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ABSTRACT

Six F13 pea (Pisum sativum L.) breeding lines, 00-5001 (Reg. No. 
GP-108, PI 669372), 00-5003 (Reg. No. GP-109, PI 669373), 00-
5004 (Reg. No. GP-110, PI 669374), 00-5005 (Reg. No. GP-111, 
PI 669375), 00-5006 (Reg. No. GP-112, PI 669376), and 00-5007 
(Reg. No. GP-113, PI 669377), were developed by the USDA–
ARS, Prosser, WA, via single-seed descent. The lines were 
developed with traits augmenting yield and harvestability 
combined with partial resistance to Fusarium root rot caused 
by Fusarium solani (Mart.) Sacc. f. sp. pisi (van Hall) Snyd. and 
Hans (Fsp) and resistance to Fusarium wilt caused by Fusarium 
oxysporum Schlecht. f. sp. pisi (Fop) races 1, 2, and 5. The six 
lines selected all demonstrated partial resistance to Fsp and 
resistance to Fop races 1 and 5, while maintaining double or 
triple pods per node associated with high yields. Four lines 
also demonstrated resistance to Fop race 2 combined with 
semi-leafless leaf types, which promote uniform seed color 
and anti-lodging characteristics. The mean disease severity 
ratings for Fusarium in all field trials were 50 to 58% less 
than the susceptible cultivar Bolero. These lines also yielded 
significantly more than Bolero in field trials in 2008 to 2009. 
Greenhouse trials confirmed resistances to Fop races 2 and 
5 of specific lines. These lines will serve the dry, canning, 
and freezer pea industries as parents to improve resistance 
to Fusarium pathogens, which negatively impact the pea 
industry worldwide.
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Green and field peas (Pisum sativum L.) are impor-
tant rotational crops in the Pacific Northwest, used to 
break disease cycles, manage weeds, and enhance soil 

nitrogen. Fusarium root rot, caused by Fusarium solani (Mart.) 
Sacc. f. sp. pisi (Fsp), is a serious seed and root rot disease affect-
ing pea growing areas of the United States and Europe (Bisby, 
1918; Infantino et al., 2006; Kraft, 2001). The disease dam-
ages peas produced in both dryland and irrigated fields and has 
been reported to reduce yield between 30 and 57% in eastern 
Washington and across Canada (Basu et al., 1976; Grünwald 
et al., 2004; Kraft, 2001; Kraft and Burke, 1974). The patho-
gen infects the cotylendon region and spreads downward to the 
roots and upward to the crown. Early disease symptoms include 
reddish-brown to black lesions on the roots that often expand 
and coalesce as the growing season progresses toward harvest 
(Kraft, 2001). Early symptom expression is increased by soil 
compaction (Kraft, 2001). Chlorosis and eventual necrosis of 
basal leaves is common in infected plants and can progress to 
upper leaves. Mature plants may be severely stunted or die due 
to infection. Partial resistance to Fsp has been identified in the 
Pisum core collection located in the Western Regional Plant 
Introduction Station in Pullman, WA (Grünwald et al., 2003; 
and Porter, 2010), but the partial resistance found in the core 
collection is extremely time consuming for breeders to move into 
acceptable cultivars using traditional breeding techniques, since 
the plants contain many nondesirable agronomic traits that 
are tightly linked with the partial resistance, such as genes for 
pigmented seed and flowers (Kraft, 1974; Weeden and Porter, 
2007). Partial resistance in pea to Fsp is considered to be a poly-
genic trait (Hadwiger, 2008). The commercial pea cultivars cur-
rently available do not have resistance to Fsp; however, several 
pea germplasm lines with partial resistance have been released, 
and cultivars with partial resistance are being developed (Kraft, 
1984; Kraft and Giles, 1976, 1978; Kraft et al., 1972).

Fusarium wilt is caused by Fusarium oxysporum Schlecht. f. 
sp. pisi (van Hall) Snyd. and Hans (Fop) races 1, 2, and 5. Races 
1 and 2 are found throughout pea-growing regions worldwide 
(Haglund and Kraft, 1979); however, race 5 has only been 

Abbreviations: Fop, Fusarium oxysporum f. sp. pisi; Fsp, Fusarium solani 
f. sp. pisi.
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reported in northwestern Washington State (Haglund and 
Kraft, 1970). The Fusarium wilt pathogens cause a yellow, 
red, or orange discoloration to the vascular tissue and a down 
curling of leaves, which tend to be more brittle than noninfected 
leaves (Haglund and Kraft, 2001). Fusarium wilt is considered 
to be a major concern in pea production areas and is capable of 
destroying entire fields. Fusarium wilts are managed through 
genetically resistant cultivars and crop rotation (Haglund and 
Kraft, 2001). The resistance to races 1, 2, and 5 is associated with 
independent single dominant genes (Haglund and Kraft, 2001). 
Currently, most major cultivars have genetic resistance to race 
1, and an increasing number of cultivars have race 2 resistance. 
Very few cultivars demonstrate race 5 resistance, mostly because 
it has only been found to infect peas in an isolated region in 
Washington State. Resistance to Fusarium root rots and wilts is 
currently a primary focus of pea breeders for both green and field 
peas, and resistant germplasm to be used in breeding programs 
is of primary importance to the pea industry. The objective of 
this research was to develop breeding lines with agronomically 
desirable characteristics that are resistant to Fsp and Fop, which 
could be used in private and public breeding programs.

Methods
The new pea breeding lines of Pisum sativum L., collectively 

referred to as the 5000 series (00-5001 [Reg. No. GP-108, PI 
669372], 00-5003 [Reg. No. GP-109, PI 669373], 00-5004 
[Reg. No. GP-110, PI 669374], 00-5005 [Reg. No. GP-111, PI 
669375], 00-5006 [Reg. No. GP-112, PI 669376], and 00-5007 
[Reg. No. GP-113, PI 669377]), were developed via single-seed 
descent from crosses initiated in a USDA–ARS greenhouse in 
Prosser, WA, in 1998. The partial resistance of these genotypes 
to Fusarium root rot and resistance to Fusarium wilts races 1 
and 2 were evaluated in field trials. The trials were conducted at 
the Roza Fusarium Disease Nursery located near the Irrigated 
Agriculture Research and Extension Center, Washington State 
University, Prosser, where peas have been grown in monoculture 
since 1966 providing natural inoculum of Fsp and Fop races 1 
and 2, which have been regularly isolated from infected plants. 
This nursery has been used annually by the USDA–ARS and 
prominent private pea breeding companies (Pureline Seed, 
Seminis, Crites-Moscow, Brotherton Seed, and ProGene) 
to select for Fusarium root rot- and Fusarium wilt-resistant 
breeding lines for use in commercial production.

Each year, soil in the disease nursery was tilled the first week 
of April, followed by pre-plant pesticide applications of Prowl 
3.3 EC herbicide at 1.75 L h−1 (0.75 qt acre−1, pendimethalin, 
BASF Corporation), Pursuit 2 EC herbicide at 210 g h−1 (3 oz 
acre−1, ammonium salt of imazethapyr, BASF Corporation), and 
Di-Syston 8 insecticide at 1.18 L h−1 (2.5 pt acre−1, disulfoton, 
Bayer CropScience). The nursery soil type is a Warden very 
fine sandy loam (coarse-silty, mixed, superactive, mesic Xeric 
Haplocambids). Plots were planted the second or third week of 
April, dependent on water availability, in a randomized complete 
block design with three or four replications of each genotype. 
Seed was treated with commercial rates of Captan 4 Flowable 
at 76.9 mL 45.4 kg−1 of seed (2.6 fl. oz 100 lb−1 of seed, Captan, 
Drexel Chemical Company) and Allegiance FL at 22.2  mL 
45.4 kg−1 of seed (0.75 fl. oz 100 lb−1 of seed, metalaxyl, Bayer 

Crop Science). One hundred seeds were planted in single-row 
plots measuring 3.0 m with a seed spacing of 3 cm. The green pea 
cultivar Bolero was planted as a susceptible commercial control. 
Plots were sprinkler irrigated weekly with 1.3 to 1.7 cm of water 
starting the third week of April. Partial resistance to Fusarium 
root rot and resistance to Fusarium wilt were evaluated at a single 
critical growing time during flat pod to full pod development 
near the end of the growing season. These dates were 2 July 
2003, 29 June 2005, 3 July 2006, 3 July 2008, 26 June 2009 
and 16 June 2010. Root symptoms associated with infection by 
Fsp or Fop race 2 were observed on symptomatic plants, and Fsp 
and Fop were isolated from symptomatic plants and from soil. 
Disease severity ratings were based on the percentage of foliage 
demonstrating foliar chlorosis beginning at the base of the 
plants and moving upward into the canopy. Data were analyzed 
using SAS (SAS Institute) and mean separation made using the 
Fisher’s protected LSD.

Pea genotypes were screened in a greenhouse for resistance to 
Fop race 2 in repeated greenhouse trials and to race 5 in a single 
greenhouse trial following the protocol established by Haglund 
and Kraft (1979). A repeated trial screening for race 5 resistance 
was not possible due to the loss of the race 5 isolate in culture. 
There were 4 to 20 replications of each genotype tested in the 
greenhouse screening trials. An individual plant was considered 
to be a replication.

The parentage of 00-5001, experimental designation 
number PH98-8005, is PH14-119/M7477//
Coquette/3/86-2197/74-410-2 (Kraft, 1989; USDA–ARS 
NGRP, 2013). 00-5001 is a freezer-type pea, medium height 
(30–61 cm), afila-leafed, and white-flowered. It begins to bloom 
at the 22nd node, produces two blunt pods per node, and has 
wrinkled and dimpled seed, green seed coat, green cotyledon, 
clear hilum, and an average seed weight of 22.7 g 100 seed−1. 
This line is partially resistant to Fsp and resistant to Fop races 1 
and 5. (See Table 1 for information regarding the authorship of 
all pea genotypes used in these breeding lines.)

The parentage of 00-5003, experimental designation number 
PH98-8007, is 69PH42-691004/Recette//Popet/3/PH14-119/
DL-1/3/B563-429-2/PI257593//DSP TAC (USDA–ARS 
NGRP, 2013). 00-5003 is a canner-type pea, medium height 
(30–61 cm), afila-leafed, and white-flowered. It begins to bloom 
at the 17th node, produces two blunt or pointed pods per node, 
and has green seed coat, dimpled yellow or green cotyledon, clear 
hilum, and an average seed weight of 15.9 g 100 seed−1. This line 
is partially resistant to Fsp and resistant to Fop races 1, 2, and 5.

The parentage of 00-5004, experimental designation number 
PH98-8008, is 79-2022/ICI 1203-1//Menlo/3/PI189171/
DL-2//75-786) (Kraft and Tuck, 1986; USDA–ARS NGRP, 
2013). 00-5004 is a freezer-type pea, medium height (30–61 
cm), afila-leafed, and white-flowered. It begins to bloom at the 
19th node, produces two blunt pods per node, and has wrinkled 
and dimpled seed, green seed coat, green cotyledon seed, clear 
hilum, and an average seed weight of 20.8 g 100 seed−1. This line 
is partially resistant to Fsp and resistant to Fop races 1, 2, and 5.

The parentage of 00-5005, experimental designation 
number PH98-8009, is B669-87-0/M7477//Blixt B5119/3/
PH98-8005/74SN5/3/PH14-119/DL-1//74SN3/Recette/5/
FR-725 (Kraft and Giles, 1976; USDA–ARS NGRP, 2013). 
00-5005 is a freezer-type pea, medium height (30–61 cm), 
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normal-leafed, and white-flowered. It begins to bloom at the 
18th node, produces two blunt pods per node, and has wrinkled 
and dimpled seed, green seed coat, green cotyledon seed, clear 
hilum, and an average seed weight of 20.3 g 100 seed−1. This line 
is partially resistant to Fsp and resistant to Fop races 1 and 5.

The parentage of 00-5006, experimental designation number 
PH98-8010, is PH98-8007/PH98-8008. 00-5006 is a canner-
type pea, medium height (30–61 cm), afila-leafed, and white-
flowered. It begins to bloom at the 20th node, produces two 
pointed pods per node, and has wrinkled and dimpled seed, 
green seed coat, green cotyledon seed, clear hilum, and an 
average seed weight of 20.6 g 100 seed−1. This line is partially 
resistant to Fsp and resistant to Fop races 1, 2 (segregates for race 
2 resistance), and 5.

The parentage of 00-5007, experimental designation number 
PH98-8011, is PH98-8009/PH98-8010. 00-5007 is a canner-
type pea, medium height (30–61 cm), normal-leafed, and white-
flowered. It begins to bloom at the 20th node, produces three 
blunt pods per node, and has dimpled seed, green seed coat, 
green cotyledon seed, clear hilum, and an average seed weight 
of 22.2 g 100 seed−1. This line is partially resistant to Fsp and 
resistant to Fop races 1, 2, and 5.

Characteristics
The disease severity ratings for the green pea lines 00-5001, 

00-5003, 00-5004, 00-5005, 00-5006, and 00-5007 based on 
the percentage of chlorotic pea tissue were either numerically 

or significantly less (P ≤ 0.05) than those for Bolero each of 
the 6 yr of field evaluations (Table 2). Across the 6 yr of field 
evaluations, the disease severity ratings for these lines were 51 
to 58% lower than Bolero (Table 2). 00-5004 demonstrated 
the most-consistent partial resistance to Fusarium root rot 
across the six field trials (Table 2). In repeated greenhouse 
screening trials, four genotypes, 00-5003, 00-5004, 00-5006, 
and 00-5007, were all resistant to race 2; however, genotype 
00-5006 was segregating for resistance and susceptibility to race 
2. The six lines demonstrated complete resistance to Fusarium 
oxysporum race 5 in a greenhouse screening trial. They also 
yielded significantly more, over 300%, than Bolero in repeated 
field tests in 2008 and 2009 under high disease pressure in the 
field nursery (Table 3).

Based on requests for breeding purposes, seeds of these lines 
have already been requested and provided to five pea breeding 
companies. In addition to excellent partial resistance to Fsp and 
resistance to Fop, these lines all produce two to three pods per 
node, desired characteristics by the industry to improve yield. 
In addition, 00-5001, 00-5003, 00-5004, and 00-5006 have 
an afila leaf type, which enhances the development of uniform 
pea color and improves anti-lodging characteristics as a result of 
tendrils that tend to bind plants together, reducing lodging and 
facilitating harvest. The disease resistant traits in combination 
with their agronomically desirable backgrounds means that 
these lines can easily be incorporated into breeding programs in 
the Pacific Northwest and other pea-growing regions.

Table 1. Information for parental genotypes used in the crosses for pea breeding lines 00-5001, 00-5003, 00-5004, 00-5005, 00-5006,  
and 00-5007.

Genotype Location Accession no. Author(s) Year

69-PH42-691004 Prosser, WA† NA‡ Kraft NA
74-410-2 WRPIS‡§ PI 618629 Kraft 1979
74SN3 WRPIS PI 608036 Kraft 1981
74SN5 WRPIS PI 608038 Kraft 1981
75-786 WRPIS PI 618636 Kraft 1986
79-2022 WRPIS PI 612924 Kraft 1980
86-2197 WRPIS PI 524963 Kraft 1988
B563-429-2 Prosser, WA NA Marx NA
B669-87-0 Prosser, WA NA Marx NA
Blixt B5119 Wisconsin NA University of WI NA
Coquette Holland NA Sluis and Gruit Inc. NA
DL-1 San Francisco, CA NA Del Monte NA
DL-2 San Francisco, CA NA Del Monte NA
DSP TAC Prosser, WA NA Marx NA
FR-725 Moses Lake, WA NA Brotherton Seed Inc. NA
ICI 1203-1 United Kingdom NA Sharpe’s NA
M7477 Mexico NA Unknown NA
Menlo WRPIS PI 601413 Brotherton Seed Inc. 1987
PH14-119 WRPIS PI 612923 Kraft 1971
PI 189171 WRPIS PI 189171 Mansholt 1950
PI 257593 WRPIS PI 257593 ICA¶ 1959
Popet Denmark NA Danefeldt Inc. NA
Recette JIC# 584 Sluis and Gruit Inc. 1969

† Vegetable and Forage Crops Research Unit, Prosser, WA.
‡ NA = not applicable.
§ WRPIS = Western Regional Plant Introduction Station, Pullman, WA.
¶ ICA = Imperial College of Agriculture, Addis Ababa, Ethiopia.
# JIC = John Innes Centre, Norwich, UK.
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Uses
The expected uses of 00-5001, 00-5003, 00-5004, 00-5005, 

00-5006, and 00-5007 are as parental lines to develop cultivars 
with improved partial resistance to Fsp and resistance to Fop 
races 1, 2, and 5 while contributing agronomically desirable 
traits associated with high yields, uniform seed color, and 
harvestability.

Availability
Small samples of F13 seeds increased in a greenhouse in Prosser, 

WA, are available from the corresponding author for research 
purposes, including the development and commercialization of 
new cultivars. Written requests should be sent to Dr. Lyndon 
Porter, USDA–ARS, 24106 N. Bunn Road, Prosser, WA 
99350. Seed will also be available from the Western Regional 
Plant Introduction Station (http://www.ars-grin.gov/npgs/) 
without restriction on their use in breeding. It is requested that 
appropriate recognition be made if these lines contribute to the 
development of new germplasm, breeding lines, or cultivars.
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Table 2. Percentage chlorotic foliar pea tissue associated with Fusarium root rot and Fusarium wilt in field trials in the Roza Fusarium Disease 
Nursery, Prosser, WA, 2003, 2005, 2006, and 2008–2010.

Genotype
Year†

2003 2005 2006 2008 2009 2010

——————————————————————————— % ———————————————————————————
Bolero 100.0 a‡ 88.3 a 98.3 a 93.3 a 95.3 a 19.0 a
00-5001 66.7 b 13.3 b 65.0 d 5.7 c 22.0 bc 3.8 bc
00-5003 40.0 cd 11.7 b 75.0 bcd 3.0 c 13.8 c 5.0 bc
00-5004 45.0 cd 8.3 b 70.0 cd 4.0 c 15.0 c 1.8 c
00-5005 40.0 cd 10.0 b 87.5 ab 5.7 c 40.0 b 3.3 c
00-5006 52.5 bc 8.3 b 87.5 ab 16.7 b 23.8 bc 2.3 c
00-5007 31.7 d 10.0 b 82.5 abc 20.0 b 16.3 bc 6.8 b

† Pea foliage was evaluated on 2 July 2003, 29 June 2005, 3 July 2006, 3 July 2008, 26 June 2009, and 16 June 2010. Trials were planted the second or 
third week of April for all years, dependent on water availability.

‡ Numbers followed by the same letters within a column are not significantly different based on Fisher’s protected LSD at P ≤ 0.05.

Table 3. Mean dry seed yields of pea genotypes in two consecutive 
years in the Roza Fusarium Disease Nursery, Prosser, WA.

Genotype
Year

2008 2009

———————— g ————————
Bolero 153.7 b† 39.2 d
00-5001 598.2 a 233.1 a
00-5003 462.5 a 157.6 bc
00-5004 542.9 a 227.2 ab
00-5005 598.7 a 154.3 c
00-5006 496.6 a 150.8 c
00-5007 594.7 a 234.4 a

† Numbers followed by the same letters within a column are not sig-
nificantly different based on Fisher’s protected LSD at P ≤ 0.05.


