RESEARCH

Genetics of Leaf Rust Resistance
in the Soft Red Winter Wheat ‘Caldwell’

ABSTRACT

The soft red winter wheat (Triticum aestivum L.)
‘Caldwell’ has effective resistance to leaf rust
caused by Puccinia triticina. To determine the
genetic basis of this resistance, Caldwell was
crossed with the leaf rust-susceptible spring
wheat ‘Thatcher’, and the F, plants were back-
crossed to Thatcher to obtain backcross (BC)
F, (BC,F,) families. In the seedlings, the BC,F,
families segregated for a single gene to P. tri-
ticina race SBDG, which is likely Lr14a based on
tests with BC,F, lines. In field tests, the BC,F,
families segregated for a single gene for adult
plant resistance that was independent of the
seedling resistance. BC,F, adult plants were
inoculated in greenhouse tests with P. triticina
races BBBD and THBJ, and resistant plants
were selected and advanced by single-seed
descent to produce BC,F, lines. In greenhouse
tests, adult plants of some of the BC,F, lines
had the same low and high infection type (IT) to
different P. triticina races as the Thatcher isoline
with Lr72. Other BC,F, plants had intermedi-
ate IT to the P. triticina race THBJ. The BC,F,
plants with the intermediate ITs were selected
and tested as BC,F, adult plants in greenhouse
tests and as BC,F, lines in field plot tests at
two locations. Caldwell likely has the seedling
resistance Lr14a, the adult plant gene Lr72, and
an uncharacterized adult plant resistance gene
that conditions an intermediate level of effective
resistance in field plots.
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EAF RUST, caused by Puccinia triticina Eriks., is the most com-

mon rust disease of wheat (Triticum aestivum L.) in the United
States and worldwide (Roelfs et al., 1992). Leaf rust has the poten-
tial to overwinter throughout much of the soft red winter wheat
region of the southern and eastern United States (Roelfs, 1989).
Along the Gulf Coast, leaf rust infections can be seen usually by
February and can reach high severity levels in March and April.
In the spring, leaf rust infections on wheat move progressively
north along the Atlantic seaboard and through the mid-South. By
early May, leaf rust is prevalent in North Carolina and Virginia.
In Ohio, the leading state for soft red winter wheat production,
leaf rust infections reach maximal levels in June.

Losses in wheat due to leaf rust can be substantial. Caldwell et al.
(1934) showed that different winter wheat cultivars that varied from
highly resistant to susceptible suffered losses of 15 to 28% due to leaf
rust. In 1938 leaf rust caused an estimated loss of 25 to 30% in hard
red winter wheat in Oklahoma (Chester, 1939). Losses in Kansas in
2007 due to leaf rust were estimated to be 14% (Appel et al., 2007).
Khan et al. (1997) developed a yield loss model for southern soft red
winter wheats that predicted a 1% yield loss for every 1% increase in
rust severity at the milky-ripe stage of grain development. Everts et
al. (2001) determined that leaf rust affected the softness parameter
and may reduce flour yield of soft red winter wheats.

Stable leaf rust resistance in the soft red winter wheat cultivars
has been difficult to obtain because P. friticina is highly variable for
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virulence to race specific leaf rust resistance genes in wheat
and responds quickly to the selection pressure imposed by
resistant cultivars. The early soft red winter wheat cultivars
Mediterranean (CI 11489) and Hussar (CI 4843) have leaf
rust resistance genes Lr3 and Lr11, respectively (Soliman et
al., 1964). Because these cultivars were used in the develop-
ment of soft red wheat cultivars, both Lr3 and Lr11 are likely
present in a number of current soft red winter wheats; how-
ever, these genes no longer provide effective leaf rust resis-
tance because races of leaf rust with virulence to both genes
are very common. Lr9 from the wild wheat relative Aegilops
umbellulata was first used in soft red winter wheat cultivars
in 1967, and within a few years leaf rust races with viru-
lence to Lr9 were detected (Shaner et al., 1972), limiting the
effectiveness of this gene. Similarly, Lr26 on the wheat rye
1B/1R translocation is present in a number of soft red win-
ter wheats (Kolmer, 2003), and leaf rust races with virulence
to this gene are common in the soft red winter wheat region
(Kolmer et al., 2008a). Lr18 derived from T. timopheevi is
also present in some soft red winter wheats, and races with
virulence to this gene, while not very common, have been
detected in the southern and eastern United States.

The Purdue Agricultural Experiment Station released
the soft red winter wheat cultivar Caldwell (CI 17897) in
1981 (Patterson et al., 1982). The pedigree of Caldwell is
‘Benhur’ (CI 14054) sib*2/‘Siete Cerros’ (PI 338921). The
pedigree of the Benhur sib line includes the soft red win-
ter wheats ‘Knox 62° (CI 13701), “Vigo’ (CI 12220), ‘“Trum-
bull’ (CI 5657), and ‘Hussar’, a Purdue breeding line, and
the spring wheats ‘Hope’ (CI 8178) and ‘Kenya Farmer” (PI
187165). Siete Cerros is a CIMMYT cultivar. Caldwell was
noted to have adult plant field resistance to leaf rust and was
widely grown from 1981 to 1985 (Schafer, 1993). The leat rust
resistance in Caldwell has remained effective since release.
In 2000 in plots in North Carolina, Caldwell was highly
resistant to leaf rust (Kolmer, 2003). Caldwell was chosen
for this study because it has had durable resistance to leaf rust
and the genetic basis of its leaf rust resistance is not known.
The objective of this study was to determine the number and
identity of the leaf rust resistance genes in Caldwell.

MATERIALS AND METHODS

Seed of Caldwell was planted in 15-cm-diam. pots that were filled
with steamed topsoil and placed on a greenhouse bench with a mix-
ture of fluorescent and incandescent lighting. After 10 d when the
plants were at the two-leaf stage, the pots were placed in a growth
chamber with incandescent lighting at 10°C for 2 mo of vernaliza-
tion. After this period, the pots were placed in a growth cabinet
with fluorescent and incandescent lighting with a 16-h daylength
at 18°C. Pots with seed of the leaf rust susceptible spring wheat
cultivar Thatcher (CI 1003) were placed in the growth cabinet 1
wk before the Caldwell plants were removed from the vernaliza-
tion chamber; and also at the same time, when the Caldwell plants
were placed in the growth cabinet. The Thatcher and Caldwell
plants were treated with Nutricot 13—13—-13 N-P-K (Plantco Inc.,

Branpton, ON). At heading the Thatcher plants were emasculated
and pollen shedding anthers from Caldwell were used to pollinate
the Thatcher female parents. The F, seed was harvested and then
planted and vernalized for 4 wk and backcrossed as the male parent
to Thatcher. Approximately 80 BC,F, seeds were obtained. The
BC,F, seed was planted in a greenhouse in 15-cm-diam. pots and
selfed to obtain BC, F, families.

Ten seeds of Caldwell were planted in individual 3.5-cm?
plastic pots that were filled with vermiculite (Sunshine Strong-
Lite Medium Verniculite Premium Grade, JR Johnson Horticul-
tural Supplies, St. Paul, MN) and placed on a plastic tray. After 8
d when the primary leaves had fully expanded, each pot of seed-
lings was inoculated separately with P. triticina races BBBD (iso-
late designation: Race 1), THBJ (588-1), MCDS (520-1), MBR]
(6-2B), MFBJ (94 Can), KFBJ (64-1), MJBJ (406-1), and SBDG
(Race 9). The four-letter race designation of the isolates is derived
from the avirulent—virulent infection types (IT) to 20 Thatcher
lines with single genes for leaf rust resistance as described in the
P. triticina virulence nomenclature system (Long and Kolmer,
1989) and in recent virulence surveys of P. triticina (Kolmer et al.,
2008a). Fifteen to 20 seeds of each BC F, family were planted in a
3.5-cm? plastic pot and inoculated when the primary leaves were
fully expanded with race SBDG. For seedling inoculations, rust
urediniospores were mixed with Soltol 170 oil (Phillips Petro-
leum, Borger, OK) and then spray inoculated onto plants using
the equipment and methods previously described (Roelfs et al.,
1992). After inoculation seedling plants were allowed to dry for
1 h and then placed in a mist chamber overnight at 18°C and
100% relative humidity. The seedlings were placed on a green-
house bench after incubation. Seedlings were fertilized with a
20-20-20 N-P—K solution immediately after inoculation and at
14 d after planting. The ITs on the primary leaves of individual
plants were read at 10 to 12 d after inoculation. The ITs were
classified using a 0 to 4 scale (Long and Kolmer, 1989). Infec-

[TRE)

tion types, 0 (no visible sign of infection), “;” (hypersensitive
flecks), 1 (small uredinia surrounded by necrosis) and 2 (small-
moderate size uredinia surrounded by chlorosis) were considered
as low (resistant); and IT from 3 (moderate size uredinia without
necrosis or chlorosis) to 4 (large uredinia) were considered as
high (susceptible). Mixtures of I'Ts or mesothetic responses, were
indicated by listing the most common IT first, followed by the
less common ITs. Larger and smaller uredinia were indicated by
“+7 and “=,” respectively. BC,F, families that had only suscep-
tible seedlings were considered as homozygous susceptible, and
families that had both resistant and susceptible plants were con-
sidered as segregating. The ratio of segregating to homozygous
susceptible families was used to estimate the number of segregat-
ing resistance genes. A X test (Steel and Torrie, 1980) was used
to determine if the observed ratio significantly deviated from the
expected ratio.

In the field plot tests, 50 seeds of each genotype were planted
in 2-m rows spaced 30 cm apart, perpendicular to rows of a mix-
ture of wheat cultivars Thatcher, ‘Morocco’ (P1278386), ‘Max’ (CI
15093), and ‘Little Club’ (CI 4066) that are susceptible to leaf rust.
The spreader rows and BC,F, families of Thatcher/Caldwell were
inoculated in St. Paul, MN, with a mixture ofisolates MJBJ, THB]J,
MCRK, TNRJ, and TDBG in 2005. In 2008 the spreader rows
and the Thatcher*2/Caldwell F, lines in St. Paul and Crookston,
MN, were inoculated with races MCDS, TDBG, MFPS, THB]J,
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and TNRJ. The adult plants were rated for leaf rust severity using
the modified Cobb scale (Peterson et al., 1948). Leaf rust response
in the adult plants was rated as previously described (Roelfs et al.,
1992). The field plots were rated for leaf rust when the susceptible
cultivar Thatcher had a leaf rust severity of 70 to 80% with a sus-
ceptible (S, large uredinia without chlorosis) response (70-80 S).

For greenhouse-based evaluation of adult plants, four seeds
of each genotype were planted in a 15-cm pot and grown in a
greenhouse at 18 to 25°C with a 16-h light period. Flag leaves
of adult plants were inoculated in the same manner as in the
seedling tests with a mixture of urediniospores and oil. Infec-
tion types were read 14 d after inoculation using the same IT
scale as for the seedling tests.

RESULTS
Seedlings of Caldwell when tested with P. friticina isolates
BBBD, THBJ, MCDS, MBRJ, TNRJ, MFBJ, KFBJ, and
MJB]J had high IT of 3 to 3" and had a mesothetic IT of
3%; (large uredinia with flecks) to isolate SBDG. Isolate
BBBD is avirulent to most of the leaf rust resistance genes
that are effective in seedling plants; however, it had high
IT of 3" to the Thatcher line with Lr14a and IT 2" to the
Thatcher line with Lr23. Isolate SBDG has low IT of ;23
to Lr14a and ; (fleck) to Lr23. When tested with isolate
SBDG, seedlings of the 79 BC,F, families of Thatcher/
Caldwell segregated in a 1:1 ratio (P = 0.74) (Table 1) for
families that segregated for resistant and susceptible plants
and for families that were homozygous susceptible indi-
cating that a single gene conditioned resistance. The resis-
tant seedlings had I'T of 3%; to isolate SBDG. In field plots
at St. Paul in 2005, the BC F, families also segregated in
a 1:1 ratio (P = 0.58) for families that were segregating for
resistant and susceptible plants and for families that were
homozygous susceptible. In the field test, the resistant
plants in the segregating families had leaf rust severity and
response of 20 to 50 MRMS (MR = moderately resis-
tant, medium to large uredinia surrounded by necrosis;
MS = moderately susceptible, medium to large uredinia
surrounded by chlorosis), and susceptible plants had sever-
ity and response of 60 to 80 S. The resistant plants were
easily distinguished from susceptible plants based on the
fewer uredinia, and the abundant necrosis and chlorosis
surrounding the uredinia. The BCF, families segregated
independently in a 1:1:1:1 ratio (P = 0.32) for seedling and
adult plant field leat rust resistance, indicating that two
different genes conditioned resistance (Table 1).

Seedling BC,F, plants were selected on the basis of low
IT to isolate SBDG and grown to maturity to obtain BC F,
lines for further seedling tests. Fifteen BC,F, lines derived
from different BC,F, families were tested with three P. tri-
ticina isolates that varied for I'T on Thatcher lines with genes
Lr14a and Li23. Nine of the BC F; lines had low IT of
;23 to isolates SBDG and PBLQ and high IT of 3" to iso-
late MHDS, which was identical to the Thatcher line with
Lr14a (Table 2). The Thatcher line with Lr23 had low IT of

Table 1. Segregation of ‘Thatcher*2/‘Caldwell’ F, wheat fam-
ilies for leaf rust resistance in seedlings to isolate SBDG and
in adult plant field experiments.

SBDG
Field ) Homozygous Total
Segregating Susceptible
Segregating 24 18 42
Homozygous 17 20 37
susceptible
Total | 38

; to isolates MHDS and SBDG and high IT of 3 to PBLQ.
The remaining six lines had high IT of 3" to the three
isolates. The result suggested that the seedling resistance to
SBDG in Caldwell is most likely due to Lr14a.

In a greenhouse test, eight adult plants from each of 13
BC|F, families of Thatcher/Caldwell were tested for IT to
isolate BBBD, which has low IT on plants with Lr12 and
Lr13 that are optimally expressed in adult plants. To iso-
late BBBD, the adult plant I'Ts ranged from ; to ;2" to 3™.
Eight adult plants from each of seven families were tested
with isolate THBJ that has high IT on plants with Lr12
and Lr13. To THB]J the ITs ranged from ;22" to 3". BC,F,
plants that had low IT to isolate BBBD and THB] were
selected, and the seed was harvested. A single BC F, seed
from each selected BC,F, plant was grown out to maturity
and the seed harvested. Four plants from each of 12 BC,F,
lines were tested as adult plants with isolates BBBD, TCTD
(190), MCRK (267), and THB]J. These four isolates differ
for virulence and avirulence to genes Lr12 and Lr13. Results
for 11 lines are presented in Table 3. Three lines had low IT
to isolates BBBD and MCRK that were similar or identi-
cal to the low ITs the Tc line with Lr12 had to the same
isolates. The Thatcher line with Lr13 had low I'T to BBBD

Table 2. Seedling leaf rust infection typest of nine
‘Thatcher’*2/‘Caldwell’ F, wheat lines and near-isogenic lines
of ‘Thatcher’ wheat with leaf rust resistance genes to three
isolates of Puccinia triticina.
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Infection
Line type isolate Gene
MHDS SBDG PBLQ
Thatcher*2/Caldwell F3
14 3* ;23 ;23 Lr14a
15 3* ;23 ;23 Lr14a
16 3* 23 ;23 Lr14a
18 3* 23 ;23 Lr14a
31 3* 23 ;23 Lr14a
33 3* ;23 ;23 Lri14a
35 3* 23 23 Lr14a
36 3* ;23 ;23 Lr14a
43 3* 23 ;23 Lr14a
Thatcher 3* 3* 3*
ThatcherLr14a RL6013 3* 23 ;23
ThatcherLr23 RL6012 ; ; 3
finfection types as described in Long and Kolmer (1989).
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Table 3. Adult plant infection typest of ‘Thatcher*2/‘Caldwell’
F, wheat lines and isogenic lines of ‘Thatcher’ wheat with leaf
rust resistance genes to four isolates of Puccinia triticina.

Infection
Line type isolate Gene
BBBD TCTD MCRK THBJ
Thatcher*2/Caldwell F4
141 2” 3* 22¢ 3* Lr12
221 12- 3* 22¢ 3* Lr12
20-3 1 22+ 2 3* Lr12
1141 22+ - 3* 3* 3* 2 APR*
4-2 27 22¢ 2373 22+ 23 APR
21-1 3* 3* 3* 2¢ APR
25-1 23 APR
241 2+ APR
9-3 0;-;2-23 APR
20-2 ;22¢ APR
15-2 ;22¢ APR
Thatcher 3* 3* 3+ 3*
ThatcherLr12 RL6011 1 3* 22+ 3*
ThatcherLr13 RL4031 1 2” 3+ 3*
ThatcherLr34 RL6058 2 2- 2- 0;2-

finfection types as described in Long and Kolmer (1989).
¥Adult plant resistance.

and TCTD and high IT to MCRK and THB]J. Four plants
from each of 25 BC|F, lines were tested with only isolate
THB]J. The results for eight lines are presented in Table 3.
These lines all had IT 2 to 23 to THBJ. One plant in line
9-3 had IT of 0; (no uredinia with faint flecking) to isolate
THBJ. Seed of 19 resistant BCF, plants was harvested.

Table 4. Adult plant infection typesT to Puccinia triticina isolate THBJ and field
leaf rust severity* and response’ of seven Thatcher*2/Caldwell F,~derived
wheat lines and isogenic lines of Thatcher with leaf rust resistance genes
tested in greenhouse and in field plots at two locations in Minnesota in 2008.

Four BC|F, seeds from each harvested BC,F, plant were
planted for testing as adult plants to isolate THBJ. The ITs
of seven of the BC,F; lines are presented in Table 4. These
seven lines varied to THB]J from IT 0; in line 9-3A to IT of
2" and 3" inline 21-1A. Line 15-2A had a high IT of 3" with
few uredinia. Seed of all BC F, plants was harvested and
bulked within a line and BC F, lines were planted in rust
nursery plots at Crookston and St. Paul Minnesota, MN, in
2008. The lines in Table 4 had rust severity and response of
10 to 40 MR MS in the field plots. Line 9-3A had the lowest
severity and response of 5 resistant (R, small uredinia with
necrosis) and 5 MR at the two locations. Thatcher and the
Thatcher lines with Lr12 and Lr14a had high rust response
and severity of 70 to 80% with a susceptible response. The
Thatcher line with the adult plant resistance gene Lr34 had
a rust severity and response of 10 to 20 MS.

DISCUSSION
The results of this study indicate that Caldwell likely has the
seedling leaf rust resistance gene Lr14a, the adult plant gene
Lr12, and a second adult plant gene that conditions effec-
tive resistance in field plot tests. The resistance response of
the Thatcher lines with the unidentified adult plant resis-
tance gene derived from Caldwell had much more necro-
sis and chlorosis compared with the Thatcher line with
Lr34. Caldwell did not have the allele associated with Lr34
(Lagudah et al., 2006; Kolmer et al., 2008b) in tests with
the marker ¢sL1734. The BC,F, lines with the adult plant
resistance from Caldwell varied for IT in greenhouse tests
and to a lesser extent for leaf rust severity and response in
field tests. Line 9-3A in particular had much lower IT and
tield severity. Segregation of the BC,F, families indicated
only a single gene segregation in the field tests.
Genetic modifiers of leaf rust resistance may
affect expression of this adult plant resistance.
Gene Lr12 is present in the cultivar Chinese

Spring (CI 14108) (Dyck, 1991), which was used

; Infection type Field plots . .

Line to THBXp Crookston St Paul as a parent of the soft red winter cultivar Knox

: (CI 12798) (Caldwell et al., 1954). Knox 62 was
‘Thatcher™2/‘Caldwell’ F4 derived fi K d be th f
o ot 9030 MRMS 30 MRMS erived from Knox and may be the source o
9.3 o R 5 VR Lr12 because it is in the pedigree of the Benhur
HAA 22'+ 30-40 MRMS 90-30 MRS sib line usedt as :il fare?tpotf ‘IC‘)a'ldv?feli.hBecaltl}sle
. o1 10-20 RMR 20 MRS many c;rren iso [aje§ od S rificina in ¢ elsou -
0027 o 10-20 RMR 30 MRMS irrleanK Tastern lnlt;oog)tate}s1 are Vlrl; ent tﬁ-

214A or 3+ 20 MRMS 40 MRMS r | (Kolmer e,tda E ). ;15 gene by 1tse
o4 > o0 0040 MRS 30 MRMS no longer provides highly effective resistance.
Hope (McFadden, 1930) is a possible source of

Thatcher 70-80 S 80S Lri4a in Caldwell b i tin th
ThatcherL 12 RL60T1 708 708 ' d_“ m fathwg hecauf 1,1 ® greserz ;2 ¢
ThatcherLr14a RL6013 708 708 f cdigree o de fefn U SID e el;le rirano
Thatcherlr34 RLE0SS 10-20 MS 00 MS onger provides effective resistance because vir-

finfection types as described in Long and Kolmer (1989) to P. triticina race THBJ.

ulence to this gene is now very common. The
source of the unidentified adult plant resistance

*Modified Cobb scale (Peterson et al., 1948).

SR = resistant, small uredinia surrounded by necrosis; MR = moderately resistant, medium to large
uredinia surrounded by necrosis; MS = moderately susceptible, medium to large uredinia surrounded

by chlorosis; S = susceptible, large uredinia without necrosis or chlorosis.

gene in Caldwell is not immediately apparent.
Siete Cerros, the other parent of Caldwell, had
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a lower leaf rust score of 60 S in field plot tests in Mexico
when compared with the fully susceptible cultivars Inia 66
(PI 338916) and Sonora 64 (CI 13930), which were 100 S
(Singh and Rajaram, 1991). The other possibility is that this
gene originated in the pedigree of the Benhur sib line. The
leaf rust resistance in these cultivars has not been studied.

Genetic studies of leaf rust resistance in soft red win-
ter wheat cultivars have been limited. Shaner and Finney
(1980) characterized five winter wheat lines for latent
period and uredinia size and number. The soft red winter
wheat line CI13227 was determined to have four genes,
one with a major effect that conditioned longer latent
period (Shaner et al., 1997). Quantitative trait loci derived
from CI 13227 that conditioned longer latent period were
mapped on chromosomes 2DS, 2B, and 7BL (Xu et al.,
2005). The relationship of the adult plant resistance gene
derived from Caldwell with the genes in CI 13227 will be
resolved only by chromosome mapping of the Caldwell
resistance. Adult plant resistance conditioned by genes
other than Lr34 may be present in other soft red win-
ter wheat cultivars. Kolmer (2003) postulated that soft
red winter wheat cultivars with ineffective seedling genes
such as Lr1, Lr10, and Lr11 that still had field leaf rust resis-
tance may have some effective adult plant resistance genes.
Caldwell was used as a parent in the northern-eastern soft
red winter wheat breeding programs; thus, this adult plant
resistance gene may be present in other wheat cultivars.

Lr46 is another adult plant resistance gene that has a
leaf rust response somewhat similar to the adult plant gene
derived from Caldwell. In greenhouse tests of adult plants
and in field plots, the Thatcher lines with Lr46 derived
from ‘Pavon 76" (PI 520003) and a selection of ‘Lalbaha-
dur’ with Lr46 were less resistant (unpublished data) than
the Thatcher lines with the Caldwell adult plant resistance.
In a population of recombinant inbred lines derived from
the CIMMYT cultivar Brambling, lines that likely had Lr46
were less resistant in plots at St. Paul than in two Mexican
locations (J. X. Zhang and J. A. Kolmer, unpublished data).
Using a polymerase chain reaction marker for Lr46 that was
provided courtesy of E. Lagudah (CSIRO, Canberra, Aus-
tralia) the Thatcher*2/Caldwell F, lines did not have the
marker allele associated with Lr46 (unpublished data). Deter-
mination of the chromosome location of the resistance gene
from Caldwell will clarify if this gene is unique compared
to Lr46, and also Lr48 and Lr49, which are adult plant resis-
tance genes derived from ‘CSP 44’ (P1 520360) and “VL404’,
respectively (Bansal et al., 2008). Crosses of the resistant
BC,F, lines with Thatcher have been made to develop seg-
regating populations to map this resistance gene.

Although not widely grown since the mid-1980s, the
cultivar Caldwell has had effective leaf rust resistance since
release in 1981. In field plot tests in North Carolina in
2000, Caldwell had a severity and response of 10 R MR
and trace-5R at two different locations (Kolmer, 2003).

Soft red winter wheat germplasm with highly effective and
durable adult plant resistance could easily be developed by
combining the adult plant resistance from Caldwell with
Lr34. Tt is fitting that the wheat cultivar Caldwell has an
adult plant gene that has provided durable resistance to
leaf rust. R.M. Caldwell (Schafer, 1993), for whom the
cultivar 1s named, was an early proponent of generalized
nonspecific resistance in cereal crops (Caldwell, 1968).

References

Appel, J.A., E. DeWolf, W.W. Bockus, and R.L. Bowden. 2007.
Kansas Cooperative Plant Disease Survey Report 2007 Prelim-
inary Kansas wheat disease loss estimates. Available at http://
www.ksda.gov/plant_protection/content/183/cid/611  (veri-
fied 8 May 2009). Kansas Department of Agriculture, Topeka.

Bansal, U.K., MJ. Hayden, B.P. Venkata, R. Khanna, R.G. Saini,
and H.S. Bariana. 2008. Genetic mapping of adult plant leaf
rust resistance genes Lr48 and Lr49 in common wheat. Theor.
Appl. Genet. 117:307-321.

Caldwell, R.M. 1968. Breeding for general and/or specific plant
disease resistance. p. 263—-272. In K.W. Finlay and K.W. Shep-
herd (ed.) Proc. of the Int. Wheat Genetics Symp., Third.
Butterworth & Co., Sydney, Australia.

Caldwell, R.M., L.E. Compton, J.F. Schafer, and F.L. Patterson.
1954. Knox, a new leaf rust resistant and stem rust escaping
soft winter wheat. Phytopathology 44:483—-484.

Caldwell, R.M., H.R.. Kraybill, J.T. Sullivan, and L.E. Compton. 1934.
Effect of leaf rust (Puccinia triticina) on yield, physical characters,
and composition of winter wheats. J. Agric. Res. 48:1049-1071.

Chester, K.S. 1939. The 1938 wheat leaf-rust epiphytotic in Okla-
homa. Plant Dis. Rep. 112:1-19.

Dyck, P.L. 1991. Genetics of adult-plant leaf rust resistance in
‘Chinese Spring’ and ‘Sturdy’ wheats. Crop Sci. 24:309-311.

Everts, K.L., S. Leath, and P.L. Finney. 2001. Impact of powdery
mildew and leaf rust on milling and baking quality of soft red
winter wheat. Plant Dis. 85:423—429.

Khan, M.A., L.E. Trevathtan, and J. Robbins. 1997. Quantitative
relationship between leaf rust and yield in Mississippi. Plant
Dis. 81:769-772.

Kolmer, J.A. 2003. Postulation of leaf rust resistance genes in
selected soft red winter wheats. Crop Sci. 43:1266—1274.
Kolmer, J.A., D.L. Long, and M.E. Hughes. 2008a. Physiologic
specialization of Puccinia triticina on wheat in the United States

in 2006. Plant Dis. 92:1241-1246.

Kolmer, J.A., D.L. Long, E. Kosman, and M.E. Hughes. 2003.
Physiologic specialization of Puccinia triticina on wheat in the
United States in 2001. Plant Dis. 87:859—-866.

Kolmer, J.A., R.P. Singh, D.F. Garvin, L. Viccars, H.M. William,
J.H. Huerta-Espino, F.C. Obonnaya, H. Raman, S. Orford, H.S.
Bariana, and E.S. Lagudah. 2008b. Analysis of the Lr34/Yr18 rust
resistance region in wheat germplasm. Crop Sci. 48:1841-1852.

Lagudah, E.S., H. McFadden, R.P. Singh, J. Huerto-Espino, and
W. Spielmeyer. 2006. Molecular characterization of the Lr34/
Yr18 slow-rusting resistance gene region in wheat. Theor.
Appl. Genet. 114:21-30.

Long, D.L., and J.A. Kolmer. 1989. A North American system of
nomenclature for Puccinia recondita f.sp. tritici. Phytopathology
79:525-529.

McFadden, E.S. 1930. A successful transfer of emmer characters to
vulgare wheat. J. Am. Soc. Agron. 22:1020-1034.

CROP SCIENCE, VOL. 49, JULY—AUGUST 2009

WWW.CROPS.ORG

1191



Patterson, F.L., HW. Ohm, G.E. Shaner, R.E. Finney, R.L.
Gallun, JJ. Roberts, and J.E. Foster. 1982. Registration of
Caldwell wheat. Crop Sci. 22:690.

Peterson, R.F., A.B. Campbell, and A.E. Hannah. 1948. A dia-
grammatic scale for estimating rust intensity on leaves and
stems of cereals. Can. J. Res. C 26:496-500.

Roelfs, A.P. 1989. Epidemiology of the cereal rusts in North
America. Can. J. Plant Pathol. 11:86-90.

Roelfs, A.P., R.P. Singh, and E.E. Saari. 1992. Rust diseases
of wheat: Concepts and methods of disease management
CIMMYT, Mexico, D.F.

Schafer, J.F. 1993. Pioneer leaders in plant pathology: Ralph M.
Caldwell. Annu. Rev. Phytopathol. 31:33—41.

Shaner, G., G. Buechley, and W.E. Nyquist. 1997. Inheritance of latent
period of Puccinia recondita in wheat. Crop Sci. 37:748-756.

Shaner, G., and R.E. Finney. 1980. New sources of slow leaf rust-
ing resistance in wheat. Phytopathology 70:1183—-1186.

Shaner, G., J.J. Roberts, and R.E. Finney. 1972. A culture of Puc-
cinia recondita virulent to the wheat cultivar transfer. Plant Dis.
Rep. 56:827-830.

Singh, R.P,, and S. Rajaram. 1991. Resistance to Puccinia recondita f.sp.
tritici in 50 Mexican bread wheat cultivars. Crop Sci. 31:1472—-1479.

Soliman, A.S., E.G. Heyne, and C.O. Johnston. 1964. Genetic
analysis for leaf rust resistance in the eight differential variet-
ies of wheat. Crop Sci. 4:246-248.

Steel, R.D., and J.H. Torrie. 1980. Principles and procedures of
statistics. 2nd ed. McGraw-Hill Book, New York.

Xu, XY., G.H. Bai, B. Carver, G.E. Shaner, and R.M. Hunger.
2005. Mapping of QTLs prolonging the latent period of Puccinia
triticina infection in wheat. Theor. Appl. Genet. 110:244-251.

1192

WWW.CROPS.ORG

CROP SCIENCE, VOL. 49, JULY—AUGUST 2009



