


and 10—both effective against many North {endemic) from volunteer plants or be carried
American stem rust races. Elsewhere, its long distances (exodemic) by wind and
height would be its main disadvantage. Table deposited by rain. In North America, P.

12 lists the major susceptible cultivars and their ~ graminis annually moves 2000 km from the

important characteristics. southern winter wheats to the most northern

spring wheats in 90 days or less and in the
PATHOGEN uredinial cycle can survive the winter at sea

level to at least 35°N. Snow can provide cover
Fontana (106) made the first known detailed that occasionally permits P. graminis to survive
study, including precise drawings, of P. as infections on winter wheat even at severe
graminis in 1767. Persoon named the fungus subfreezing temperatures experienced at 45°N
on barberry Aecidium berberidis in 1791 and (308). The sexual cycle seldom occurs except
the form on wheat Puccinia graminis in 1794. in the Pacific Northwest of the United States
DeBary (78) showed that the two fungi were (306) and in local areas of Europe (364, 404).
different stages of a single species. Craigie Although the sexual cycle produces a great
{73} made the first controlled crosses between  genetic diversity (306), it also produces a large
strains of P. graminis. number of individuals that are less fit due to

frequent recessive virulence genes (307) and
Life cycle to reassortment of genes for aggressiveness.
In most areas of the world, the life cycle P. graminis has successfully developed an
(Figure 5) of P. graminis f.sp. tritici consists of ~ asexual reproduction strategy that apparently
continual uredinial generations. The fungus allows the fungus to maintain necessary genes
spreads by airborne uredinicspores from one in blocks that are occasionally modified by
wheat plant to another and from field to field. mutation and selection.

Primary inoculum may originate locally
Urediniospore germination starts in 1 to 3
hours at optimum temperatures (Table 2) in the
Table 12. Cultivars susceptible to wheat stem rust and some of their important characteristics. presence of free water. The moisture or dew
period must last 6 to 8 hours at faverable

Wheat Growth  Day length Sr Lr Yr i tures for th res t rminate and

Cultivar type habit requirement  gene(s)? gene(s)b gene(s) emperatures 1or ine spores 10 germi _
produce a germ tube and an appressorium.

Agra Local bread  spring short ? Visible development will stop at the
Baart bread spring short Lc 10 . " ntil at least 10.000 lux
Chinese Spring bread spring short of 12,27 34 appressorlgm s age untifa _eas e u
Fertas bread spring none ? (16,000 being optimumy) of light are provided.
Glossy Hugenot durum  spring none ? Light stimulates the formation of a penetration
Line E® bread spring short ? that ent losed stoma. If the aermiin
Little Club club spring long LC ? peg that enters a closed stoma. i the g Y
Local Red durum spring short ? dries out during the germination period, the
Marquis bread  spring long 7b,18.1920X 220 process is irreversibly stopped. The penetration
Maruccos 623 durum spring long M ? takes about 3 ho i
McNair 701 bread winter none McN 9 ? process ta eS'a ou urs as the ]
Morocco bread spring none ? temperature rises from 18 to 30°C (318). The
Prelude bread  spring short 167 ? light requirement for infection makes P.
Purdue 5481-C bread spring long 75,10 res. - . L
Red Bobs bread spring long 75,10 graminis much more difficult to work with in the

greenhouse than P. recondita. Most likely, light
* See Table 10. seldom has an effect in the field except when

; See Tatle 5 dew periods dissipate before daybreak
¢ Susceptible to some isclates of P. graminis f.sp. secalis. P P y ’
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As the hest matures, telia are produced
directly from urediniospore infections or
teliospores can be produced in a mature
uredinial pustule. The teliospores are
dicaryotic (N + N) and remain with the straw
until spring. During this time, karyogamy
occurs and the teliospores become diploid
(2N). With spring rains and favorable
temperatures, the teliospore germinates,
undergoes meiosis, and produces a four-
celled basidium. Each cell produces a
stigma with a single haploid basidiospore
(1N). The hyline basidiospore is windborne
short distances (meters) to the barberry
bush. Basidiospores germinate and
penetrate directly. For maximum infection,
the barberry leaf tissue should be less than
2 weeks old. Infection by a basidiospore
results in the production of a pycnium (1N).
The pycnium produces receptive hyphae
and pycniospores of a single mating type

(+ or -) that serve as female and male
gametes for the fungus. Pycniospores of
one mating type must be transferred to the
receptive hyphae of the opposite mating
type to initiate aeciospore development.
The transfer of pycniospores is frequently
done by insects, which are attracted to the
oozing pycnial nectar produced by the
pycnium. Mating of + and - types can also
be facilitated by splashing rain, brushing of
leaves, larger animals, and neighboring
infections that coalesce. Aeciospores are
dicaryotic (N + N) and are produced in
aecia generally on the lower surface of the
barberry leaves 7 to 10 days following
fertilization. The aeciospores are the
products of genetic recombination and may
differ in their virulence and aggressiveness.
The extent of variation depends on the
differences between the parental isolates.
P. graminis }.sp. tritici has been crossed

Vickie Brewster

Aecia on
Berberis

Pycnia on
Berberis

Basidiospores
on basidium

' Winter

Aeciospores

< Uredinia

. Telia on
I @ | straw

Asexual
cycle
»_on wheat |

Urediniospores "

- Summer

Teliospores

with other formae speciales and crosses
with P. graminis f.sp. secalis were relatively
fertile {163). In Australia evidence points to
recombination of wheat stem rust and the
scabrum rust (P. graminis £.sp. secalis) (56,
214).

Aeciospores are hydroscopically released
from the aecium and are airborne to wheat
over distances of meters to perhaps a few
kilometers. Aeciospores require similar
conditions for infection to that of
urediniospores. Infection by aeciospores
results in the production of dicaryotic (N +
N) uredinia with urediniospores. The
repeating asexual cycle then involves
urediniospores producing uredinia in about
a 14-day cycle with optimum conditions.
Under field conditions where temperatures
vary greatly, the cycle can be either
lengthened or shortened. Generally, lower
temperatures in the field, at least in the
early stages of the crop cycle, tend to
lengthen the latent period. In northern India,
a latent period of 31 days was recorded for
stem rust (167).

Urediniospores are relatively resistant to
light and temperatures at humidities of 20
to 30%. Wind frequently transports
urediniospores 100 km in a viable condition
and sometimes up to 2000 km (211). Itis
postulated that they have even been
transported 8000 km from East Africa to
Australia (392) at least three times this
century (211).

Virulence

Worldwide virulence for Sr2, 13, 22, 24, 25,
26, 27, 29, 31, 32, 33, 34, 37, Gt, and Wid-
1is limited. Sr13is ineffective at low
temperatures, 18-20°C; S$r29 and 34 may

Figure 5. Life and disease cycles for Puccinia
graminis f.sp. tritici (wheat stem rust).
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be ineffective under high inoculum densities.
Virulence for S$r24 exists in South Africa (191)
and Madagascar, for Sr25in India, and for
Sr27in Australia (245). Isolates often appear to
be virulent on Sr24, 29, 34, Gt, and Wid in the
field due to the low level of effectiveness under
high inoculum densities. Sr37 virulent isolates
have so far been unconfirmed and perhaps
were obtained from the off-type plants.
Virulence for 5r26 has been undetected
despite the widespread use of the cultivar

Table 13. Recent virulence surveys of Puccinia graminis 1.sp. tritici that are generally
available in international literature.

Country

Brazil
Bulgaria
Canada
Canada
Czechoslovakia
Egypt
Ethiopia
Ethiopia
France
Germany (FDR)
Greece
Hungary
India

India

India

Iraq

ltaly

Italy

Kenya

Korea
Mexico
Mozambique
Pakistan
Pakistan
Portugal
Romania

South Africa
Spain

USA

USSR

USSR
USSR
Uruguay
Yugoslavia

Year

1982-85
1974-78
1985

1988

1981-83
1974-76
1979-81
1982-83
1977

1965-66
1963-69
1969-72
1980-82
1983-86
1984-86
1967-63
1982-83
1984

1969-70
1971-72
1988-89
1971

1961-64
1976

1980

1968-70

1985
1968-71
1987
1968-75

1969-71
1971
1968
1976-83

Reference

Coelho and Sartori (70)
Kurjin (190)

Martens (227)

Martens et al. (228)
Bartos et al. (23)

Nazim et al. (266)
Dmitriyev (80)

Solomatin and Hussein (362)
Massenot (231)
Hassebrauk (142)

Skorda (357)

Bocsa (33)

Bahadur et al. (17)
Bahadur et al. {18)
Mutkekar et al. (258)
Natour et al. (264)
Siniscalco and Casulli (355)
Corraza (71)

Harder et al. (132)

Chung and Lee (69)
Singh (350}

Fonseca (105)

Hassan et al. (137)
Hassan et al. (138)
Freitas (107)

Negulescu and lonescu
-Cojocaru (267)

Le Roux and Rijkenberg (191)
Salazar and Branas (328)
Roelfs et al. (304)
Novokhatka and
Kryzhanouskaya (269)
Babajants (16)

Azbukina (14)

Bettucci et al. (30)
Viahovic (388)

Eagle and its derivatives in Australia. Likewise,
the wide use of Sr31 in Kavkaz and similar
wheats with the 1B/1R translocation has not
revealed virulence for Sr371.

Virulence for Sr6, 11, and 17is common
wherever these resistances have been used. |t
would be expected that virulence to these
genes could develop rapidly wherever they are
extensively used. Virulence for Sr5, 9¢, and 21
seems to be common in some areas, but
remains low or absent in other areas. Virulence
is common for Sr8b (except in southern Africa
and Australia-New Zealand); Srda, Srdd, and
Sr14 (except North America); Sr12 (except
North America and Australia-New Zealand);
Sr15 (except Africa, North America, and
Australia-New Zealand); Sr16; Sr18; Sr19;
Sr20; and Sr28 {(except in China, India, Nepal,
Pakistan, and Ethiopia). Avirulence on Sr18,
18, 20, or similar genes may explain the
avirulence of rye stem rust (P. graminis f.sp.
secalis) to wheat. Table 13 shows recent
virulence surveys. Hamilton (129) and Luig
(210) summarized the distribution of wheat
stem rust races for the years 1955 through
1966 and on a worldwide basis, respectively.
Green (120) described the evolution of
virulence combinations in Canada.

Aggressiveness

The major factor in the survival of the pathogen
is virulence to the common commercial wheat
cultivars. However, there are many other
factors required for a pathogen to successfully
compete. The measurement of this complex
set of characteristics has been difficult,
especially using isolates obtained from natural
epidemics where the most unfit individuals are
rapidly outnumbered by the fit. For example, all
isolates obtained from nature have
approximately a 7-day latent period; however,
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in an F, progeny from the cross of races
111 and 36 made by Loegering and Powers
(202), individual isolates varied in latent
period from 7 to 16 days. In North America,
race Pgt-TPM has been the most commonly
identified race for more than 15 years. Race
Pgt-QTH has occurred as a small part of
the population since at least 1968. In the
past 10 years, these two races have been
used to inoculate a number of nurseries of
varying wheat genotypes, with many more
lines susceptible to Pgt-QTH than Pgt-TPM.
In all but 2 years, race Pgt-TPM has been
the most commonly identified race from
hosts susceptible to both races, while in the
2 warmer years Pgt-QTH was the most
commonly identified. Race Pgt-QTH has
always been a more important component
of the pathogen population late in the
season in Texas and Mexico when
temperatures are usually higher. Perhaps
race Pgt-QTH is more adapted to warm
temperatures than Pgt-TPM.

Katsuya and Green {170) and Browder (44)
studied the reproduction potential of races
15 (Pgt-TMM) and 56 (Pgt-MCC) and found
that race 15 was more aggressive than
race 56.

STRIPE RUST

Stripe or yellow rust of wheat caused by
Puccinia striiformis f.sp. tritici can be as
damaging as stem rust. However, stripe
rust has a lower optimum temperature for
development that limits it as a major
disease in many areas of the world. Stripe
rust is principally an important disease of
wheat during the winter or early spring or at
high elevations. The map in Figure 6 shows

regions of the world where stripe rust has
been a major or local problem (as
delineated in Table 3).

Stripe rust of wheat may be the cause of
stripe rust on barley (372). In Europe a
forma specialis of P. strifformis has evolved
that is commonly found on barley and
seldom on any but the most susceptible
wheats (403). P. striiformis f.sp. hordei was
introduced into South America where it
spread across the continent (84) and is now
in North America (CIMMYT, unpublished).

Hassebrauk (141, 143) and Hassebrauk
and Robbelen (144, 145) have compiled a
four-part monograph on stripe rust.
Robbelen and Sharp (293) translated into
English the sections that deal with breeding
for disease resistance and genetics of the
host-pathogen interaction. In 1988 Manners
(226) reviewed the genetics of virulence

I Major

and resistance of cereals and grasses.
Chapters on stripe rust by Stubbs (372,
373) summarize much of the early work on
stripe rust and provides more recent
previously unpublished information on
virulences of the pathogen worldwide. The
evolution of the pathogen with the
introduction of resistant cultivars in the
Netherlands is also outlined.

EriDEMIOLOGY

P. striiformis has the lowest temperature
requirements of the three wheat rust
pathogens. Minimum, optimum, and
maximum temperatures for stripe rust
infection are 0, 11, and 23°C, respectively
(150). P. striiformis frequently can actively
overwinter on autumn-sown wheat (Figure
7). Most of the epidemiology work has been
done in Europe and was recently reviewed
by Zadoks and Bouwman (404) and Rapilly
(287).

A .

B Local [ Rare

Figure 6. Wheat areas of the world where stripe rust has been a major or local problem.
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Notes:

In Europe P. striiformis oversummers on wheat
{403). The amount of oversummering rust
depends on the amount of volunteer wheat
which, in turn, is a function of moisture in the
off season. The urediniospores are then blown
to autumn-sown wheat. In northwestern
Europe, overwintering is limited to
urediniomycelia in living leaf tissues as
temperatures of -4°C will kill exposed
sporulating lesions. Latent lesions can survive
if the leaf survives. In other areas of the world,
snow can insulate the sporulating lesions from
the cold temperatures so air temperatures
below -4°C fail to eliminate the rust lesions.
The latent period for stripe rust during the
winter can be up to 118 days and is suspected
to be as many as 150 days under a snow cover
(403).

In areas near the equator, stripe rust tends to
cycle endemically from lower to higher altitudes
and return following the crop phenology (326).
In more northern latitudes, the cycle becomes
longer in distance with stripe rust moving from
mountain areas to the foothills and plains.

Due to their susceptibility to ultraviolet light,
urediniospores of stripe rust probably are not
transported in a viable state as far as those of
leaf and stem rusts. Maddison and Manners
{220) found stripe rust urediniospores three
times more sensitive to ultraviolet light than
those of stem rust. Still Zadoks (403) reports
stripe rust was wind-transported in a viable
state more than 800 km. The recent
introductions of wheat stripe rust into Australia
and barley stripe rust into Colombia were
probably aided by man through jet travel (84,
271). However, the spread of stripe rust from
Australia to New Zealand, a distance of 2000
km, was probably through airborne
urediniospores (29). Perhaps an average spore
of stripe rust has a lower likelihood of being
airborne in a viable state over long distances

than of the other wheat rusts, but certainly
some spores must be able to survive long
distance transport under special and favorable
conditions. There are several examples of the
sequential migration of stripe rust. The 8156
virulence (cultivars: Siete Cerros, Kalyansona,
Mexipak) was first recorded in Turkey and over
a period of time was traced to the
Subcontinent of India and Pakistan (326) and
may be associated with the weather systems
called the “Western Disturbance”. As
mentioned, barley stripe rust in South America
migrated from its introduction point in
Colombia to Chile over a period of a few years
(84).

Most areas of the world studied seem to have
a local or nearby source of inoculum from
volunteer wheat (197, 372, 404). However,
some evidence points to inoculum coming from
noncereal grasses (146, 380). Future studies of
stripe rust epidemiology need to take into
account not only the presence of rust on
nearby grasses, but also the fact that the rust
must occur on the grasses prior to its
appearance on cereals. The virulence
phenotype must be shown to be the same on
both hosts and that it moves from the grass to
wheat during the crop season.

Stripe rust epidemics in the Netherlands can
be generated by just a single uredinium per
hectare surviving the winter if the spring
season is favorable for rust development (404).
Visual detection of a single uredinium per
hectare is unlikely, however, as foci develop
around the initial uredinium, it becomes
progressively easier to detect.

HosTs
Puccinia striiformis is a pathogen of grasses

and cereal crops: wheat, barley, triticale, and
rye. Stripe rust is the only rust of wheat that
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consistently spreads beyond the initial
infection point. Resistance to stripe rust that
results in a reduction in the number of
infections or fewer spores per uredinium
may be overcome by the pathogen’s ability
to spread without additional spores or
infection periods.

Alternate hosts

Only the telial and uredinial stages of stripe
rust are known. Eriksson and Henning (98)
looked for the alternate host among species
of the Boraginaceae. Tranzschel {383)
suggested that Aecidium valerianella, a rust
of Valerianella, might be related to P.
striiformis. Mains (222) thought that P.
koeleriae Arth., P. arrhenatheri Eriks., and
P. montanensis Ellis, which have aecidial
states on Berberis and Mahonia spp., might
be related to P. striiformis.

Straib (370) and Hart and Becker (135)
were unsuccessful in attempts to infect
Berberis, Mahonia, and Valerianella spp.
The alternate host of the rust, P. agropyri
Ell. and Ev., is Clematis vitalba. This rust
closely resembles P. striiformis so Viennot-
Bourgin (387) suggested that the alternate
host of stripe rust might occur in the
Clematis family. Teliospores readily
germinate immediately to produce
basidiospores (400) and the teliospores
probably do not assist the fungus as a
winter survival mechanism. An
epidemiological factor to consider is the
possibility of infection of the alternate host
late in the summer so aeciospores could
infect the newly sown wheat or late cool
season grasses. In some high altitude
areas of West Asia, the wheat crop may
take 13 months to mature. In such cases,
early spring season infections of the
alternate host would be possible.

Accessory hosts

P. striiformis seems to lack the clearly
defined formae speciales that occur with P.
graminis, and isolates of stripe rust seem to
have a wider host range than those of P.
recondita. Sufficient evidence exists for the
separation of the primary wheat attacking
form from the barley attacking form (372,
403).

Puccinia striiformis attacks members of the
subfamily Festucoideae and Eragrostoideae
with the principle hosts in the genera
Aegilops (Triticum to some taxonomists),
Agropyron, Bromus, Elymus, Hordeum,
Secale, and of course Triticum (372). The
assumption that stripe rust, which occurs on
various grass species, has a similar
virulence to that which is attacking wheat is
probably not justified (225, 380). Likewise,
the ability to produce a few uredinia on
some plants of a species in greenhouse
tests does not prove that species is a host
under field conditions. Furthermore, there is
no reason 1o expect that race-specific
resistance does not occur in accessory
hosts. Many of the existing race-specific
genes for resistance have been transferred
from species that are accessory hosts.

Primary hosts

Triticum spp. are a major host for stripe
rust. Stripe rust on barley in Tibet has
historically been an important disease
where wheat is a minor crop. Comparisons
between Tibetan and European stripe rust
remain to be done. Rye was often reported
as a host of stripe rust in the last century,
but in more recent times rye is seldom seen
to be infected by stripe rust (372).

Biffen (31) did the first resistance studies
for wheat stripe rust. For several reasons,
less is known about the resistance to this
disease than the other wheat rust diseases.

The disease requires somewhat more
specialized controls in the greenhouse due
to its sensitivity and the facts that: 1)
infection types are less discrete, 2) there
are numerous recessive resistance host
genes (194), 3) many resistance genes
have additive effects (344), 4) there are
temperature-sensitive genes, and 5) many
genes function only in the adult plant stages
(285). Table 14 shows the current status of
stripe rust resistance.

Many of the resistances against stripe rust
have been of the additive temperature-
sensitive and/or the adult plant types (195,
293, 344, 390). Some of these resistances
are considered nonspecific (Table 15). It
must be noted that changes in the
pathogen races have resulted in the failure
of many resistances to stripe rust
suggesting specificity (198, 372). Still, most
of these cultivars are less susceptible than
Michigan Amber, Triticum speita saharense,
and Taichung 29 (372). Some resistances
have been long lasting. In Europe the most
durable resistance has been that of
Capelle-Desprez (Yr3a, Yrda, Yr16) (159),
Juliana (Yr14, +), Carstens VI (Yr12, +),
and Arminda (Yr13, +) (372). In the United
States, the cultivars Gaines and Nugaines
have provided resistance on a long-term
scale {199). Some wheats developed by
CIMMYT, such as Anza, also have had
long-term resistance (160, 286). Table 16
lists susceptible hosts for stripe rust.

PATHOGEN

Gadd and Bjerkander first described stripe

rust in 1777. It was reported to have caused
an epidemic on rye in Sweden in 1794 (99).
Schmidt designated the pathogen as Uredo
glumarum in 1827; Westendorp designated
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the stripe rust pathogen of rye as Puccinia Life cycle

striaeformis in 1854. Eriksson and Henning P. striiformis is most likely a hemiform rust in
(99) chose the name P. glumarium in their that the life cycle seems to consist only of the
comprehensive taxonomic work. Hylander et al.  uredinial and telial stages (Figure 7). Stripe
{(154) and Cummins and Stevenson (75) rust populations can exist, change in virulence,

revived the name currently in use, P. striiformis  and result in epidemics independent of an

West. It probably is desirable to add the forma  alternate host. Urediniospores are the only

specialis if it has been determined. known source of inoculum for wheat and they
germinate and infect at cooler temperatures

Table 14. Named genes for stripe rust resistance, source, genome location, low infection type to an avirulent culture(s), and tester lines (186, 372).

Response to
avirulent culture
Yr Genome
gene location Source Seedling® Adult? Tester Remarks Reference
1 2A Chinese 166 1 1 Chinese 166 Lupton and Macer (216)
2 7B Heines Vi 4 4 Heines VI With Yr? Lupton and Macer (216)
3a Vilmorin 23 2 2 Wilmorin 23 Lupton and Macer (216)
3b Hybrid 46 2 2 Hybrid 46 With Yrdb Lupton and Macer (216)
3c Minister 2 2 Minister Lupton and Macer (216)
4a Capelle-Desprez 2 2 Capelle-Desprez With Yr3a,16 Lupton and Macer (216)
4b Hybrid 46 2 i Hybrid 46 With Yr3b Lupton and Macer (216)
5 2BL Triticum spelta album 1 1 T. spelta album Macer (218)
6 78S Heines Kolben 4 4 Heines Kolben With Yr2 Macer (218)
7 2BL Lumillo durum 2 2 Lee Linked to Sr9g Macer (218)
8 2D T. comosa 1 1 Compair Linked to Sr34 Riley et al. (291)
9 1BL-1RS Imperial rye 1 1 Riebesel 47/51, Linked to Sr31, Macer (219)
Clement, Fed/Kavkaz  Lr26
10 1BS Moro 1 1 Moro Macer (219)
1 Joss Chambier - 2 Joss Chambier Adult plant Priestley (283)
resistance
12 Caribo - 2 Mega Adult plant Priestiey (283)
resistance
13 Ibis - 2 Maris Huntsman Adult plant Priestley (283)
resistance
14 Falco - 2 Maris Bilbo Adult plant Priestley (283)
resistance
15 1B Dippes Triumph i 1 T. dicoccoides G-25 With Yr? Amitai et al. (6)
16 2DS Capelle-Desprez - 3 Capelle-Desprez Adult plant Worland and Law (399)
resistance
with Yr3a,4a
17 2AS T. ventricosa - - VPM1 Linked to Unpublished
Lr37 and Sr38
18 7D Anza, Condor - 4107 Anza, Condor Adult plant Unpublished
resistance,
linked to Lr34
A Avocet 5 5 Avocet Unpublished

@ McNeal et al. (248)—see Table 22, Stubbs (372), and Knott and Johnson (186).
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Table 15. Cuitivars given in the literature as having nonspecific resistance to wheat stripe rust,
their specific resistance as known, type of nonspecific resistance, and source of information.

Cultivar

Anza

Arminda

Atou

Bon Fermier
Bouguet
Cappelle-Desprez
Carstens VI
Champlein

Elite Lepeuple
Flanders

Flinor

Gaines

Heines VI
Holdfast

Hybrid 46

Hybride de Bersee
Ibis

ltana

Joss Chambier
Jubilar

Juliana
Karamu

Little Joss
Luke

Manella

Maris Huntsman
Maris Widgeon
Norda
Nugaines

Pl 178383
Starke Il
Vilmorin 27
Wanser
Wilhelmina
Yeoman

Table 16. Cultivars susceptible to wheat stripe rust and some of their important characteristics.

Cultivar

Desprez 80
Fertas

Lemhi

Little Club

Local Red
Michigan Amber
Morocco

Omar

Strubes Dickkopf
Taichung 29
Triticum spelta
saharense

2 See Table 10

Type of
Yr nonspecific
gene(s) resistance Reference Remarks
A 18 durable Johnson (160)
13,+ Stubbs (372)
3a4a,16 durable Johnson (160}
3a Stubbs (372)
3a,4a,14,167 durable Johnson (160)
3a,4a,16 Lupton et al. (217)
12 Stubbs (372)
3a,4a,16 Johnson (160)
2 Jahnson (160)
1,3a,4a,16?7 Johnson (160)
Johnson (160)
Line et al. (199)
2 Stubbs (371)
Johnson (160)
3b, 4b Johnson (160)
3a,4a,167 durable Johnson and Law (161) 5BS-7BS chromosome
1,2,13 temperature Stubbs (371)
sensitive?
additive Sharp and Volin (344)
2,3a,11 Lupton et al. (217)
Johnson (160)
14,4+ Stubbs (372)
A durable Johnson (160)
Lupton et al. (217)
Line et al. (199)
2,14 Stubbs (372)
2,3a,4a,13,167 Johnson (160)
3a,4a,8,167 Lupton et al. (217)
Robbelen and Sharp (293)
Line et al. (199)
10 high-temperature ~ Sharp and Volin (344) 1 major,3 minor genes
Johnson (160)
3a,4a,16? Johnson (160}
fiald sharp et al. (345)
Stubbs (372)
13 Johnson (160)

Wheat
type

bread
bread
bread
club

durum
bread
bread
bread
bread
bread
spelt

Growth
habit

winter
spring
spring
spring
spring
winter
spring
spring
winter
spring
spring

Day length Yr Lr Sr
requirement

gene(s) gene(s) gene(s)®

short

10
long ? LC
short

short

long

with the optimum reported at 9-13°C (Table
2). These temperatures, on average, are
about 10°C below those for leaf rust; thus,
stripe rust is a disease of more northern or
southern latitudes and high elevations.

Sporulating uredinia survive o a
temperature of -4°C and incipient infections
can survive as long as the host leaf
survives. Infections may occur at
temperatures near or just below freezing
(150). Latent periods of more than 188 days
during the winter occur in Europe (403).
Sporulation and infection can occur when
daytime temperatures reach 5°C (404).

P. striiformis seems to be more sensitive to
ultraviolet light and air pollution than the
other rusts (252, 342, 372). This may affect
the pathogen’s survival in long distance
transport and in highly polluted areas. Note,
however, that Stubbs (372) feels isolates in
northwestern Europe have a tolerance to
local pollutants.

Virulence

Hungerford and Owens (153) reported the
occurrence of strains of stripe rust on wheat
and Allison and Isenbeck (5) showed the
existence of races. Extensive studies were
done in Germany in the 1930s, and again
after 1955 (109). Stubbs (372) summarized
this work (see Table 17). Currently,
virulence studies of stripe rust are being
done in the Netherlands (375), USSR (2),
Peoples Republic of China (196), USA
(198}, India and Nepal (262), United
Kingdom (284), and Australia (396).
Findings of most of these surveys are not
published except periodically for the
international audience.
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Aggressiveness

Little is known about differences in
aggressiveness among isolates of P.
striiformis. Differences in aggressiveness
probably exist, but they are obscured by the
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Figure 7. Life and disease cycles for Puccinia striiformis (wheat stripe rust).

Table 17. Zonal distribution and frequency of wheat stripe rust virulence in populations of
Puccinia striiformis f.sp. tritici.

Virulence for Yr genes®

Zone 1 2 3a 4b 5 6 7 8 9 10

West Europe and 3 4 4 3 0 3 2 1 1 0
North Africa

East Europe and 1 2 3 1 0 3 3 3 i 2
West Asia

South Asia 2 1 1 0 1 2 4 4 0 0

Far East 4 2 3 0 0 3 3 2 1 0

North America 2 4 3 0 0 2 1 0 0 1

South America 1 3 4 3 0 2 2 0 1 0

Australia and 0 4 4 4 0 3 2 0 0 0

New Zealand

2 Frequency in percentage virulence in the race population: 0 = not known, 1 = less than 10%,
2 = 11-25%, 3 = 26-50%, and 4 = over 50%,; after Stubbs (372).

variability in the resistance response.
Additionally, differences in relative humidity,
light, temperature, and poliutants combined
with adult plant resistance have made studies
of differences in pathogen aggressiveness
difficult.

Disease CONTROL

It cannot be over emphasized that it is
essential to understand the epidemiology of a
disease before starting any control strategy,
especially one involving cultural or chemical
control measures. Without a doubt a combina-
tion of cultural control practices with disease
resistance and perhaps fungicide applications
will be the most effective means of controlling
the cereal rust diseases. Because of the
airborne nature of the inoculum of the cereal
rusts, quarantine measures against the
pathogen only delay, and do not prevent entry
of the disease and/or specific virulence
combinations. However, one should take care
not to unknowingly transport or permit
urediniospores of the cereal rusts to escape
outside their epidemiclogical areas. Important
differences in virulence, aggressiveness, and
adaptation exist in the different pathogen
popuiations of these fungi worldwide.

Table 18 summarizes the various control
methods discussed in the following sections.

GENETIC RESISTANCE

The principle mechanism of control of the
cereal rusts has been through the use of
resistant cultivars (159). A few cultivars, such
as Thatcher and Hope (133) for stem rust;
Americano 25, Americano 44d, Surpreza,
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Frontana, and Fronteira (278, 303) for leaf
rust; and Wilhelmina, Cappelle-Desprez,
Manella, Juliana, and Carsten’s VI (372) for
stripe rust have maintained some
resistance for many years. Most cultivars
have remained resistant for 5 years or
more, which is about the agronomic
lifespan of a cultivar where an active
breeding program exists. However, some
cultivars have rusted before they were
grown on more than a fraction of the
cultivated acreage. In most, if not all the
cases, the failures have been due to
inadequate knowledge of the virulences
present in the pathogen population. In other
cases, mutations or perhaps
recombinations of existing virulence
combinations occurred and rendered the
host susceptible. In some instances, the
disease screening protocol is inadequate to
identify and select the resistant wheat lines.

The failure of resistance over the short term
has led to a boom-and-bust syndrome
(173). However, among the breeding
programs for rust resistance, some have
been successful for a number of years. The
greatest successes have been against stem

rust, perhaps because of the nature of the
pathogen, and perhaps due to the greater
number of scientific years of study and
work. Green and Campbell (122) have
summarized the success of the Canadian
stem rust program. In Australia a series of
cultivars with Sr26 have been released
since 1971 and are now grown on nearly 1
million hectares without stem rust losses
{211). Maintenance of leaf rust resistance
has been more difficult, but the series of
diverse cultivars used in North America has
been undamaged by rust for more than 30
years (295). The bread wheat, Era, was
released in Minnesota in 1972 and rapidly
replaced other cultivars; by 1980 it was
grown on nearly 1.5 million hectares
annually. Recently, it has been replaced by
other cultivars with similar resistance; Era
and its derivatives still remain rust resistant
on some 1 million hectares.

Many reviews of resistance to the cereal
rusts exist. A 1987 CIMMYT symposium
entitled “Breeding Strategies for Resistance
to the Rusts of Wheat” (347) provides a
good summary of recent work. Other recent

Table 18. Methods of controlling the rust diseases.

Control Controlled Cost
method by to Cost Effectiveness
Resistance
Gene pyramids Breeder Taxpayer/seed buyer Low Good
Gene deployment Breeder group Taxpayer/seed buyer Moderate Good
Multilines Breeder Taxpayer/seed buyer High Fair to good
Cultivar mixtures Seed producer Seed buyer Moderate Fair to good
Chemical Grower Grower High Good
Cultural Grower Grower Low Fair
Eradication of Legal system Taxpayer High Fair to good

alternate hosts

sources are chapters on resistance of the
race-specific type (90) and resistance of the
race-nonspecific type (274) and the book by
Knott {184).

Advantages

* May reduce or eliminate the need for
chemical control.

* Requires no action by farmers after
cultivar selection.

* Cost spread to all users of the cultivar.

* Control can be maintained through
seed supply.

* No known environmental impact.

Disadvantages

* Resistance may become ineffective
after a period.

* Diverts effort from breeding for yield.

* No change possible after planting.

* Requires knowledge of pathogen
virulence and evolution.

CHemicaL (Funaicipe) ConTroL

Chemical control has been successfully
used in Europe permitting high yields (6-7 v/
ha) and where prices for wheat are
supported (55, 374). Chemicals have also
been used to control a leaf rust epidemic in
1977 in the irrigated Yaqui and Mayo
Valleys of Mexico (85). Elsewhere,
chemicals have had limited use on high
yielding wheats in the Pacific Northwest of
the USA for stripe and leaf rust control.
Chemical control of leaf rust in the eastern
and southern United States has been
practiced when expected yields exceed 2 t/
ha. In Brazil and Paraguay, chemicals are
used on wheat with expected yields of 1 t/
ha and above to control an array of other
diseases.
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Notes:

Advantages

* Chemicals can be applied when needed.

* Little monitoring of pathogen populations is
required except for appearance.

* Breeding efforts and funding can be
concentrated on increasing wheat yields
and improving quality.

Disadvantages

* Farmers assume direct material and
application costs.

* Large stores of chemicals need to be
maintained—some of which have limited
shelf life. Adequate amounts of chemicals
must be stored to spray large areas
{hundreds of thousands of hectares) in a
few days.

* Known or unknown environmental hazards
are connected with continual use of
fungicides over a large area.

* Many other fungal pathogens have
developed resistance to chemicals and this
may occur with the rusts.

* Most available fungicides provide
inadequate control on susceptible cultivars
when environmental conditions are
favorable for disease development.

CuLTurAL METHODS

Cultural practices provide another method for
at least partial control of wheat rust epidemics.
No single practice is effective under all
conditions, but using a series of cultural
practices greatly enhances the existing
resistances. Farrer's development and use of
early maturing cultivars marked the initial
successes in controlling stem rust in Australia
(232). Mexican farmers had learned to sow
early to avoid stem rust prior to the use of
resistant cultivars (34).

Zadoks and Bouwman (404) emphasized the
importance of the green bridge in carrying the

disease from one crop to the next. The green
bridge can be lengthened when some growers
plant early and others late. Removing the
green bridge with tillage or herbicides is an
effective control measure for epidemics that
would result from endogenous inoculum. In
some areas volunteer plants must be
controlled several times during the season
when wheat is not grown.

Some of the benefits of gene deployment can
be obtained by a grower if more than one
cultivar are used that differ in resistance and
from those grown by immediate neighbors. In
some areas, control of timing and frequency
and amount of irrigation and fertilization
applications can aid in disease control. On
large farms, it may help if fields are arranged
s0 that the early maturing cultivars are down
wind from late maturing cultivars. Late planting
may avoid autumn infections, but late planting
may increase the chance of spring infection by
exogenous inoculum. As a disease control
measure, autumn- and spring-sown wheats
probably should not be grown in the same
area. Whatever the situation, each cultural
practice must be tested against the anticipated
types of epidemic that occur in the area.

Advantages

* Reduce environmental pollution.

* Enhance effectiveness of chemicals when
used.

* Enhance effectiveness of resistance.

* Delay disease onset and thereby severity.

Disadvantages

* Farmers may lack knowledge and
resources to use these methods properly.

* Require the cooperation of most or all
farmers in an area.

* Can be rendered useless by large inputs of
exogenous inoculum.
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ERADICATION OF THE
ALTERNATE HosT

An alternate host eradication program for
stem rust was successful in northern
Europe (148) and the North Central States
of the USA (295). Except for eastern
Europe and the northwestern USA, no other
areas of the world are known where
alternate hosts play any role in stem rust
epidemiology. Eradication efforts by
individual growers probably would not result
in visible gains immediately in stem rust
control due to large amounts of asexual
inoculum. The alternate host for leaf rust
may function more as a source of sexual
reproduction than a source of epidemic-
generating inoculum. For southern Europe
eradication of Thalictrum or Anchusa would
probably not be feasible.

Advantages

* Increases the durability of resistance
genes.

* Can delay disease onset and initial
disease severities.

* May reduce need for chemical and/or
cultural control measures.

Disadvantage
¢ Eradication of alternate host often not
economically feasible.

TECHNIQUES FOR
StuDY OF RusT
DISEASES

Many techniques have been developed for
studying the rust diseases. To describe
them aft would require a series of volumes.
Thus, we describe techniques in this

manual that we believe are generally the
most useful and practical. Those germane
to specific purposes are mentioned briefly.
References are provided for generally
available literature. Browder (48), Joshi et
al. (168), Rowell (318), and Stubbs et al.
(376) have written recent reviews.

INocuLum ProbuCTION

Studies of the cereal rusts require the
increase and preservation of inoculum,
which, in most cases, involve
urediniospores. For many experiments,
inoculum of a particular pathogen
phenotype or a particular isolate is needed.
In such situations, it is essential to be able
to purify and maintain isolates over a period
of years. In other cases, larger quantities of
inoculum for field inoculation may require
multiplication, collection, and storage for
various periods of time.

Spore increase

The usual procedure is to select a
susceptible host (Tables 7, 12, and 16, for
leaf, stem, and stripe rusts, respectively). A
local host line can be used if it is
susceptible to the isolate to be increased.
Sometimes it is possible to select a host
that is susceptible to the isolate to be
increased, but resistant to other isolates,
eliminating some of the contamination
problems. It is desirable, but usually
impossible, to find and use a host that is
resistant to other common greenhouse
diseases, such as powdery mildew
(Erysiphe graminis).

Urediniospores are easily airborne and may
be present outside the laboratory,
representing a potential source of isolate
contamination. Infected plants growing in

the greenhouse and plants not immediately
discarded after use are common sources of
contaminating spores. Place waste plants in
a covered barrel for several days of
composting before sending them for
disposal. To reduce contamination in work
areas where rusted plants were grown,
wash the area with water before bringing in
new plants. To reduce-contamination to a
minimum, keep the greenhouse clean.

Several situations may cause problems in
obtaining adequate infection (318). When
spores have been stored dry, a slow
rehydration process may be required. If
seedlings or adult plants are sprayed with
water to simulate dew formation, mineral or
other contaminants in the water may inhibit
spore germination. Pollutants in the air
have been reported to reduce infection as
well (252, 342, 372).

Inoculum can be increased either on
seedlings or adult plants. The choice is
based primarily on personal preference and
local conditions.

Seedling plants. Generally, inoculate
seedlings at 7 to 9 days of age when the
primary or seedling leaf is fully expanded.
Following incubation in a dew chamber,
move the seedlings to a greenhouse or
growth chamber. To prevent contamination
by spores from other isolates and
urediniospores from outside, isolation of the
seedlings is desirable. Isolates maintained
on seedlings in single, small pots can be
covered with a glass lamp chimney, which
has the top covered with a fine mesh cloth
to allow heat exchange, but minimizes
spore movement. Browder {48) designed an
isolation chamber composed of a chimney
and a cap with a space for air exchange.
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