaluated again at the Debre Zeit off-season and St. Z; = < §
Paul nurseries, and 657 (8.0% of total accessions) remained = 5 é o - s o E é
resistant to moderately susceptible after all three field tests. g cFR e § £ F¢ 25
An additional evaluation of these accessions in both loca- § o § §
tions resulted in 491 accessions (6.0%) exhibiting a consistent § 2 o I - g E
reaction from resistant to moderately susceptible in the five s E % R = 2 N (: <
field tests. Results of infection response and disease severity § = % = - c,', < U', § % §
in each field evaluation, and mean severity, median infection § £ & % E s £ g2/} £ g
response, and COI of the 491 accessions are presented in Sup- 8 e § S 2 S = K *g %
plementary Table S2. The mean coefficients of infection at § é %
Debre Zeit and St. Paul nurseries were 9.46 and 7.23, respec- 8 2 = = @ S qQ § g
tively (p < .001). The distribution of the 491 durum acces- g = Q‘:’ Q‘:’ % % % 2 é
sions according to infection response categories and COI in = % % % % % % é §
both nurseries showed a higher level of resistance in St. Paul § N - . - . “ . 2y
than Debre Zeit (Figure 1). E g ; g :;j
Resistant to moderately susceptible accessions were iden- %" . _ 1 - = % S
tified from 37 countries, and nearly 70% of these acces- = % = E 5 e 5 ;% g
sions originated from four countries: Ethiopia (38%), Mexico a £ E 2 < § 5 % é
(12%), Egypt (10%), and USA (9%) (Figure 2). Eight addi- = «2 S - £ % L2 5523
tional countries, Portugal, Turkey, Italy, Canada, Chile, Aus- = ‘é E = § = § @ g 3 % §
tralia, Syria, and Tunisia, contributed to 19% of the resis- : 2  “ © ~ M ~ ¢ Eg 2 g
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Coefficient of infection

ST. PAUL

Number of entries in each stem rust response (A) and coefficient of infection (COI) (B) categories for 491 durum wheat (Triticum

turgidum sp. durum) accessions exhibiting a resistant to moderately susceptible response in three field evaluations in Debre Zeit nursery (black) and

two evaluations in St. Paul nursery (grey)

Others; 12%

Tunisia; 2%

Syria; 2%

Australia; 2%

Chile; 2%

Canada; 2%

Ethiopia; 38%

Turkey; 3%
Portugal; 3%
USA; 9%
Egypt; 10% Mexico; 12%
FIGURE 2 Origin and percentage distribution of the 491 durum

wheat (Triticum turgidum sp. durum) accessions rated as resistant to
moderately susceptible after five field evaluations in Debre Zeit
(Ethiopia) and St. Paul, MN (USA)

tant to moderately susceptible accessions (Figure 2). The
majority of resistant accessions from Ethiopia (98%), Egypt
(68%), Portugal (82%), and Turkey (86%) were landraces
(Table 3). All the resistant accessions from Mexico, USA,
and Canada were improved materials. Breeding lines and cul-
tivars also constituted the majority of the resistant to mod-
erately susceptible accessions from Chile, Australia, Italy,
Syria, and Tunisia (Table 3). The frequencies of resistance dif-
fered between the countries of origin. Of the countries from
where we tested more than 50 accessions, Egypt (n = 183)
and Mexico (n = 237) exhibited a frequency of resistance

of >20%, whereas accessions from Ethiopia (n = 1,529),
Canada (n = 97), Chile (n = 57), Australia (n = 52), and Syria
(n = 52) had a frequency of resistance between 10 and 20%
(Table 3).

Based on the median infection response from the five field
evaluations, 28.3% of the 491 accessions were classified as
resistant (i.e., infection responses R, R-MR, and MR-R),
62.5% as moderately resistant (i.e., infection responses MR
and MR-MS), and 9.2% as moderately susceptible (i.e., infec-
tion responses MS-MR and MS) (Table 4). The mean termi-
nal disease severities were 12.6, 20.9, and 26.1% in resistant,
moderately resistant, and moderately susceptible categories,
respectively (Table 4). The mean COI were also significantly
different between the respective categories (Table 4).

Of the 491 selected accessions, 53.8% (n = 265) were lan-
draces, and 28.4% (n = 139) and 11.4% (n = 55) were breed-
ing lines and cultivars, respectively (Table 5). Only 4.7% of
the landraces evaluated (n = 5,688) were classified as resis-
tant to moderately susceptible, whereas 11.7 and 9.8% of the
total evaluated breeding lines and cultivars, respectively, were
classified into these resistant categories (Table 5). In addition
to having a higher proportion of moderately resistant acces-
sions, the mean disease severity and COI were significantly
higher for the landraces (21.4 and 9.6, respectively) compared
with the breeding lines (15.4 and 6.4) and cultivars (17.0 and
7.3) (Table 6). Twenty-five accessions that exhibited the low-
est COl are listed in Table 7. The elite resistant group of acces-
sions consistently exhibited moderately resistant to resistant
responses and low disease severity throughout five seasons of
field evaluation. The group consisted of breeding lines, culti-
vars, and landraces from different countries.
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TABLE 4

Mean disease severity and coefficient of infection (COI) of 491 durum wheat (Triticum turgidum sp. durum) entries categorized as

resistant, moderately resistant, and moderately susceptible in five field evaluations at the Debre Zeit and St. Paul stem rust field nurseries

Category Mean disease severity
Resistant 12.6 ¢*

Moderately resistant 209 b

Moderately susceptible 26.1a

TOTAL 19.1

Mean COI Number (%) of accessions
35¢ 139 (28.3%)

95b 307 (62.5%)

159a 45 (9.2%)

8.4 491 (100%)

2‘a’ ‘b’ and ‘c’ indicate statistically significant differences among resistant categories (P < .05).

TABLE 5

turgidum sp. durum) accessions classified as resistant to moderately

Improvement status of durum wheat (7riticum

susceptible to wheat stem rust in five field evaluations at the Debre Zeit
and St. Paul stem rust nurseries

Resistant to Total number of

Improvement moderately susceptible accessions
status® accessions evaluated
Breeding material 139 (11.7%) 1,195
Cultivar 55 (9.8%) 574
Landrace 265 (4.7%) 5,688
Uncertain 32 (4.1%) 788
TOTAL 491 8,245

2 According to the USDA-ARS National Small Grains Collection (Aberdeen, ID).

4 | DISCUSSION

Wheat stem rust is a re-emerging disease, and recent epi-
demics and outbreaks indicate that it can pose a threat again to
durum and bread wheat production. In particular, the occur-
rence of Pgt races with virulence to Sr/3b and Sr9e¢ (JRCQC
and TTRTF) has increased the vulnerability of durum wheat
to stem rust. The limited presence of effective stem rust resis-
tance genes in improved materials underscore the need for
identifying and incorporating new genes in durum breeding
programs. To identify new sources of stem rust resistance in
durum wheat, we evaluated 8,245 accessions of spring durum
deposited at the NSGC for field resistance at two locations: the
international durum stem rust nursery in Debre Zeit, Ethiopia
and the US wheat stem rust nursery in St. Paul, MN. After
five field evaluations at both locations, 491 (6%) accessions
from 37 countries exhibited a resistant to moderately suscep-
tible response. These 491 accessions were of diverse origins
and can be exploited in wheat breeding programs for stem rust
resistance.

To identify new effective stem rust resistance genes in
durum wheat, it is crucial to evaluate the entries against Pgt
races that are virulent to the most widely used resistance
genes. The inoculum composition at the international stem
rust durum nursery at Debre Zeit contains two important races
with virulence to resistance genes common in durum: JRCQC
with virulence against Sr/3b and Sr9e (Olivera et al., 2012b)
and TTKSK, which is virulent to Sr8155B1 (Nirmala et al.,

2017) and Sr7a (Jin et al., 2007). Olivera et al. (2012b) also
reported an Ethiopian isolate, typed as race TRTTF, viru-
lent on Sr9e and Srl3a at the seedling stage. Virulence on
Sri3a by race TRTTF was not supported in the study done by
Zhang et al. (2017). When TTKSK-resistant durum wheats
from North American breeding programs selected from field
trials in Kenya in 2005 were evaluated at the Debre Zeit
nursery, a large proportion became susceptible (Singh et al.,
2015), suggesting that TTKSK resistance detected in Kenya,
such as Srl3 alleles common in durum, became ineffective
to the race(s) in the Debre Zeit inoculum (Olivera et al.,
2012b). High frequencies of resistant accessions have also
been reported when durum germplasm was evaluated in field
nurseries, where the inoculum composition lacks Sri3 vir-
ulence (Meidaner et al., 2019; Pozniak et al., 2008; Singh
et al., 2015). After nine years of field evaluations, our results
indicated that, under field conditions in the Debre Zeit nurs-
ery, none of the alleles of Sr/3 conferred a sufficient level of
resistance. The three alleles (haplotypes R1, R2, and R3) per-
formed in a similar fashion, with a field reaction that ranged
from 30 MS to 60 S. In the St. Paul nursery, Sr/3a (R1 and R3)
conferred a moderate level of resistance (MR-MS to MS-MR),
which was comparable to the resistance to races in the Ug99
group in the Njoro, Kenya field nursery (Jin et al., 2007). Cul-
tivars carrying Sr13b (Leeds and Sceptre) exhibited a much
higher level of stem rust resistance (0 to 10 R). However, this
high level of resistance may not be attributed to Sr/3b alone,
as these two durum wheat cultivars may carry additional resis-
tance gene/s that are highly effective against the races used
as inoculum at the St. Paul nursery. Sr/3 is a temperature-
sensitive gene that is more effective at temperatures >25°C
(Zhang et al., 2017). However, the difference in the inoculum
composition and overall disease pressure rather than temper-
ature should explain the reduced effect of Sri3 alleles at the
Debre Zeit nursery, as temperature during disease develop-
ment at Debre Zeit, in particular in the off-season, was higher
than at St. Paul. The lack of protection conferred by Sri/3 in
the Debre Zeit nursery is also a strong indication of the need
to broaden the base of stem rust resistance in durum wheat.
After the first evaluation at the Debre Zeit nursery, 21% of
the entries exhibited resistant to moderately resistant infec-
tion responses. However, after completing five field eval-
uations in both locations, only 491 entries (6%) remained
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TABLE 6

severity and coefficient of infection (COI) according to improvement status

Category Breeding materials®
Resistant 41.6

Moderately resistant 514

Moderately susceptible 7.0

Mean disease severity 15.4bP

Mean COI 6.4 b°

cropscience NI

Percentage of durum wheat (Triticum turgidum sp. durum) accessions belonging to each resistant category, and mean disease

Cultivars Landraces Unknown
38.2 19.8 394

49.1 71.1 54.6

12.7 9.1 6.0

17.0b 214 a 18.8 b
73b 9.6 a 79b

2Improvement status according to the USDA-ARS National Small Grains Collection (Aberdeen, ID).

‘@’ and ‘b’ indicate statistically significant differences for mean disease severity among improvement status groups (P < .05).

€‘a’ and ‘b’ indicate statistically significant differences for mean COI among improvement status groups (P < .05).

resistant to moderately susceptible. This difference is
explained by 1) accessions resistant to Ethiopian Pgt races
became susceptible when evaluated with US races, and 2)
accessions that exhibited moderately resistant to moderately
susceptible responses in the first evaluation in the Debre Zeit
main season nursery, but, when exposed to an environment
of higher disease pressure (off-season nursery), they became
moderately to fully susceptible. A higher temperature and
availability of moisture through irrigation favored stem rust
development in the off-season nursery at Debre Zeit, resulting
in a higher disease pressure. These results confirm the value
of multiple field evaluations to adequately assess the level and
stability of resistance in the evaluated germplasm. In a field
evaluation at the Debre Zeit nursery in the main (rainfed) sea-
son, Chao etal. (2017) reported a higher frequency of resistant
accessions at the Debre Zeit nursery in 429 durum accessions
deposited at NSGC. As discussed by the authors, additional
evaluations in the off-season (irrigated) nursery could result in
areduction in the frequency of resistant accessions, as shown
in this study. The similar environmental effect was evident
when disease development at both locations was compared.
We observed that disease severity and COI were consistently
higher at the Debre Zeit nursery in the 491 accessions eval-
uated in all five seasons. At this nursery, there was a longer
period of favorable weather conditions for disease develop-
ment compared with St. Paul. The longer period of disease
exposure and higher disease pressure resulted in an increased
disease development at the Debre Zeit nursery.

The 491 resistant to moderately susceptible accessions can
be divided into two main groups: cultivars and breeding lines
mainly from North American (i.e., Mexico, USA, Canada)
breeding programs and landraces from Ethiopia, Portugal,
Egypt, and Turkey. About 10% of the cultivars and breeding
lines evaluated in this study exhibited a resistant to moder-
ately resistant response. Letta et al. (2013) reported 24% of
183 elite durum wheat cultivars and breeding lines from Italy,
Morocco, Spain, Syria, Tunisia, southwestern USA, and Mex-
ico to be resistant to moderately resistant when evaluated at
the Debre Zeit nursery. This difference can be explained not
only by the different origins of these elite materials but also

because our study established a more stringent selection crite-
ria that resulted in a lower percentage of resistant accessions.

The frequency and level of resistance exhibited by the
breeding lines and cultivars were significantly higher com-
pared with the landraces. Selection for stem rust resistance
and the incorporation of effective resistance genes in mod-
ern breeding programs may have resulted in the higher resis-
tance level in the breeding materials and cultivars. Most of
the entries that exhibited the highest levels of resistance were
breeding materials and cultivars. These advanced materials
are good candidates for improving stem rust resistance in
durum breeding programs. However, the contribution of new
and diverse resistance genes from these improved materials
may be limited because of the narrow genetic background of
the pool of elite durum cultivars (Maccaferri et al., 2005; Qua-
mar et al., 2009). On the contrary, landraces are a good source
of genetic diversity and a potential source of new resistance
genes. More than one third of the resistant accessions iden-
tified in this study were Ethiopian landraces, indicating their
high potential as a source of stem rust resistance. Ethiopia is
considered a secondary center of origin for tetraploid wheats
(Kabbaj et al., 2017), and Ethiopian landraces have been
regarded as a separate subspecies (sp. abyssinicum) of T.
turgidum (Mengistu et al., 2015). Ethiopian durum landraces
are morphologically distinct (Pecetti et al., 1992), and a high
level of both phenotypic (Mengistu et al., 2015) and geno-
typic (Alemu et al., 2020) diversity has been reported. The
level of resistance in Ethiopian durum landraces may be a
result of thousands of years of co-evolution with the stem rust
pathogen in the central highlands of Ethiopia (Amogne et al.,
2000) and an exposure to a diverse stem rust pathogen popula-
tion (Admassu et al., 2009; Olivera et al., 2015). A broader and
diverse basis of stem rust resistance may be needed to provide
protection from the current pathogen races, such as JRCQC,
that appear to have broader virulence against durum wheat
(Hundie et al., 2019; Olivera et al., 2012b). Previous stud-
ies (Ataullah, 1963; Beteselassie et al., 2007; Bonman et al.,
2007; Kenaschuk et al., 1959) have also identified Ethiopian
landraces as a source of stem rust resistance genes. In par-
ticular, the Ethiopian landrace ST464 is the donor of Sr/3a,
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an effective allele of Sr/3, which is one of the most impor-
tant stem rust resistance genes in durum wheat (Klindworth
et al., 2007; Zhang et al., 2017). Seedling evaluations with
multiple races to further characterize these resistant selec-
tions are in progress and will be useful to select landraces
with unique resistance to broaden the stem rust resistance in
wheat breeding programs. This study also identified resistant
landraces from Egypt, Portugal, and Turkey. Durum landraces
from these countries are also highly diverse (Akond & Watan-
abe, 2005; Altintas et al., 2008; Soriano et al., 2016), but only
landraces of Egyptian origin exhibited a high frequency of
stem rust resistance. Only a limited number of resistant acces-
sions was observed from Turkey (i.e., 14 out of 1,188), which
disagrees with the results reported by Bonman et al. (2007).
Although accessions evaluated by Bonman et al. (2007) were
also a part of the NSGC, that study was based only on resis-
tance to US races.

Stem rust resistance in durum wheat relies on a limited
number of major genes and adult plant resistance (APR) genes
that have not been reported to be widely used in modern cul-
tivars. Very few studies have described the presence of adult
plant or slow rusting resistance in durum wheat (Hare, 1997;
Hei et al., 2015; Toor et al., 2009), indicating the poten-
tial for identifying new APR resistance genes that will help
improve durability of stem rust resistance. For example, Sr2,
the most important APR gene in common wheat was trans-
ferred from Yaroslav emmer (McFadden, 1930), the tetraploid
wheat progenitor of cultivated durum. To identify accessions
with potential new APR genes, we are in the process of char-
acterizing these resistant to moderately susceptible accessions
using a wide range of Pgt races, including those used in both
nurseries. Resistant accessions that exhibit susceptible reac-
tion in all seedling evaluations can be investigated for the
presence of APR. As the phenotypic effect of APR genes is
relatively minor, it is expected that accessions carrying an
APR gene would not exhibit a strong resistant response. For
this reason, accessions consistently exhibiting a moderately
susceptible response, with a relatively low disease severity
(£30% stem rust terminal disease severity), were included in
our selection group for further studies on APR.

Seedling evaluations with multiple stem rust races, in com-
bination with marker analysis, are needed to allow a relatively
accurate postulation of the known major resistance genes
deployed in durum wheat. Genotyping of the 491 resistant to
moderately susceptible accessions with a 90K SNP platform
is planned to identify and map new quantitative trait loci asso-
ciated with stem rust resistance.

S | CONCLUSIONS

The results from this study demonstrated that durum wheat
accessions deposited at the USDA National Small Grains

Collection provided a good and diverse source of stem rust
resistance. Four hundred and ninety-one accessions were
found to exhibit a resistant to moderately susceptible response
after five field evaluations in Debre Zeit (Ethiopia) and St.
Paul, Minnesota (USA). These accessions could be exploited
for improvement of stem rust resistance in both durum and
common wheat. A higher level and frequency of resistance
was observed in cultivars and breeding lines compared with
landraces. The landraces from different geographic origins
have the potential to contribute a diverse source of new
genes. Seedling evaluations and genotyping of these resistant
germplasms will facilitate the characterization and mapping
of effective stem rust resistance genes that can be incorpo-
rated into adapted backgrounds.
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