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North American cultivation of Ribes L. may expand as small fruit growers 

seek species to diversify horticultural crops.  The Ribes industry was suppressed 

for decades out of fear that cultivated black currants and gooseberries would 

intensify the fungal disease white pine blister rust (WPBR) on five-needle pine 

(Pinus L. section Quinquefoliae) species.  These pines were historically vital to 

the timber industry.  Today, plant breeders seek to strengthen the Ribes small fruit 

industry through production of material suitable for North American conditions.  

Paramount to this effort is the development of resistance against major pests and 

diseases.  Growers must be able to recognize the attributes of available genotypes 

prior to field establishment.  The objectives of this research were to determine 

disease resistance and phenological characteristics of Ribes selections at the 

United States Department of Agriculture, Agricultural Research Service, National 

Clonal Germplasm Repository (NCGR) in Corvallis, Oregon. 

 Since the early 1930’s, plant breeders have used immune black currant (R. 

nigrum L.) germplasm as a control tactic against the exotic WPBR, caused by the 



 

basidiomycete fungus Cronartium ribicola J.C. Fischer.  In 1999, a seedling 

population was generated at the NCGR from a cross involving susceptible 

pistillate R. nigrum ‘Ben Lomond’ and immune staminate parent R. ussuriense 

Jancz. × R. nigrum ‘Consort.’  To test the inheritance of resistance in the F1 

population, aeciospore and urediniospore treatments were applied in 2008 to 

single-leaf softwood cuttings under controlled conditions in a greenhouse.  

Resistant F1 phenotypes segregated in a 1:1 ratio consistent with the pattern of 

simple dominant inheritance of a single gene.  Artificial inoculations testing 

aeciospore and urediniospore infectivity produced equivalent disease severity in 

the experimental Ribes genotypes. 

Resistance to the native powdery mildew fungus, Podosphaera mors-uvae 

(Schwein.) U. Brown and S. Takamatsu, was also evaluated in the F1 population.  

Individuals segregated for resistance in a 1:3 ratio after exposure to elevated 

disease pressure in the greenhouse.  Fifteen F1 genotypes were resistant to both 

fungal pathogens and are candidates for further breeding trials. 

In a second study, five years of spring phenological survey data were 

analyzed using a growing degree-day (GDD) model, with the objective to identify 

cultivars adapted to North American conditions.  Ribes section Calobotrya was 

the earliest group to reach “first bloom,” followed sequentially by R. 

×nidigrolaria Bauer hybrid species, section Symphocalyx, section Grossularia, 

section Ribes, and lastly, section Botrycarpum.  Early and late-flowering 

accessions were identified for each taxon. 
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1.1 Ribes Taxonomy 

The genus Ribes is comprised of deciduous and evergreen shrubs bearing 

flower clusters of ornamental or inconspicuous morphology and edible fruits.  As 

the sole genus of the family Grossulariaceae, more than 100 species of Ribes are 

distributed throughout the northern regions of Europe, Asia, and North America 

(Weigend et al., 2002; Table 1.1).  The circumboreal distribution of subgenus 

Ribes suggests a primary center of origin throughout present-day Asia (Ling-ti, 

1995).  A secondary center occurs in western North America, where subgenus 

Grossularia diversified and most likely dispersed into Eurasia by way of the 

Bering Land Bridge (Schultheis and Donoghue, 2004; Sinnott, 1985).  In addition 

to the boreal temperate species, 45 species of subgenus Parilla have been 

described from the Andes Mountains of South America (Freire-Fierro, 2002).  

The taxonomic status of the Andine currants is disputed, yet the diversity of Ribes 

in this recent center of diversity is probably greater than currently recognized 

(Loreto Prat and Araneda, 2008; Senters and Soltis, 2003).  Dioecy appears to 

have arisen twice within the genus (Weigend et al., 2002). 

Efforts have been made to determine phylogenetic relationships among 

Ribes species.  The family Grossulariaceae is united morphologically by floral 

characteristics including a wholly inferior ovary, syncarpous gynoecium, and 

fleshy berries (Sinnott, 1985).  Past circumscriptions divided the Grossulariaceae 

into the distinct genera Ribes and Grossularia based on morphological and 

physiological grounds, including placement and arrangement of flower structures, 
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armament of stems and nodes, and production of fragrances or odors (Berger, 

1924).  Breeding experiments have demonstrated compatibility between the two 

groups and support the placement of the Grossularia as a subgenus within Ribes 

(Keep, 1962).  Genetic analyses also refute the bi-generic classification in favor of 

retaining the single genus.  Varying numbers of subgenera have been described 

(Ling-ti, 1995; Berger, 1924; Janczewski, 1907; Sinnott, 1985; Weigend et al., 

2002); however, only subgenera Ribes and Grossularia are well established on 

molecular and morphological bases (Weigend et al., 2002; Schultheis and 

Donoghue, 2004).  Substantial variation within the subgenera requires further 

segregation of species into sections.  The basis for speciation appears to be 

geographical adaptation, as Ribes species are diploid (2n = 2x = 16) (Keep, 1962).  

Notably, there appears to be minimal chromosome restructuring among species, 

thereby providing the potential for interspecific hybridization (Brennan, 1996; 

Sinnott, 1985).  Such events in nature are rare and are isolated in occurrence, the 

resulting hybrids probably seldom reproducing past the F1 stage (Mesler et al., 

1991). 

Molecular tools provide a basis on which to recommend formal 

classification schemes (Weigend et al., 2002).  Comparison of these tools raises 

scientific inquiry and highlights important relationships between divergent taxa.  

Combined external transcribed spacer (ETS) and chloroplast psbA-trnH genetic 

sequences provide support for a basal association of section Symphocalyx within 

the genus (Schultheis and Donoghue, 2004).  However, internal transcribed spacer 
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(ITS) and chloroplast DNA sequence variability suggest a recent radiation of 

Symphocalyx from the polyphyletic black currant section Botrycarpum (formerly 

section Coreosma) (Messinger et al., 1999; Senters and Soltis, 2003) and place 

the Asian species R. fasciculatum Siebold & Zucc. (subg. Parilla) into a basal 

position on the phylogenetic tree (Senters and Soltis, 2003).  The conflicting 

results of ETS-ITS procedures provide a basis for a taxonomic challenge of future 

study.  In addition, the native range of R. fasciculatum is incongruent with the 

Andean center of diversity of the other members within subgenus Parilla.  To 

resolve these inconsistencies, the Symphocalyx, Botrycarpum, and Parilla will 

require exhaustive molecular sampling in future studies.  A more conservative 

system to track genetic markers will also be necessary to further clarify the 

relationships below the subgeneric classifications (Weigend et al., 2002). 

The varying phylogenetic analytical methodologies provide insight into 

Ribes evolution which could easily be overlooked in an analysis based simply on 

morphological characteristics.  Chloroplast DNA and restriction-site analyses 

suggest that subgenus Grossularia is polyphyletic in origin (Messinger et al., 

1999).  By contrast, bootstrap analysis of ITS and ETS rDNA sequences supports 

a derived monophyletic origin of the gooseberries from the larger subgenus Ribes 

(Schultheis and Donoghue, 2004).  The gooseberry-stemmed currants, section 

Grossularioides (subgenus Ribes), occur naturally in Eastern Asia and North 

America and appear paraphyletic to subgenus Grossularia.  Accordingly, the 

gooseberries may be derived from this section, as genetic analyses suggest a 
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possible hybridization and chloroplast capture event in their evolutionary history 

(Messinger et al., 1999, Schultheis and Donoghue, 2004).  Several anatomical 

features distinguish the subgenera Grossularia and Ribes, including presence in 

gooseberries of reflexed sepals, a collenchymatose hypoderm, and spinose 

branches (Weigend et al., 2002).  The glabrous-style gooseberries (subgenus 

Grossularia, sections Hesperia, Lobbia, and Robsonia) are confined to western 

North America (Schultheis and Donoghue, 2004).  A distinct phylogenetic split 

occurs within the true gooseberries (section Grossularia), dividing species into 

Eurasian and North American lineages (Ling-ti, 1995; Schultheis and Donoghue, 

2004).  Strong biogeographical inferences can be attained when ITS and ETS 

analyses result in complementary outcomes (Baldwin and Markos, 1998).  These 

molecular data are consistent with a North American origin of subgenus 

Grossularia and subsequent dispersal of one clade into Asia during a past glacial 

period (Schultheis and Donoghue, 2004). 

The revision of other groups is less controversial.  Section Calobotrya is a 

distinct group that was formerly identified as a subclade of section Botrycarpum 

(Janczewski, 1907).  The monophyly of this section, which occurs as a sister 

group to the gooseberry-stemmed currants, has been confirmed (Messinger et al., 

1999; Schultheis and Donoghue, 2004).  The dioecious subgenus Parilla, 

excluding R. fasciculatum, also appears to be derived from a single lineage, 

although a more detailed study of this group is required because relatively few 

species have been examined (Senters and Soltis, 2003).  Finally, the gooseberry-
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stemmed currants of section Grossularioides appear monophyletic within 

subgenus Ribes yet are a sister group to the subgenus Grossularia (Senters and 

Soltis, 2003; Weigend et al., 2002).  The gooseberry-stemmed currants display an 

intermediate morphology between the true gooseberries and the currants 

(Janczewski, 1907). 

The placement of species within section Botrycarpum, the black currants, 

remains unclear (Messinger et al., 1999).  Past circumscription of this 

polyphyletic group included several groups now recognized at the sectional level, 

such as Calobotrya, Symphocalyx, and the dwarf currants of section Heritiera.  

The polyphyletic nature of Botrycarpum is consistent with the hypothesis of the 

wide-range dispersal of an ancient black currant species, followed by speciation in 

several new environments (Messinger et al., 1999).  The uncertain molecular 

relationships within section Botrycarpum constrain black currant classification to 

be based on a combination of morphological characters, specifically production of 

perfect flowers on long racemes and presence of sessile yellow glands on the 

leaves, buds, and fruits of the species (Berger, 1924).  Section Ribes bears 

crystalline glands, whereas sessile yellow glands are also characteristic of 

subgenus Parilla, revealing that a black currant species may have been a 

progenitor or alternatively a derivative of one of these clades (Weigend et al., 

2002).  Presence of glands may instead be a homoplasic character arising 

independently of direct lineage.  Black currants are considered cool-climate 

species.  Yet, the range of R. viburnifolium A. Gray, endemic to the Channel 
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Islands near Southern California, is evidence that early Botrycarpum species 

could have radiated and adapted to warmer climates.  On the other hand, such 

species could have survived in cool high-elevation environments, migrating into 

Central America and subsequently diversifying into the species-rich subgenus 

Parilla found today throughout the Andean Mountains of South America.  The 

possibility of hybridization cannot be discounted, as representatives of the 

Calobotrya are found today throughout Central America and have conventionally 

been considered a close relative of the black currants (Berger, 1924).  

Nonetheless, a study comparing genetic diversity of a subset of Chilean species 

with cultivated European genotypes indicates that this South American center of 

Ribes speciation is relatively diverse (Loreto Prat and Araneda, 2008). 

Discounting the basal appearance of R. fasciculatum in ITS sequence 

analysis, section Ribes appears to be among the most basal lineages within the 

genus (Senters and Soltis, 2003).  Recent cladistic analyses of the red currant 

species match closely with earlier taxonomic placements (Janczewski, 1907), yet 

taxa historically classified under the Botrycarpum today appear more accurately 

placed within section Ribes.  The presence of terminal vegetative buds is a 

synapomorphic character, uniting the Heritiera with the section Ribes (Weigend 

et al., 2002).  Floral morphology is markedly similar, although molecular 

treatments leave the precise evolutionary relationships between the red currants 

and dwarf currants unresolved (Senters and Soltis, 2003).  Section Berisia, the 

alpine currants, possesses such morphological characteristics as fan-shaped flower 
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petals and a rotate hypanthium, features shared with both red currants and dwarf 

currants.  Thus, despite the acquisition of dioecy in section Berisia, the red 

currants, alpine currants, and dwarf currants appear to be closely related.  

Molecular analysis supports the sectional grouping of the Heritiera, Berisia, and 

Ribes as distinct sister clades under the subgenus Ribes (Weigend et al., 2002). 

 

1.2 Ribes Crop Culture 

The domestication of perennial fruit species coincided with the transition 

from migratory societies to the development of more permanent urban centers, 

beginning some 5,000 to 8,000 years ago in the Fertile Crescent (Janick, 2003).  

In ancient societies of Mesopotamia, grafting and other advanced propagation 

techniques were developed about 2,000 BCE or earlier (Garner, 1988), leading to 

the ability of early societies to grow a variety of fruit trees ranging from apples 

and pears to cherries and plums (Zohary and Hopf, 2001).  Domestication of 

Ribes was a recent undertaking relative to the improvement of wild trees.  Wild-

growing currants and gooseberries were harvested in northern Europe for 

medicinal and culinary purposes beginning in the 15th Century (Hedrick, 1925). 

Red and white currants (section Ribes) were among the first cultivated 

species, gaining popularity along the coasts of Holland and Denmark in the 16th 

Century.  Some of today’s cultivars, such as R. sativum ‘Red Dutch,’ share the 

same name as early varieties, although considerable uncertainty surrounds the 

identity of particular cultivars in relation to the old types (Hahn, 1943).  The 
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celebrated R. ×pallidum Otto and Dietrich ‘Rød Hollandsk Druerips’ was an early 

Norwegian cultivar grown for more than 150 years in Scandinavia before being 

brought to North America in the early 1930’s under the name ‘Viking’ (Hahn, 

1949).  White currants were used in Europe for wine production in the 1800’s as 

an alternative to cider (Barney and Hummer, 2005).  Today, red currants have 

diminished in importance, assuming the primary role as a culinary garnish, and 

have limited application in the processing industry (Lanham and Brennan, 1998).  

Active red and white currant breeding programs continue to evaluate germplasm 

adapted to local conditions in Eastern and Western Europe, and several new 

cultivars have been released since the 1990’s (Paprštein et al., 2008).  Use of red 

currant species R. multiflorum Kit. ex Schult. and R. longeracemosum Franch. 

holds promise in future breeding to increase fruit set and strig length (Lanham and 

Brennan, 1998). 

The black currant R. nigrum was first introduced to the United Kingdom 

by Tradescant in 1611 (Brennan, 1996), and by about 1800, its use as a hedge or 

garden shrub had become common (Hedrick, 1925).  Initially, herbalists valued 

black currants not for their flavor or culinary application, but rather as ingredients 

in teas and medicinal concoctions (Barney and Hummer, 2005).  Seeds of R. 

nigrum were brought to North America in the mid-17th Century.  In Canada, 

several seedlings were produced, including today’s cultivars R. nigrum ‘Kerry,’ 

‘Saunders,’ and ‘Topsy’ (Brennan, 1996).  Black currant production was 

promoted in the United Kingdom during World War II owing to the high content 
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of vitamin C in the fruit (Hummer and Barney, 2002).  In the years since, black 

currant juice production has become a lucrative processed industry in Europe, 

New Zealand, and Australia.  Today, the market for black currants is dominated 

by Eastern European production and occurs only on a small scale in North 

America (Cuthbert, 2008; Dale, 2000). 

Several factors have constrained the popularity of black currants in North 

America.  For a period of 50 years during the 20th Century, R. nigrum and other 

Ribes species were aggressively removed in the battle to control white pine blister 

rust (WPBR), an introduced plant pathogen that causes mortality to American 

five-needle pine species (Benedict, 1981).  North American consumers confuse 

the traditional Vitis vinifera L. ‘Black Corinth’ raisin grape for dried black 

currants in the marketplace because of the similarity of the names and also due to 

a general unfamiliarity with the true black currant (Hummer and Barney, 2002; 

Zohary and Hopf, 2001).  Yet, because of the health benefits associated with 

consumption of berries that contain compounds such as vitamin C and acylated 

pigments, ease of crop culture in northern climates, and the production successes 

achieved in other regions of the world, the future of black currant cultivation 

holds promise in North America (Jordheim et al., 2007; Barney and Hummer, 

2005). 

Domestication of European gooseberry, R. uva-crispa L., has an unusual 

history.  In their native Mediterranean habitat, wild gooseberries were overlooked 

in favor of grapes and other horticultural crops that flourished in hot, dry climates 
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(Barney and Hummer, 2005).  Plants were taken from France to King Edward I in 

1275, marking the first planting of gooseberries in England (Brennan, 1996).  

Improved English varieties were described in 1548, and over the course of the 

next century R. uva-crispa became popular to home gardeners throughout Europe.  

By 1636, gardeners had developed a diversity of types bearing fruit with yellow, 

green or blue skin, round or oblong shape, and large size (Card, 1909).  Home 

growers were encouraged through local organizations, or “gooseberry clubs,” 

which held contests to celebrate the size and quality of superior specimens 

(Hedrick, 1925).  Among the few native gooseberry species to Eurasia, R. uva-

crispa was for centuries the only horticulturally important gooseberry in Europe 

(Schultheis and Donoghue, 2004), and named seedlings numbered one thousand 

or more by 1925 (Brennan, 1996). 

Introduction of European gooseberries into the United States was initially 

unsuccessful because cultivars invariably became afflicted with powdery mildew, 

P. mors-uvae.  Yet, American species such as R. hirtellum Michx. and R. 

oxyacanthoides L., which co-evolved with the pathogen and are resistant to the 

disease, served as quality material for hybridization with European types.  In 

1833, Mr. Abel Houghton of Lynn, Massachusetts, provided cross-pollination of 

an indigenous R. hirtellum plant with European gooseberry cultivars (Hedrick, 

1925).  A seedling was released in 1848 by the name of ‘Houghton.’  Seven years 

later, a seedling of ‘Houghton’ was released as ‘Downing.’  These cultivars were 

popular for several years on account of their ease of propagation and resistance to 
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P. mors-uvae.  Today, North American gooseberry species R. divaricatum 

Douglas, R. hirtellum, and R. oxyacanthoides are important resources for breeding 

programs to develop cultivars adapted to North American growing conditions and 

disease pressures (Brennan, 1996).  However, few gooseberry breeding programs 

exist due to the greater economic importance of the black currant juice industry. 

Importation of Ribes germplasm from outside the United States is 

prohibited as defined in the Code of Federal Regulations, Title7, Chapter III, Part 

319, Subpart Nursery Stock, Plants, Roots, Bulbs, Seeds, an Other Plant Products 

(Table 1.2).  Plants may enter quarantine only under a departmental permit issued 

by the USDA Animal and Plant Health Inspection Service and can be released for 

availability only after being verified free of exotic pests and diseases for at least 

three growing seasons.  Such procedures safeguard against North American 

importation of the gall mite Cecidophyopsis ribis Westwood, which vectors black 

currant reversion virus (BRV). 

 

1.3 Recent Developments in Black Currant Breeding 

Black currant breeding has undergone significant changes in Europe over 

the past 40 years in response to industry demands.  Ribes cultivation is centered in 

Eastern Europe but also has significant plantings in the United Kingdom.  Half of 

the Ribes acreage is dedicated to black currant production and in the UK 75% of 

the crop is contracted for juice production.  Processors have considerable 

influence over the development of desirable fruit characteristics such as vitamin C 
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content, color, and flavor (Brennan, 1996).  Breeding programs have been 

established in Latvia, Estonia, Yugoslavia, Lithuania, Sweden, and the UK to 

meet these demands while developing cultivars that facilitate field management 

practices (Kampuss and Strautina, 2004; Libek et al., 2008; Stanisavljević and 

Tešović, 1994; Siksnianas and Sasnauskas, 2002; Hjalmarsson and Wallace, 

2004; Brennan, 1996).  Identification of cultivars that thrive under low-input 

systems is becoming a vital component in the selection of today’s improved 

genotypes (Brennan et al., 2008). 

Several plant characteristics are considered in modern breeding programs.  

Because Ribes are among the earliest spring blooming horticultural species, the 

risk of a hard frost during the flowering period is a major concern.  Breeding in 

the UK has produced black currant cultivars R. nigrum ‘Ben Tirran’ and ‘Ben 

Alder,’ both of which represent the latest extreme of the black currant flowering 

period (Brennan et al., 1993).  Nevertheless, late-spring frosts provide the 

potential to cause severe floral damage at the peak of bloom and may contribute 

to unacceptably variable yield (Dale, 1987).  Intrinsic frost resistance, above 

simple frost avoidance, has been a highlight of several breeding programs (Mather 

et al., 1980; Libek et al., 2008).  Phenological characteristics and frost tolerance 

appear to be quantitatively inherited; thus, use of cold-adapted germplasm should 

be expected to provide a degree of resistance to late-spring frosts (Brennan et al., 

2008).  In addition to frost tolerance, modern cultivars must exhibit beneficial 

cultural characteristics such as upright growth habit for ease of mechanical 
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harvest and increased yield potential (Stanisavljević and Tešović, 1994; Brennan, 

1996).  Both traditional and contemporary sources of germplasm are used to 

enhance such traits (Kampuss and Strautina, 2004). 

In addition to cultural objectives, pest and disease resistance is paramount 

to black currant breeding.  Several classes of pest afflict Ribes.  Significant 

diseases include the fungi P. mors-uvae, C. ribicola, and Drepanopeziza ribis 

(Klebahn) von Höhnel, causal agent of anthracnose leaf spot.   Viruses include 

BRV and gooseberry vein-banding virus.  Several arthropod pests, i.e., currant 

clearwing moth (Synanthedon tipuliformis Clerck), currant aphid (Cryptomyzus 

ribis L.), eriophyid mites, and vertebrate pests such as deer and birds, can damage 

Ribes plantings as well. (Barney and Hummer, 2005). 

The relative importance of these pests varies by continent.  In Europe, the 

primary concern is infestation with Cecidophyopsis ribis, the gall mite vector of 

BRV.  Primary disease control objectives are to avoid infestation by planting 

certified virus-free stock and roguing infected plants as they appear.  Although 

BRV is not known to occur in North America, resistant germplasm originating 

from North American black currant R. hudsonianum Richardson var. petiolare 

(Douglas) Jancz. has been identified.  Siberian black currants R. ussuriense, R. 

dikuscha Fisch. ex Turcz., and R. nigrum var. sibiricum W. Wolf, as well as 

European gooseberry R. uva-crispa are valuable sources of mite resistance, 

despite the lengthy process to restore fruit quality after initial hybridization 

(Brennan et al., 2008; Teifion Jones, 2002).   
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Powdery mildew is a long-standing disease problem in both Europe and 

North America that has been held in check through breeding efforts with resistant 

cultivars (Card, 1909; Brennan, 1996).  Numerous resistance genes have been 

identified in black currant varieties starting in 1966.  Scandinavian cultivars R. 

nigrum ‘Öjebyn’ and ‘Brödtorp,’ containing resistance genes Sph2 and M, 

respectively, are perhaps the best-known sources of resistance to P. mors-uvae 

(Brennan, 1996).  However, resistance to powdery mildew appears to have broken 

down, at least in part, as at least five of 14 identified races of P. mors-uvae have 

shown a degree of compatibility with these cultivars in Scandinavia (Keep, 1977).  

The Swedish cultivars R. nigrum ‘Sunderbyn II’ and ‘Matkakowski’ were 

selected from the wild because of their high fruit quality and durable resistance to 

powdery mildew.  North American Ribes species, which co-evolved with 

powdery mildew, are also resistant to the disease (Leppik, 1970). 

For the Ribes production industry to expand in North America, breeders 

must produce cultivars resistant to WPBR.  The effects of WPBR are not usually 

severe on Ribes; however, the lethal nature of the disease on five-needle pines 

ultimately suppressed the North American currant and gooseberry production 

industry in the 20th Century (Maloy, 1997).  Section Botrycarpum is highly 

susceptible to the disease (Mielke, 1943).  Resistant material has been available 

since the release of R. nigrum hybrid cultivars ‘Consort,’ ‘Coronet,’ and 

‘Crusader’ from Ottawa, Canada in the late 1940’s and early 1950’s.  These 

cultivars have maintained resistance for more than 60 years (Hahn, 1948; Burnes 
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et al., 2008) and have been used in the development of improved commercial 

cultivars, notably R. nigrum ‘Titania.’  This cultivar, released in 1980 by Pal 

Tamás, shows potential for sustainable production due to its resistance not only to 

WPBR, but also to powdery mildew and leaf spot, its high vigor, and adequate 

fruit quality for processing (Barney and Hummer, 2005; Kampuss and Strautina, 

2004; Siksnianas and Sasnauskas, 2002). 

Despite the limited acreage dedicated to production of the resistant black 

currant cultivars, foresters have expressed concern over the potential for 

development of virulent races of C. ribicola following an increase in commercial 

currant production.  Pathologists and foresters, comparing WPBR with wheat 

stem rust (WSR), Puccinia graminis Pers. f. sp. tritici Eriks. E. Henn., predict that 

the WPBR fungus may acquire virulence against immune black currants (Muir 

and Hunt, 2000).  They suggest that, as in the case of WSR, eradication of the 

economically less valuable host should control the spread of the disease.  

Although these rust fungi both utilize two hosts to complete their complex life 

cycles, the epidemiology differs between WPBR and WSR in several crucial 

ways.  First, the successes of barberry (Berberis L. spp.) eradication were realized 

because the perennial aecial host of the disease was removed from the disease 

cycle.  This limited sexual recombination and greatly decreased primary inoculum 

at the beginning of the growing season (Roelfs, 1982).  Eradication of Ribes 

would be unlikely to achieve the same effect, as these deciduous species are 

annual telial carriers of WPBR and must be reinfected each season to perpetuate 
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the disease in the absence of the pine host (Agrios, 2005).  Secondly, Ribes are at 

present produced on small acreages (Dale, 2000; Barney, 2000), providing little 

target area in which virulent strains may develop.  Horticultural production 

centers of black currants in North America would likely occur as small acreages 

located beyond the range of typical basidiospore dispersal to susceptible five-

needle pines, thereby limiting the opportunities for any virulent populations to 

infect white pines (Hummer and Picton, 2002).  Additionally, ecotypes 

compatible with resistant pine genotypes are known to suffer loss of virulence and 

a lower capacity to infect Ribes hosts (McDonald, 2000).  A similar cost of 

virulence may be observed in rust ecotypes that overcome resistance in black 

currant germplasm.  Even so, uncertainties regarding the genetic structure of 

WPBR in North America compel plant breeders to prudently examine the 

mechanisms of resistance to C. ribicola. 

 

1.4 Stem Rust Diversity 

The basidiomycete genus Cronartium Fries (Uredinales: Cronartiaceae) 

and its autoecious Peridermium Link relatives comprise a diverse taxonomic 

group commonly called the stem rusts.  Species are distributed throughout the 

northern hemisphere (Wingfield et al., 2004).  North America is considered the 

center of stem rust and pine diversity, and several native Cronartium diseases 

occur across the continent, sharing similar, highly coevolved characteristics 

(Gernandt et al., 2005; Millar and Kinloch, 1991).  Comprising a group of 
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predominantly heteroecious rusts, an estimated 80% of the world’s Cronartium 

species utilize diploxylon hard pine species as the aecial host, while only two 

species have been identified on haploxylon five-needle pines (Millar and Kinloch, 

1991).  The stem rust pathogens are morphologically characterized by the 

formation of type 9 spermogonia and peridermioid aecia on pine hosts, column-

shaped telia bearing unstalked teliospores on the alternate host, and 

velopedunculate D-haustoria (Maier et al., 2003).  Cronartium rusts are highly 

specialized, separating into three distinct clades following the telial host family 

(Vogler and Bruns, 1998).  One clade, represented by C. coleosporioides Arth., 

affects plants of the parasitic plant family Orobanchaceae, formerly considered a 

member of the Scrophulariaceae (Olmstead et al., 2001).  The disease complex 

causes stalactiform rust and limb rust on several diploxylon pine species (Vogler 

and Bruns, 1998).  Another Western group, typified by C. comandrae Peck, is 

pathogenic to the genus Comandra Nutt. (Santalaceae), as well as several 

subsections within section Pinus (Millar and Kinloch, 1991; Eppstein and Tainter, 

1979).  A third group utilizes hard pines and oak trees (Fagaceae) and is 

represented by several rust species, notably C. quercuum (Berk.) Miyabe ex Shirai 

f. sp. fusiforme (Hedge. & N. Hunt) Burdsall & G. Snow, which has become a 

significant disease problem on loblolly pine in the Southeastern United States due 

to timber management practices which promote the proliferation of alternate 

Quercus L. hosts (Anderson et al., 1986).  In addition to these well-defined telial 

clades, species of Grossulariaceae serve as the alternate host for stem rusts in Asia 
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and North America.  However, the phylogenetic relationships of their 

corresponding pathogens are less defined (Vogler and Bruns, 1998). 

The angiosperm family Grossulariaceae hosts the telial stage of two 

Cronartium stem rusts, including the North American exotic species C. ribicola, 

causal agent of WPBR, whose center of origin appears to lie east of the Ural 

Mountains into northern Siberia (Leppik, 1970).  In Eurasia, this disease evolved 

in forests of P. cembra L., an endemic stone pine, which today is considered 

highly resistant to the causal agent (Stewart, 1906; McDonald et al., 2005).    

Based on isozyme characteristics and telial host specificity, an ancestral relative 

of C. ribicola is thought to have given rise to C. occidentale Hedgc., Bethel, and 

N. Hunt, causal agent of pinyon blister rust (PBR) in Western North America 

(Vogler and Bruns, 1998; Millar and Kinloch, 1991).  To all but the trained 

professional, WPBR and PBR are morphologically identical in the uredinial stage.  

Yet, nuclear ribosomal RNA ITS sequence analysis places these stem rusts far 

apart on the phylogenetic tree (Vogler and Bruns, 1998).  The two species appear 

to have diverged as the super continent Laurasia separated in the mid-Cretaceous 

beginning 100 million years ago.  The inferred changes of aecial host specificity 

could contribute to the lack of resolution in phylogenetic analysis but are 

consistent with the natural history of the two pathogens.  The paraphyletic 

evolutionary progression of white pine host subsections Cembra and Strobus 

(section Quinquefoliae), and subsection Cembroides (section Parrya) is reflected 
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in the phylogenetic history of the corresponding pathogens WPBR and PBR 

(Gernandt et al., 2005; Millar and Kinloch, 1991). 

The endemic WPBR pathosystem continues to evolve in Northeastern 

Asia, punctuated by episodic outbreaks of the disease.  Severe epiphytotics 

sporadically occur in its native range, as a heavy infection event in 1963 on 

Korean stone pine serves to illustrate (Millar and Kinloch, 1991).  The species P. 

koraiensis Siebold and Zucc. had been previously declared highly resistant to 

WPBR (McDonald et al., 2005).  When the outbreak occurred, the causal agent 

was presumed to be C. kamtchaticum Jørstad, a pathogen considered by many to 

be an ecotype of C. ribicola.  The form alternates from five-needle pines to 

several species of Pedicularis L. and Castilleja Mutis ex L.f. but is 

morphologically identical in the anamorphic state to the form that alternates to 

Ribes (Wicker and Yokota, 1976).  Molecular studies have recently provided 

evidence that rust diversification coincided with angiosperm radiation from 

primitive plants (Wingfield et al., 2004). 

Cronartium ribicola is currently characterized under two heteroecious 

formae speciales in Asia, both utilizing five-needle Pinus species as the aecial 

host but specializing on unrelated telial host families.  The form C. r. pedicularis 

infects both Pedicularis and Ribes species.  In contrast, C. r. ribicola is 

compatible only with congenial Ribes hosts (Patton and Spear, 1989).  Additional 

variants have completely lost these alternate host groupings, as observed in the 

specialized microcyclic rusts Peridermium yamabense Saho et I. Takahashi and P. 
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indicum Colley and Taylor on Japanese stone pine, P. pumila (Pall.) Regel 

(McDonald et al., 2005; Wicker and Yokota, 1976).  In Japan, several isolated 

populations of a closely related autoecious white pine blister rust display 

morphologically distinct spore ornamentation (Saho, 1987).  These populations 

had unique disease cycles compared to known species Endocronartium harknessii 

(J.P. Moore) Y. Hiratsuka and E. pini (Pers. emend. Kleb) Y. Hiratsuka, and were 

identified as Yamabe, Kurikoma, and Hachimantai, named after the regions of 

Japan from which they were sampled (Saho, 1987). The several ecotypes of 

WPBR illustrate the complex pattern of co-evolution of white pine and associated 

rust fungi (Hiratsuka and Maruyama, 1976). 

The evolutionary progression of WPBR continues outside its Asian center 

of diversity, as well.  North American founder populations of C. ribicola have 

diversified through processes of genetic drift and subsequent local selection, 

despite the overall low heterozygosity observed in eastern and western 

populations of the fungus (Kinloch et al., 1998).   These genetically differentiated 

populations raise the possibility that unification of eastern and western strains of 

C. ribicola could lead to recombination and the development of a more virulent 

pathogen (Hamelin et al., 2000). 

The available evidence indicates that a greater threat may instead be 

intense selection pressure against populations of resistant white pines.  A limited 

degree of natural resistance has been identified in P. lambertiana and P. 

monticola by virtue of the respective dominant Cr1 and Cr2 resistance genes.  At 
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least two strains of C. ribicola are known to express virulence that can bypass 

recognition and cause disease on resistant trees (Kinloch et al., 2004).  The most 

notorious strain was discovered at Champion Mine in the Umpqua National 

Forest, Oregon.  It was at this location where the Cr2 resistance gene of WWP 

was first identified.  Selection of resistant WWP beginning in the 1960’s led to 

intense selective pressure for the vcr2 virulence allele in the local WPBR 

population (Kinloch et al., 1999).  At first a successful control tactic, the planting 

of phenotypically resistant stock ultimately brought vcr2 nearly to fixation, and 

the “Champion Mine strain” caused a localized population decline in the 

following decades (Kinloch et al., 2004).  An analogous WPBR population 

developed virulence against the Cr1 gene in the sugar pine production region of 

Northern California by virtue of the vcr1 gene (Kinloch et al., 2008).  

The large number of white pine species in North America and their 

continent-wide distribution has created a high-risk situation in the presence of 

WPBR, which today threatens the sustainability of white pine dominated forest 

ecosystems.  The WPBR epidemic appears to be evolving as it expands 

throughout its new North American range (McDonald et al., 2005; Schoettle and 

Sniezko, 2007).  Pathologists and foresters have traditionally recognized several 

ecotypes of the variant C. r. ribicola in North America; however, the status of this 

view has been challenged, as several greenhouse studies and recent field 

observations have confirmed field susceptibility of the telial hosts Pedicularis 

racemosa Douglas ex Hook., P. bracteosa Benth., and Castilleja miniata Douglas 
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ex Hook. (McDonald et al., 2006; Zambino et al., 2007; Hiratsuka and Maruyama, 

1976; Richardson et al., 2007).  It is unclear whether the recently observed broad 

host range represents the acquisition of a wider virulence in North America, 

whether a new strain was introduced from a more diverse WPBR population, or 

whether the pathogen is displaying a degree of trait recurrence (McDonald et al., 

2006). 

Telial family diversity is rarely observed among the stem rusts, with two 

notable exceptions.  The relic species C. flaccidum (Albert. et Schwein.) Winter, 

has a very broad host range of ten angiosperm families (Millar and Kinloch, 

1991).  Its plurivorous habit and ancient lineage suggests that a broad host range 

may be ancestral to Cronartium stem rusts (Vogler and Bruns, 1998).  

Significantly, in the 100 million year-old coevolved WPBR pathosystem, C. 

ribicola exhibits compatibility with Orobanchaceous hosts (McDonald et al., 

2005).  If a wide host range is indeed a primordial characteristic of the stem rusts, 

then the occurrence of C. ribicola on both the Orobanchaceae and Grossulariaceae 

is indicative of a basal position of WPBR in the evolutionary history of North 

American native stem rusts.  On the other hand, compatibility with a breadth of 

hosts could evolve as a mechanism for survival when confronted with 

environmental stresses (Millar and Kinloch, 1991). 

In the Eurasian center of origin, the oldest stem rust populations contain 

higher allelic diversity because the gene pool has had more time to develop 

(McDonald and Linde, 2002).  Climate change throughout the quaternary period 
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provided the selective forces for the development of several rust species and 

variants found today in the mountainous regions of Japan.  The rapid topographic 

gradient and north-south orientation of the Japanese mountains provided islands 

of refugia for stem rusts and their associated Pinus species during interglacial 

periods.  As sea levels rose and fell, the ranges of gymnosperms and stem rusts 

concurrently oscillated, allowing periods of isolation, local adaptation, and 

subsequent recombination (Millar and Kinloch, 1991).  Today these processes are 

manifest in the diversity of pine and stem rust ecotypes of Japan, where 

populations of the stone pine P. pumila are host to several morphologically 

identifiable races of the autoecious P. yamabense (Wicker and Yokota, 1976; 

Saho, 1987).  

The debate continues concerning the evolutionary pressures leading to the 

diversity of forms seen in present-day WPBR pathosystems.  A serious concern in 

the naturalization of WPBR in North America rests in the capacity for the fungus 

to hybridize with native Cronartium species (McDonald et al., 2006).  The 

unification of geographically separated yet phylogenetically aligned species could 

provide an opportunity for gene flow, raising the possibility that a hybrid could 

potentially introgress virulence genes into the original pathogen population 

(Vogler and Bruns, 1998).  Indeed, this phenomenon has already been observed in 

other pathosystems, including occurrence of a hybrid of two ascomycete 

Ophiostoma H. and P. Sydow species causing Dutch elm disease in Europe and 

North America, an interspecific allopolyploid hybrid Phytophthora de Bary root 
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disease on alder, and an interspecific Melampsora Castagne rust pathogen on 

hybrid poplar (Brasier, 2001).  Hybridization has already occurred between C. 

ribicola and C. comandrae on limber pine in Alberta (Joly et al., 2006).  An 

increase in virulence remains to be shown, yet recombination between genetically 

related rust species is a legitimate concern in the naturalization of the North 

American pathosystem (McDonald et al., 2005). 

 

1.5 White Pine Blister Rust in Europe 

During the period of North American colonization by European settlers, P. 

strobus L. became a popular timber species in Europe because of its desirable 

horticultural characteristics and military applications.  Due to the unbranching 

vertical growth habit and large stature of eastern white pine (EWP), old growth 

North American specimens were reserved specifically for the fabrication of masts 

for fleets of the British Royal Navy (Maloy, 1997).  Seeds were exported to 

Europe in the 1600’s in an effort to regenerate heavily deforested areas.  White 

pines of various species and geographic origins were planted in horticultural 

gardens across Europe.  North American P. strobus came to be known as 

“Weymouth pine” because planting of stately specimens occurred on the English 

estate of Lord Viscount Weymouth.  Several other North American pine species 

were also imported to Europe.  The gradual spread of the pathogen into the cool, 

moist climate of northern Europe, facilitated by widespread cultivation of 

susceptible black currant plants and Weymouth pine plantations for the purposes 
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of horticultural trade and North American reforestation, set the stage for a WPBR 

epiphytotic (Maloy, 1997). 

The name C. ribicola was first mentioned in 1856 by the eminent 

mycologist H.A. Dietrich (Spaulding, 1911).  One or two years prior, herbarium 

specimens of Ribes leaves infected with currant rust were distributed from the 

Baltic port city of Riga (Kinloch et al., 1998; Mielke, 1943; Maloy, 1997).  The 

anamorphic form, known as P. strobi, was already known in Europe and was 

believed to be one of three European forms of P. pini (Pers.) Lév. (Vogler and 

Bruns, 1998; Spaulding, 1911).  The aecial stage of the disease was not associated 

with the rust on currants for several decades, until Klebahn successfully infected 

Ribes leaves in 1888 with aeciospores collected from P. strobus.  Mycologists 

subsequently showed that not only P. strobus, but also P. monticola Douglas, P. 

lambertiana Douglas, and P. cembra infected with C. ribicola could cause aecial 

infection of Ribes leaves.  The disease spread throughout Europe, reaching 

Brandenburg, Germany by 1880, Sweden by 1890, and both Holland and England 

by 1892 (Spaulding, 1911).  Given the rapid spread of the disease in Europe, and 

the presence of several susceptible native five-needle pines in North America, 

European pathologists warned against North American importation of the disease 

(Hahn, 1943; Pettis, 1909). 
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1.6 White Pine Blister Rust in North America 

The 17th and 18th centuries brought about unsustainable exploitation of 

EWP in North America, resulting in a westward shift of the forestry industry and 

a demand for white pine planting stock across the Atlantic and North Central 

regions of the United States (Abrams, 2001).  Eastern white pine had been grown 

successfully in Europe since the 17th century, but by 1900 WPBR had established 

throughout Western Europe.  The North American nursery industry was unwilling 

to produce seedlings for low-value reforestation projects, so foresters looked to 

European sources for seedlings (Spaulding, 1911).  Based on European 

experience, pathologists warned that the introduction of WPBR would be 

detrimental to North American forestry (Stewart, 1906).  However, few initial 

efforts were made to keep the disease out of North America.  In fact, repeal of 

United States tariffs facilitated the trade of white pine stock from Europe, setting 

the scene for blister rust introduction.  Millions of seedlings were imported to 

North America from such infested areas as Ussy, France, and Halstenbeck, 

Germany (Maloy, 1997; Mielke, 1943), where seedlings could be produced and 

exported cheaper than they could be produced in North America. 

White pine blister rust was first introduced to eastern North America in 

1898 but was not observed until several years later (Kinloch, 2003).  In 1906, an 

outbreak of “currant felt rust,” as the disease was called on Ribes, occurred at the 

New York Agricultural Experiment Station in Geneva, NY (Stewart, 1906).  Of 

the 54 cultivated varieties at the Station, four red currant (R. rubrum L.) and two 
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golden currant (R. aureum Pursh) varieties were free from rust.  The remaining 

plants showed varying levels of the disease, and black currants, R. nigrum, were 

the most severely affected species.  The infected plants were pulled and burned in 

an effort to eradicate the disease, which was otherwise not known to exist in 

North America.  Five years later, a second outbreak occurred at the experimental 

station.  Two young EWP were discovered near the station in 1913, both showing 

evidence of infection that had established at the seedling stage.  Observations of 

heavily infested black currant plants indicated that the rust was unlikely to 

overwinter on dormant Ribes hosts, thereby providing evidence that the source of 

the disease was not infected Ribes, but rather the introduction of infected pines 

(Stewart and Rankin, 1914).  By 1919, WPBR was present throughout the native 

range of P. strobus as far west as Minnesota (Kinloch, 2003). 

Introduction of the disease to western North America occurred near 

Vancouver, British Columbia in 1910, and was traced to a single importation of 

about 1,000 EWP seedlings from Ussy, France (Mielke, 1943).  Preliminary 

spread occurred on western white pine (WWP), P. monticola, within a 120-mile 

radius of Point Grey, BC.  Following the discovery in 1921 of an infected black 

currant in Vancouver, British Columbia, American foresters identified the disease 

in a widespread area of northwestern Washington.  By the 1930’s, the disease had 

spread east into the WWP production areas of the Inland Empire.  By the 1940’s, 

WPBR was common throughout the Cascade Mountains and into the sugar pine 

forests of Northern California.  It had infested high-elevation stands of whitebark 
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pine, P. albicaulis Engelm., where the ranges of susceptible five-needle pine 

species overlapped.  In the 1950’s, WPBR relentlessly spread onto limber pine, P. 

flexilis James, in the Laramie Range of Southeast Wyoming (Richardson et al., 

2008).  The disease continued to spread on southwest white pine (SWWP), P. 

strobiformis Engelm., in south-central New Mexico, where it established about 

1975.  This founder population possibly originated from a source in the Sierra 

Nevada Mountains of Central California (Hawksworth, 1990; Van Arsdel et al., 

1998).  An infection on whitebark pine in the Jarbidge Mountains at the northern 

edge of the Great Basin was back-dated to 1976 but the disease has remained 

localized (Vogler and Charlet, 2004).  On the western edge of the Great Basin, 

WWP and whitebark pine were discovered to bear infections on wood dating from 

1978 to 1980 (Smith et al., 2000).  In 1988, an ornamental limber pine growing in 

Morton County, ND was apparently infected by WPBR (Draper and Walla, 1993).  

Recent development of the disease has occurred in Northern Colorado on limber 

pine, while in Southern Colorado WPBR has been identified on limber pine and 

Rocky Mountain bristlecone pine, P. aristata Engelm.  These founder populations 

were probably established in the mid-1990’s (Johnson and Jacobi, 2000; Blodgett 

and Sullivan, 2004).   

Only four North American five-needled pine species have so far escaped 

natural infection.  Two species, P. chiapensis (Martínez) Andresen and P. 

ayacahuite C. Ehrenb. ex Schltdl., naturally occur in Central and Southern 

Mexico (Hoff et al., 1980).  In the United States, Great Basin bristlecone pine, P. 
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longaeva D.K. Bailey and foxtail pine, P. balfouriana Jeffrey ex Andr. Murray 

are at risk due to nearby infections, coexistence with abundant alternate hosts, and 

low recruitment (Vogler and Charlet, 2004; IUCN, 2009). Thus, WPBR has 

exhibited great flexibility of primary host specificity and geographic range as it 

has adapted to North American conditions.   

 

1.7 Early Control Efforts in North America 

White pine blister rust was a serious threat to United States forestry.  This 

recognition led to the establishment of United States Federal Quarantine Number 

1 in 1912, amended the following year by Federal Quarantine Number 7.  

Importation of all five-needled pine stock was prohibited, concurrent with 

restrictions on state-to-state movement of susceptible pines, in hopes of reversing 

the establishment of the disease.  Parallel Canadian quarantine laws quickly 

followed (Benedict, 1981).  Voluntary destruction of highly susceptible black 

currant plants was promoted but not widely adopted.  Federal Quarantine Number 

26 in 1917, amended by Domestic Quarantine Number 63 in 1926, enforced 

mandatory destruction of all R. nigrum plants (Benedict, 1981).  Such efforts were 

designed to prevent the introduction of C. ribicola into the western United States. 

Several factors doomed the effectiveness of Ribes eradication, particularly 

the length of delay between the introduction of the disease and the 

implementation of efforts designed to contain its spread.  Quarantines of white 

pine planting stock occurred a decade after introduction in the East.  In addition, 
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the disease was present on the Pacific coast for several years prior to quarantine 

measures.  Eradication of alternate Ribes hosts was first mandated more than 

twenty years after the first introduction of the disease.  Although removal of 

cultivated black currant was completed within about ten years, and wild Ribes 

eradication contributed to successful localized control in the East, the disease was 

already well established in both eastern and western North America by the 1920’s 

(Maloy, 1997).  The long-distance dispersal patterns of the disease, its perennial 

nature on pines, and the vigorous regeneration of forest Ribes species necessitated 

repeated treatment to maintain rust-free plantations.  Thus, control was considered 

worthwhile only in areas of low hazard or high-value timber production.  

Research plots in Maine suggested limited success of Ribes eradication to reduce 

the incidence of WPBR on EWP (Ostrofsky et al., 1988).  In areas where Ribes 

eradication was practiced, rust incidence was 50% lower than in areas receiving 

no such treatment.  However, the disease was still present in most treated white 

pine stands.  In Idaho, little or no correlation was observed between rust incidence 

and eradication procedures, reflecting the differences in Ribes species 

composition and environmental conditions between the East and the West (Toko 

et al., 1967). 

Federally supported Ribes eradication programs were terminated in 1968, 

leaving regulation of Ribes and pine stock to the discretion of state governments 

(Maloy, 1997).  Several states continue to restrict the sale and cultivation of Ribes 

plants (National Plant Board, 2009; McKay, 2000).  These states are concentrated 
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in the Northeast and include: Delaware, Maine, Massachusetts, New Hampshire, 

New Jersey, and Rhode Island.  The Great Lakes states of Michigan and Ohio 

regulate cultivation of Ribes, while the Central Atlantic states of North Carolina, 

Virginia, and West Virginia also limit Ribes cultivation (see Table 1.2).  In the 

more sparsely populated Western United States, state restrictions no longer exist, 

yet Ribes cultivation is uncommon despite the favorable cool climate of the 

Rocky Mountains and Pacific Northwest (Barney and Hummer, 2005). 

 

1.8 Life Cycle of C. ribicola 

The life cycle of C. ribicola is a classic rendition of the macrocyclic life 

history of heteroecious plant rust pathogens, complete with a short-cycle version 

of the disease in Japan (Wicker and Yokota, 1976; Fig. 1.1).  Basidiospores are 

wind-dispersed and infect the needles of white pine species via passive entry 

through the stomata, from which the hyphae grow and establish a perennial 

infection in woody tissue (Mielke, 1943).  Basidiospores are ordinarily dispersed 

only short distances.  However, under optimal conditions, basidiospores are 

reported to infect pines up to 14 kilometers away from the Ribes source (Hamelin 

et al., 2005).  These fragile spores are infused with a dense layer of chitin and 

may be susceptible to chitinase activity, a possible R-gene mediated plant defense 

mechanism whereby enzymes may disintegrate the chitin component of the 

basidiospore cell wall (Ekramoddoullah et al., 2000; Hammond-Kosak and Jones, 

1996).  Basidiospores produce filamentous or coiling haustoria in the living cells 
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of the pine host (Harvey and Woo, 1971), leading to the characteristic yellow or 

red needle spotting 4-5 weeks following infection (Hoff et al., 1980; Kinloch et 

al., 2003).  The fungus undergoes a period of several months during which hyphae 

spread both laterally and longitudinally within the branch, following the phloem 

toward the stem of the tree (Agrios, 2005).  Highly susceptible hosts show the 

capacity to neither inhibit invading germ tubes nor restrict pathogen colonization 

of needle tissue.  Direct, severe seedling mortality can occur as a result of a 

juvenile infection, as evidenced in one study by 70% mortality in two P. strobus 

seedlots only five months after basidiospore inoculation (Jurgens et al., 2003). 

Pycnial development begins a year following basidiospore infection as a 

symptomatic discoloration of the bark.  An elongated swelling occurs, induced by 

the aggregation of hyphae between the phloem and cortex of the host (Colley, 

1918).  Hamelin and others (2005) found that pycnia could be sampled prior to 

spermatization to obtain cultures of unique multi-locus haplotypes.  These 

haplotypes are useful for the study of pathogen genetic structure to determine the 

proportion of virulent genotypes within a rust population.  Cross-fertilization of 

receptive hyphae into a dikaryotic state is achieved during the pycnial stage as 

insects vector spermatia of either + or - mating type to an infection of the opposite 

mating type (McDonald et al., 2005).  This leads to a population structure 

consistent with intense outcrossing of neighboring infections (Hamelin et al., 

2005).  Yet, the limited range of spermatial vectors restricts the distance of 

pycniospore transfer (Kinloch et al., 1998).  Thus, WPBR populations appear 
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panmictic on local scales but remain regionally differentiated because of restricted 

gene flow (Hamelin et al., 2005). 

White pine blister rust becomes obvious as peridermioid, or sac-like, aecia 

emerge from the margins of previously active pycnia, usually occurring at least 

three years following initial infection (Mielke, 1943).  These orange- to cream-

colored pustules are filled with dikaryotic aeciospores of a genetically diverse 

assemblage resulting from prior pycnial fertilization (Hamelin et al., 2000).  

Aeciospores are disseminated by wind currents but may be washed out of aecia or 

the atmosphere during heavy rains (Mielke, 1943).  On the bole of a diseased tree, 

large diamond-shaped aecial infections appear from the base of an infected 

branch.  The disrupted bark is called a canker and is diagnostic of Cronartium 

stem rusts.  Aecial tearing damages the vascular tissue, eventually girdling the 

branch or stem over the course of many seasons.  Mortality ensues distal to a 

girdling canker.  As the vascular tissue is destroyed, cankers from previous 

seasons become inactive.  To exacerbate the damages caused by cankering, 

pycnial exudates attract insects and chewing rodents, which help spermatize 

active cankers or otherwise increase damage of infected areas (Hamelin et al., 

2005). 

In agreement with the behavior of other rust species, most aeciospores are 

dispersed locally, although up to 1% of propagules trapped in air currents can 

travel beyond a distance of one kilometer and establish new founder populations 

in distant environments (Nagarajan and Singh, 1990; Van Arsdel et al., 1998; 
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Kinloch et al., 1998; Wicker and Yokota, 1976; Hamelin et al., 2005).  These 

long-lived spores are thick-walled and resilient to environmental stresses such as 

intense ultraviolet rays and cold temperatures (Hamelin et al., 2005; Mielke, 

1943).  In the spring, aeciospores are deposited on the abaxial surfaces of fresh 

alternate host leaves.  Multiple germ tubes emerge from germinating aeciospores 

and grow at random over the leaf surface.  Infection typically occurs within 24 

hours of germination whereby filamentous hyphae passively enter leaf stomata.  

Appressoria may form above open stomates, although this is believed to be a 

physiological response to environmental stresses on the germ tubes (Woo and 

Martin, 1981).  Once inside the leaf tissue, hyphae loosely colonize the 

intercellular spaces of the susceptible host tissue but cause no physical damage.  

Sunny days and moderate to warm temperatures promote uredinial formation 

(Hahn, 1928). 

Urediniospore production occurs one to three weeks following infection 

and is implicated with establishment of an active haustorium within the mother 

cell (Patton and Spear, 1989; Woo and Martin, 1981; Anderson, 1939).  These 

spores represent the dikaryotic asexual repeating phase of the disease.   Infected 

plants serve to intensify the disease on neighboring bushes, particularly during 

wave years (Mielke, 1943).  Depending on environmental conditions, 

urediniospores remain viable and are produced for several months (Hahn, 1928; 

Mielke, 1943).  Following successful hyphal invasion, pustules develop more 
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rapidly on susceptible hosts and slower on resistant genotypes (Hahn, 1930; 

McDonald and Andrews, 1981). 

As day length shortens and nights become cooler, Ribes metabolism slows 

and numerous diploid telial columns develop from the uredinial sori (Hahn, 1928; 

Mielke, 1943).  The resulting thick-walled teliospores can serve to overwinter the 

fungus and are sensitive to temperatures exceeding 20° C.  These spores are not 

directly infective of Ribes or Pinus, but rather germinate in-situ to produce 

hundreds of basidiospores per telial column (Kaitera and Nuorteva, 2006; Kinloch 

and Dupper, 1999; Stewart and Rankin, 1914).  The capacity for telial production 

on the alternate host is a measure of its relative importance in the epidemiology of 

the disease (Mielke, 1943).  Basidiospores are cast from telia at night under 

prolonged periods of 100% humidity and are easily damaged by suboptimal 

conditions.  These delicate, hyaline propagules are responsible for carrying the 

fungus back to susceptible pine hosts.  These spores have an effective dispersal 

gradient of about 300 meters (Hummer, 1997; Kinloch, 2003).  In rare instances 

basidiospores can drift more than a mile to infect distant white pines (Mielke, 

1943). 

 

1.9 Ribes Synergism 

The seasonal spread of WPBR is affected by several factors including the 

synergistic interactions between the Ribes species within a disease-prone 

environment.  In western habitats, the sticky currant, R. viscosissimum Pursh, 
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forms few uredinia on account of its late-emerging habit and avoidance of the 

peak of aeciospore release.  In contrast, the spiny currant, R. lacustre (Pers.) Poir., 

is among the first species to break dormancy and becomes infected by aeciospores 

early in the spring.  Heavy urediniospore production on R. lacustre is capable of 

infecting the fresh growth of R. viscosissimum in the early summer.  The period of 

telial production is likewise extended through this synergistic relationship.  In 

mid-summer, as the leaves of R. lacustre age, the decline of leaf metabolism 

induces the formation of telia.  The resulting basidiospores on R. lacustre are 

produced several weeks earlier than on R. viscosissimum and increase the window 

in which white pines can become infected (Mielke, 1943).  Species such as spiny 

currant R. montigenum McClatchie often escape aeciospore infection in the early 

season due to the prevailing cold temperatures in their high-elevation 

environments.  Susceptible mid-elevation species such as R. hudsonianum var. 

petiolare may discharge urediniospores throughout the summer, bathing high-

elevation species with WPBR propagules and amplifying disease during the brief 

season when conditions are favorable for infection (Van Arsdel et al., 2006).  In 

WPBR infestations of eastern North America, synergistic relationships are 

observed between the prickly gooseberry, R. cynosbati L., a highly susceptible 

host prone to early-season defoliation, and R. americanum Mill., a host which is 

not particularly susceptible to WPBR.  Before leaf shed, R. cynosbati intensifies 

disease severity on nearby R. americanum plants, which, even when only 
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moderately infected, can be a significant host by virtue of development of light 

telia across the large surface area of the leaves (Van Arsdel et al., 2006). 

Through these pathways of disease progression, seasonal release of 

aeciospores does not need to coincide with the phenology of neighboring Ribes.  

Rather, the uredinial stage may lead to rapid amplification of WPBR severity in 

certain years.  Thus, the amount of disease produced on a species early in the 

season may not reflect the overall prevalence of the disease at the end of the 

season.  A community approach is more relevant than a species-level analysis 

because interactions between alternate hosts can provide a better representation of 

the inoculum potential within a plant community (Van Arsdel et al., 2006).  The 

epidemiological interactions between Ribes and other alternate hosts have only 

begun to be examined.  However, available evidence suggests that Pedicularis 

and Castilleja may be receptive to infection and produce telia relatively late in the 

season, particularly in high-elevation environments.  Such findings would give 

cause to re-evaluate scientific understanding of the epidemiology of WPBR in 

these fragile ecosystems (McDonald and Hoff, 2001). 

 

1.10 Wave Years of Disease Spread 

Intensification of WPBR can be traced to wave years of prolific spread, 

during which cool, moist environmental conditions coincide with relatively long-

distance dissemination of basidiospores to favor extensive infection of the pine 

host (Kinloch, 2003).  Following western introduction in 1910, the first wave year 
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occurred in 1913, presumably the first year mature cankers had developed on 

imported nursery stock.  Infections occurred across a broad area of the 

northwestern United States and southern British Columbia over the following 

years, punctuated by the strong wave years of 1917, 1921, 1923, 1927, 1937, and 

1941 (Mielke, 1943; Benedict, 1981).  In Northern California, several wave years 

have occurred over the past 40 years, including events in 1972, 1976, 1983, 1989, 

1993, and 1997 (Kinloch et al., 2008).  Following establishment of WPBR in New 

Mexico around 1975, the wave year of 1985 was particularly severe, followed by 

nearly annual spread on SWWP beginning in 1989 (Conklin, 2004).  In addition, 

infection events occurred from 1978 to 1980 at the northern and western 

boundaries of the Great Basin (Smith et al., 2000). 

Wave years occur when environmental conditions allow WPBR to 

establish in areas that are normally too dry or hot for successful infection.  This 

phenomenon has been documented throughout the history of WPBR in the West.  

In the initial years of the epidemic, it was believed that the climate of the sugar 

pine region in Northern and Central California was inhospitable for disease 

development (Mielke, 1943).  Indeed, spread was slower in the southern regions 

than had been the case during the initial spread in the Pacific Northwest, where 

wind, temperature, and moisture were optimal for rapid and severe spread (Smith 

and Hoffman, 2000).  Nonetheless, by 1936, the disease had spread throughout 

much of Northern California and had reached the southern Sierra Mountains by 

1961 (Kinloch, 2003). 
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Populations of SWWP also seemed resilient to the establishment of 

WPBR based on their range in the xeric mountains of New Mexico.  Yet, a 

founder population successfully established in about 1975.  Since then, the 

disease has spread steadily, colonizing large tracts of SWWP throughout the 

Sacramento Mountains and at Gallinas Peak north of the initial infestation 

(Conklin, 2004).  The outbreak may have been facilitated by seasonal moisture 

patterns of the desert southwest, whereby late-summer monsoonal rains cooled 

the desert floor and provided evaporative moisture from the soil surface to create 

humid microclimatic effects (Smith and Hoffman, 2000).  In areas with abundant 

populations of R. pinetorum Greene, the highly susceptible orange gooseberry, 

such conditions may have favored dissemination of basidiospores to nearby pines. 

The Great Basin of North America, with several five-needle pine species, 

is an area that has largely remained free from WPBR, with isolated occurrences 

occurring only along the northern boundary in the Jarbidge Mountains, as well as 

near Lake Tahoe to the west (Vogler and Charlet, 2004; Smith et al., 2000).  The 

dry climate of this region discourages WPBR establishment, while hosts occur 

sporadically at high elevations and in discontinuous mountain ranges.  Because 

wave years occur more frequently in areas with a predominantly cool, damp 

climate, the lack of WPBR in these arid environments is unsurprising, although 

the capacity for long-distance dispersal of aeciospores from well-established 

distant infection sites creates a low but constant risk to these isolated populations.  

Yet, Ribes are not as ubiquitous in the Great Basin as in other regions of the West, 
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a difference which may further provide a degree of resiliency against WPBR 

establishment (Smith and Hoffman, 2000). 

White pine blister rust has continued to spread into areas once believed to 

be too hot and dry for rust proliferation, yet the disease continues to appear in 

isolated stands of five-needle pines (Vogler and Charlet, 2004; Hawksworth, 

1990).  Once established, WPBR populations may be capable of adapting to local 

climatic conditions or specific pine hosts (Van Arsdel et al., 2006).  Spores from 

these populations may be better suited to cause infection on nearby primary or 

secondary hosts under conditions otherwise considered inhospitable for disease 

development.  Thus, the concern over the spread of WPBR into southern areas of 

North America continues.  Periodic favorable climatic conditions and a plethora 

of Ribes hosts extend into Mexico (Senters and Soltis, 2003), providing 

opportunities for WPBR to establish throughout the range of P. strobiformis.  The 

disease may one day spread to Mexican white pine, P. ayacahuite, and Chiapas 

pine, P. chiapensis, both highly susceptible species, inhabiting the southern extent 

of North American five-needle pines (Hoff et al., 1980).  When this occurs, 

WPBR will become pandemic as it continues to naturalize in its newfound North 

American range (McDonald et al., 2005). 

 

1.11 Control Efforts to Combat WPBR 

Despite the epidemic outbreak in Europe on P. strobus, few attempts were 

made to exclude C. ribicola from North America (Spaulding, 1911).  The period 
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of initial disease outbreak in the West was marked by catastrophic and rapid 

spread on the new hosts.  Following introduction in North America, several 

techniques were applied to control the disease.  Use of destructive forest 

machinery and herbicides was designed to control Ribes, but were unsuccessful 

despite repeat treatments spanning the course of several years (Benedict, 1981).  

The rugged, inaccessible terrain of the West proved too much to overcome, and 

control did not often provide long-term benefits.  Further, these control 

applications in natural systems had unintended non-target biological effects and 

compromised the ecological integrity of the very ecosystems foresters were trying 

to save (Maloy, 1997).  Biological control of WPBR has been attempted with 

marginal success.  Treatment with the purple mold Tuberculina maxima Rostr., 

though effective at the level of individual cankers, is labor-intensive and 

impractical to apply on a broad scale (Wicker, 1981).  Endophytic fungi share 

similar liabilities as T. maxima, showing promising mycoparasitic behavior, yet 

are limited as potential agents of biological control due to low efficacy of 

colonization of host hyphal tissue (Bérubé et al., 1998). 

Today, integrated strategies are applied in hopes to mitigate the 

detrimental impacts of WPBR (Schoettle and Sniezko, 2007).  A weakness of the 

disease lies in the fragile nature of basidiospores, which are sensitive to light and 

desiccation (Kinloch et al., 1998).  These propagules have a limited range of 

dispersal.  Appropriate placement of new white pine plantings must take into 

account the hazard rating of the site and the proximity to naturally occurring 
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Ribes, Castilleja, and Pedicularis populations.  Conversely, planting of 

susceptible Ribes genotypes should be avoided in areas where white pine grows 

free of WPBR.  Susceptible hosts may be cultivated in areas where the 

environment is not usually conducive to disease development.  However, even in 

environments where founder populations of WPBR are usually extirpated because 

of unfavorable conditions or lack of abundant hosts, in certain years favorable 

biotic and climatic factors may coincide to allow establishment of the disease 

(Kinloch, 2003).  In high-hazard sites, resistant hosts should not be planted in 

monoculture because such locations of high disease pressure are the likely sources 

of virulence alleles for the pathogen population (Kinloch et al., 2004). 

While eradication and other silvicultural protocols have ultimately been 

ineffective at excluding WPBR from the range of North American five-needle 

pines, genetic options have proven the most enduring method of control (Kinloch 

et al., 2008).  Federally supported resistance breeding programs began for WWP 

in 1950 (Bingham, 1983).  Resistance can be expressed in a monogenic or 

polygenic manner (Hoff et al., 1980).  Major gene resistance (MGR) is a 

dominant genetic characteristic that is phenotypically identified in white pines by 

a HR following needle infection.  Three such genes have been confirmed: Cr1 

found in P. lambertiana (Kinloch and Littlefield, 1977); Cr2 of P. monticola 

(Kinloch et al., 1999); and Cr3 of P. strobiformis, while a proposed Cr4 gene 

confers a parallel reaction in P. flexilis but has yet to be confirmed (Kinloch and 

Dupper, 2002).  In white pines, quantitative resistance (QR) is exhibited through 
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plant defense reactions (Hunt, 1997), as well as through constitutive plant defense 

compounds including induction of polyphenols and resins in tissues invaded by 

the disease (Hudgins et al., 2005). 

Production of polyphenolic compounds and formation of thick epicuticular 

wax has been observed in P. strobus to confer QR against WPBR (Smith et al., 

2006; Jurgens et al., 2003).  Additionally, premature shedding of infected needles 

is a recessive trait, working to promote resistance by virtue of preventing 

pathogen establishment in the infection stage (Hoff et al., 2001).  Slow canker 

growth, bark reactions, and “short-shoot” symptoms, where hyphae are unable to 

establish upon entrance of branch tissue, are plant defense reactions affecting the 

pathogen at the pycnial stage (Hoff et al., 2001; Jurgens et al., 2003; Liu and 

Ekramoddoullah, 2007).  Additional QR mechanisms include ontogenic resistance 

(Schoettle and Sniezko, 2007) and spots-only resistance (Meagher and Hunt, 

1999).  The nost durable resistance entails expression of both MGR and QR 

targeting multiple stages of the pathogen life cycle (Kinloch et al., 2008). 

The rarity of resistant individuals in natural populations sets a limit on the 

utility of resistance genes on a broader landscape scale; however, appropriate 

deployment of resistance genes can allow white pines to survive to reproductive 

age following restoration plantings (Sniezko, 2006).  Selection against MGR has 

been shown to reduce heterozygosity of virulent WPBR populations, yet similar 

selection pressures have not been observed against mechanisms of QR 

(Richardson et al., 2008).  Resistance genes are being identified with the 
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assistance of molecular techniques.  Resistance gene analogs are recognized by 

common protein motifs, including the identification of coiled-coil–nucleotide-

binding site–leucine-rich repeat regions in the Pinus genome (Liu and 

Ekramoddoullah, 2007). 

In 30-year field trials, the trees most likely to survive blister rust outbreaks 

had a combination of several resistance mechanisms.  Partial resistance was the 

most stable form of resistance to WPBR, whereas single deployment of major 

genes appeared vulnerable to mutant strains of the pathogen containing virulence 

alleles (Kinloch et al., 2008).  Intense selective pressure to overcome MGR is 

exerted in plantations of genetically related provenances (Kinloch et al., 2004).  

The development of virulent races is a natural and expected occurrence.  Such 

selection has happened at least twice in the history of WPBR in western North 

America.  Fixation of virulence alleles can quickly allow specialization onto 

resistant hosts, yet in line with the theory, fitness associated with these alleles is 

decreased.  After an extensive series of leaf disk inoculations of R. bracteosum 

Douglas, McDonald (2000) found evidence that a WPBR population from the 

Champion Mine region of the western Cascades, containing the vcr2 allele, was 

the least efficient inoculum source of four populations tested.  Spores from 

Champion Mine also had the longest latent period of infection (Meagher and 

Hunt, 1999).  No selective pressure exists to maintain the distribution of virulence 

in the pathogen population in the absence of hosts containing MGR.  Yet, 
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virulence alleles can persist at high levels due to previous adaptation within the 

population and limited gene flow between populations (Kinloch et al., 2004). 

Integrated management will be crucial to successful control efforts against 

WPBR, whereby a combination of control tactics should be deployed 

simultaneously to minimize the chance of WPBR introduction into unestablished 

areas (Hoff et al., 2001).  The goal of white pine breeding is now to facilitate the 

naturalization process of C. ribicola while maintaining a relatively high level of 

genetic diversity in native pine species (Schoettle and Sniezko, 2007).  Ribes 

breeders should continue to focus on production of disease-resistant genotypes in 

efforts to diversify germplasm suited to North American conditions, while 

concurrently minimizing the risks to forest ecosystems.  Ribes producers in high 

hazard areas should cultivate only small acreages of resistant genotypes to 

diminish selective pressure on local WPBR populations.  Growers should adopt 

integrated pest management strategies such as use of horticultural oil to help 

control the seasonal spread of WPBR (Picton and Hummer, 2003).  Identification 

of QR and integration with MGR should be an objective of Ribes breeders to 

prolong the life of resistance genes. 
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2.1 Abstract 

Since the introduction of the fungal pathogen C. ribicola into North 

America in the early 20th Century, five-needle pine ecosystems have been ravaged 

by the effects of WPBR.  For decades, the black currant production industry has 

been discouraged in North America because Ribes plants are also susceptible to 

WPBR.  Immune black currant R. ussuriense × R. nigrum hybrid cultivars 

‘Crusader’ and ‘Coronet,’ as well as ‘Consort’ of the reciprocal cross, have been 

available in North America since the 1950’s.  However, these immune genotypes 

produce low-quality fruit and show high susceptibility to the powdery mildew 

fungus, P. mors-uvae.  This study examines the inheritance patterns of resistance 

in an F1 population of black currants derived from the cultivars R. nigrum ‘Ben 

Lomond’ × ‘Consort’ following artificial inoculation with aeciospores and 

urediniospores of WPBR.  Forty-six of the 95 genotypes developed uredinia two 

weeks after inoculation in controlled greenhouse settings, and an additional two 

genotypes showed field susceptibility but were not infected in greenhouse tests.  

Aeciospore and urediniospore inoculations were equally capable of initiating 

disease on the experimental genotypes.  Additionally, 70% of the F1 genotypes 

developed signs and symptoms of powdery mildew following exposure under 

greenhouse conditions.  This study confirms that immunity to WPBR in ‘Consort’ 

is conferred by the single dominant Cr gene of R. ussuriense.  Fifteen black 

currant F1 selections resistant to powdery mildew and WPBR after artificial 

greenhouse inoculation are here identified.  These selections provide germplasm 
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for future breeding to restore other desirable agronomic characteristics, such as 

upright growth habit and fruit quality, into disease-resistant R. nigrum germplasm. 

 

2.2 Introduction 

White pine blister rust is an exotic plant disease in North America caused 

by the fungus C. ribicola. This heteroecious pathogen affects the foliage of Ribes 

shrubs, causing defoliation of susceptible plants under environmental conditions 

that favor disease proliferation. The physiological effects of WPBR on Ribes are 

relatively benign in most environments where these plants are cultivated.  

Damage is more serious to five-needle pines (Pinus section Quinquefoliae), a 

second host of the disease which can be killed by severe infection. 

The needles of white pine species are infected by basidiospores, which are 

cast from telia-bearing Ribes leaves in the fall under misty or foggy conditions 

(Patton and Johnson, 1970).  Filamentous hyphae grow from infected needles into 

the pine branch and eventually the fungus invades the bole of the tree.  Pycnia 

form beneath the bark and erupt into aecial pustules in subsequent years.  This 

causes severe damage to the vascular tissue and results in a canker that can 

eventually girdle the stem as it spreads.  Portions of the tree distal to a girdling 

canker quickly die.  Aeciospores are wind-disseminated and have the capacity to 

survive in harsh environments.  These propagules remain viable under ambient 

temperatures for seven weeks or more and may infect Ribes several hundred 

kilometers away from the pine source (Mielke, 1943; Van Arsdel et al., 1998). 
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Urediniospores serve as the asexual repeating stage of the disease cycle 

and are produced on the undersides of infected Ribes leaves.  Particularly during 

“wave years” of favorable warm, moist environmental conditions, uredinial 

disease intensification can lead to the production of dense mats of telial columns 

on the leaves.  Telial columns bear hundreds of teliospores, which germinate to 

form probasidia that release basidiospores during cool, foggy periods.  Under 

such favorable environmental conditions, basidiospores drift in gentle air currents 

and typically infect pines within about 300 meters of the Ribes host but can travel 

several kilometers to cause infection on distant pines (Kinloch, 2003).  

Basidiospores are the weak link in the pathogen life cycle because these delicate 

structures are susceptible to damage by environmental stresses such as ultraviolet 

radiation and desiccation (Mielke, 1943). 

Black currants (Ribes section Botrycarpum) are among the most prolific 

telium-producing species, partly due to the large surface area of the leaves, but 

also due to their acute sensitivity to rust infection (Mielke, 1943).  In Asia, where 

WPBR is endemic, Ribes and Pedicularis host diverse forms of the disease.  As 

the pathosystem continues to evolve in North America, similar complexities may 

unfold (McDonald et al., 2005).  Indeed, at least two species of Pedicularis and 

one species of Castilleja are now known telial hosts in North America (McDonald 

et al., 2006; Zambino et al., 2007). Moreover, the risk of hybridization between 

WPBR and any of North America’s 11 native Cronartium stem rusts may create 
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more virulent ecotypes or further increase the host range of the disease (Millar 

and Kinloch, 1991; Joly et al., 2004). 

Economic consequences of WPBR in North America have been 

devastating.  The lethal effects of the disease threatened the lucrative white pine 

timber industry throughout the 20th Century.  The Plant Quarantine Act of 1912 

was passed by the United States Congress, leading to federal quarantine measures 

against importation of five-needle pines (Maloy, 1997).  Two decades later, Ribes 

eradication programs were authorized to control the spread of WPBR in North 

America.  Canadian law continued to allow Ribes cultivation, although quarantine 

measures against importation of white pine stock were established in November, 

1914.  By 1968, U.S. federal regulations banning Ribes cultivation were repealed 

and the responsibility for enacting plant quarantine regulations to control WPBR 

was yielded to state legislatures (Benedict, 1981).  Today, 11 states continue to 

restrict Ribes cultivation (See Table 1.2) (National Plant Board, 2009).  Thus, 

through the actions of state legislation and past WPBR control programs, the 

development of a Ribes fruit production industry has been considerably inhibited 

within the United States. 

In the 1890’s, more than 2,000 acres of Ribes were grown in North 

America (Card, 1909), expanding to 7,400 acres by 1920 (Barney and Hummer, 

2005).  Unfortunately, faced with the devastating WPBR, United States berry 

producers were unable to maintain the popularity of the fruit.  In 2006, currant 

and gooseberry exports from North America measured 631 metric tons, or about 
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5% of the world’s Ribes export market (FAO, 2009).  Niche marketing of black 

currants for nutraceuticals and food products is successful on a small scale in 

Canada (Cuthbert, 2008).  Given their historic production value in Europe and 

North America, black currants have potential to expand and once again become a 

valuable commodity in North American agriculture and a major player in the 

world market (Dale, 2000). 

One prerequisite for the development of a successful Ribes market in 

North America is to adapt available germplasm to local demands and growing 

conditions.  Development of pest resistance is a critical challenge for most 

agronomic crops.  Two diseases are of immediate concern in North American 

efforts to improve the available black currant germplasm.  Powdery mildew, P. 

mors-uvae, is an endemic North American disease of Ribes.  The pathogen does 

little harm to coevolved host species (Leppik, 1970).  However, the impacts on 

fruit quality and productivity of European gooseberries and black currants are 

significant (Hummer and Picton, 2001).  Secondly, WPBR remains an important 

disease in North America, if not directly because of the effects on native and 

cultivated Ribes, then certainly due to its lethal nature, particularly when in 

combination with other pests and diseases, on native white pine species. 

Hypersensitive resistance to WPBR, a form of functional immunity 

whereby the infected plant cell undergoes apoptosis to compartmentalize and 

starve the developing fungus of resources (Hammond-Kosak and Jones, 1996), 

has been observed in red currant (Ribes section Ribes) cultivars R. ×pallidum 
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‘Holländische Rote’ and ‘Viking’ for more than 100 years.  These genotypes were 

extensively tested in the early 1900’s by both European and North American 

pathologists (Hahn, 1943; Anderson, 1939).  In recent years, the “immune” status 

of these cultivars has been questioned owing to the results of artificial greenhouse 

inoculation with WPBR.  Under laboratory conditions, inoculation has produced 

disease on ‘Viking’ of equal severity to susceptible R. rubrum ‘Red Lake’ 

(Zambino, 2000).  Nonetheless, ‘Viking’ has maintained resistance to natural 

inoculum, i.e. produced no uredinia, at the NCGR in Corvallis, Oregon for the 

past 15 years (K.E. Hummer, personal communication).  Positive results may be 

attributable to differential virulence of spore populations, or alternatively, to 

laboratory conditions highly favorable for infection.  By contrast, susceptible 

phenotypes could result from simple propagation errors, including mislabeling of 

type specimens (Zambino, 2000). 

Working toward the goal of developing WPBR-resistant black currant 

material for North American production, Dr. A.W. Hunter of the Central 

Experimental Farm, Ottawa, Canada, released a series of immune hybrid 

cultivars.  The cross R. nigrum ‘Kerry’ × R. ussuriense produced cultivars R. 

nigrum ‘Coronet’ and ‘Crusader,’ released in 1948.  A selection of the reciprocal 

cross, ‘Consort’ was released in 1952 (Hummer and Barney, 2002 ex. Hunter, 

1955).  These cultivars contain the Cr gene from R. ussuriense and demonstrate a 

non-host response to WPBR (Hummer and Barney, 2002).  Recently, plants 

marketed as ‘Consort’ by a commercial nursery in Minnesota were readily 
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infected with WPBR.  Microsatellite analysis differentiated susceptible ‘Consort’ 

plants from type specimens maintained at the NCGR and the University of 

Minnesota Horticultural Research Center in Chanhassen, Minnesota, thus 

demonstrating that the susceptible plants were not truly ‘Consort’ (Burnes et al., 

2008). 

The cases of ‘Viking’ and ‘Consort’ highlight the value to periodically re-

evaluate clonal material for disease resistance.  Such measures serve to monitor 

the potential development of pathogenic races and correct misidentification or 

clonal contamination problems that may arise in nursery or field settings.  The 

misidentified ‘Consort’ genotype from the Minnesota nursery exemplifies the 

risks associated with maintaining clonal germplasm and planting stock that is not 

true-to-type; however, the potential for development of a mutant strain of C. 

ribicola with virulence against resistant genotypes continues to be a concern. 

In recent decades, only a few WPBR resistant European cultivars have 

been named.  The most renowned of these is R. nigrum ‘Titania,’ released in 

Sweden in 1984 by Pal Tamás (Hummer and Barney, 2002).  This cultivar has 

shown trace uredinial formation in detached leaf assays and whole-plant 

inoculations but is considered highly resistant to the disease (Kaitera and 

Nuorteva, 2006).  ‘Titania’ is also resistant to powdery mildew (Hummer and 

Barney, 2002), making it the most viable cultivar available to growers in regions 

with these fungal disease problems.  Although the WPBR-resistant black currant 

releases indicate progress in breeding for disease resistance, the named genotypes 
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are limited by poor fruit quality and undesirable growth habit compared to 

commercially available European black currants (Brennan, 1996; Pluta and 

Żurawicz, 1993). 

For several decades, North American plant pathologists have studied the 

mechanisms underlying host resistance, primarily in Pinus but with some efforts 

dedicated toward Ribes.  In at least three white pine species, major gene resistance 

to basidiospore needle infection has been identified in the form of an HR 

phenotype (Kinloch and Dupper, 2002).  Of primary interest to horticulturists and 

fruit breeders is to resolve whether the observed WPBR immunity in certain black 

currant genotypes is conferred by the presence of a dominant Cr allele.  In light of 

the protracted, complex life cycle of the disease, additional questions concerning 

susceptibility and resistance to individual spore types have arisen.  When 

evaluating WPBR resistance in Ribes, researchers must choose between two spore 

types for inoculation screenings.  The comparative efficiency of aeciospore and 

urediniospore treatment needs to be determined.  Differences in resistance may 

exist depending on the spore type used in inoculation trials.  Because land 

management decisions are aided by knowledge of host × pathogen interactions, 

foresters and horticulturists have a shared interest in determining the mechanisms 

by which the Cr gene may be inherited in Ribes, particularly with regard to the 

more susceptible types such as species within section Botrycarpum. 

To improve the base of WPBR-resistant black currant germplasm in North 

America, a cross was performed in 1999 by Dr. Kim Hummer at the NCGR.  
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Pollen from ‘Consort’ was applied to the stigmas of commercial juice-making 

cultivar ‘Ben Lomond.’  The resultant seeds were germinated to yield an F1 

population.  Ninety five surviving seedling genotypes were transplanted in 2005 

in the field at the NCGR North Farm (Fig. 2.1). 

A study was initiated in 2007 at the NCGR to examine the segregation of 

Cr gene-mediated immunity in the R. nigrum ‘Ben Lomond’ × ‘Consort’ F1 

progeny.  The primary objectives of the study were: 1) to determine the 

segregation ratio of immunity in the F1 population; and 2) to determine whether 

both aeciospores and urediniospores were equally infective on susceptible 

genotypes.  Additionally, a severe outbreak of powdery mildew in the greenhouse 

allowed an assessment of mildew resistance in the F1 population. 

 

2.3 Materials and Methods 

In January 2007, hardwood cuttings from the dormant, field-grown F1 

seedling population of ‘Ben Lomond’ × ‘Consort’ were rooted in the greenhouse.  

The rooted cuttings were transferred into one-gallon containers and placed 

adjacent to an outside tubehouse (TH) in the early summer.  Additional clonal 

material was re-propagated by softwood cuttings in July 2007, and remained 

inside the greenhouse (GH) for the duration of the study.  Ribes nigrum 

‘Seabrook’s Black’ (NCGR local number 323.001) served as the WPBR-

susceptible control (Hummer, 1997), while ‘Coronet’ (NCGR local number 
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1168.001), an immune carrier of the Cr gene, was the negative control (Hahn, 

1949). 

Preliminary inoculation trials were performed in 2007.  Leaf halves and 

leaf disks treated with WPBR aeciospores were kept inside sealed Petri dishes but 

yielded poor results because leaves frequently succumbed to secondary infection 

before rust had a chance to develop.  Equally challenging were detached whole 

leaf inoculations, as difficulties of maintaining integrity of detached leaf material 

persisted.  Plant defense responses to wounding might help explain the problems 

encountered in these preliminary trials.  Physical damage to leaf tissue can induce 

an oxidative burst (McDonald and Andrews, 1981).  Upon wounding, the leaf 

undergoes a suite of plant biochemical responses, many of which are also 

implicated in disease response and toxin production (Baron and Zambryski, 

1995).  These events alter compatibility between a normally susceptible genotype 

and virulent pathogen and likely confound disease screening procedures. 

As an effective alternative to using detached leaf tissue, the method 

adopted for the 2008 trials involved inoculation of single-leaf, subterminal 

softwood material placed inside an airtight polypropylene inoculation container 

for incubation (McDonald et al., 2006).  Clones were watered and fertilized 24 to 

48 hours prior to inoculation and placed in a staging area to allow the leaves to 

dry.  On inoculation day, a single-leaf cutting was taken from each clone and the 

abaxial leaf surface was treated with spore solution.  The inoculation chamber 

was misted with dH20 to create a humid atmosphere just prior to sealing the 
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plantlet inside and was then moved to an illuminated growth chamber set to 

provide a 16h photoperiod on a diurnal cycle.  Aeciospore treatments were kept 

within the growth chamber at 16° C for the first three days, after which the 

temperature was increased to 20° C.  Urediniospore treatments were maintained at 

20° C for the entire period within the growth chamber (Kaitera and Nuorteva, 

2006).  The plastic lids of the inoculation chambers were replaced with tissue 

paper after three days to allow the interior of the chambers to dry.  These 

techniques discouraged secondary infection, promoted adventitious rooting of the 

cuttings inside the cells of vermiculite, and provided an environment favorable for 

spore germination and infection. 

After at least one week had passed, inoculation chambers were removed 

from the growth chamber to make room for subsequent trials and were placed 

inside tall, clear plastic bins (Tupperware Corporation, Orlando, FL) for the 

remainder of the observation period.  To maintain a humid microclimate, a small 

amount of water was applied to the bottom of the bins, which were stored in a 

cool location under conditions of diffuse natural light.  Plantlets were observed 

weekly for a minimum of 15 days by examining the underside of the leaf under 

magnification, and recording a 1 for incidence or 0 for absence of WPBR 

(Appendix Table 2.1).  Disease severity was later scored on a 1 to 3 scale 

according to notes taken at the time of observation.  A score of 3, or highly 

susceptible, indicated a relative abundance of uredinia scattered evenly across the 

abaxial leaf surface.  The plantlet scored a 2, or moderately susceptible, when 
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infection was not as pronounced, or when it was present only on isolated sections 

of the leaf.  A score of 1, or lightly susceptible, resulted if only one or two 

uredinia formed over the course of the observation period (Fig. 2.2). 

The inoculation chambers were constructed of five components and 

modified from a design used in previous artificial inoculation experiments 

(McDonald et al., 2006).  The basal 6-cm section of a 946-ml polypropylene 

thermoformed food container (Reynolds Food Packaging, Lincolnshire, IL) was 

removed with a scalpel and served as the base of the inoculation chamber.  The 

upper portion of the chamber was constructed from the top 11 cm of a second 

polypropylene food container and fitted with a low density polyethylene plastic 

lid (Reynolds Food Packaging, Lincolnshire, IL).  When assembled, the basal 

section and upper section with lid overlapped by about 2 cm to form an airtight 

compartment.  From the scrap of the second deli food container, the bottom 0.5 

cm was removed to serve as a tray to catch urediniospores and compartmentalize 

the interior of the inoculation chamber.  A narrow strip was cut into the tray and 

bent downward to form an anchor into the vermiculite.  A 50-mL plastic cell was 

cut from an 804 size greenhouse tray insert (Summit Plastic Co., Akron, OH) to 

accommodate a subterminal plantlet, filled halfway with wet vermiculite and 

labeled with the date and a pre-determined F1 genotype prior to the inoculation 

treatment.  The corresponding inoculated plantlet was set into the vermiculite, 

which was subsequently placed inside the base of the inoculation chamber.  The 

overall design provided easy access to the inoculated cutting for observation and 
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also facilitated convenient, compact storage when not in use.  The components of 

the inoculation chambers were washed and sterilized using an autoclave at the 

conclusion of the observation period, and the plant material was composted. 

Plantlets were inoculated in 2008 using aeciospores and urediniospores 

acquired from Oregon populations of WPBR (Table 2.1).  Aeciospores were 

collected from sporulating WPBR aecia on P. monticola at the United States 

Department of Agriculture, National Forest Service, Umpqua National Forest, 

Dorena Genetic Resource Center (DGRC), Cottage Grove, Oregon, on 12 March 

2008, and stored at 4° C.  Early-season A1 and A2 inoculation treatments were 

applied on 27 March 2008 and 2 May 2008 utilizing the DGRC spores.  

Aeciospore treatment A3 was applied on 9 June 2008, using aeciospore strain 

OR07.01, collected on 4 June 1995, from infected P. monticola at Miller Lake, 

Winema National Forest, Klamath County, Oregon (P.J. Zambino, personal 

communication, 11 July 2007).  These aeciospores were cryogenically preserved 

at -80° C before being received at the NCGR in 2007.  On 12 July 2008, 

aeciospores were collected from infected P. monticola near Tombstone Pass, 

Willamette National Forest, Oregon.  Aeciospore treatments A4 and A5 occurred 

on 6 August 2008 and 14 October 2008, using Tombstone Pass aeciospores.  

Except for the DGRC spores, which molded during storage at 4° C, aeciospores 

were periodically assayed on 2% agarose plates for viability and kept in airtight 

vials at -20° C for the duration of the study. 
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In 2008, the Ribes field genebank at the NCGR remained nearly free of 

naturally occurring WPBR.  Trial U1 was conducted on 13 August 2008 using the 

limited naturally occurring inoculum found on susceptible Ribes at the NCGR 

North Farm.  To amplify urediniospore production and ensure adequate late-

season urediniospore inoculum, susceptible cultivars R. nigrum ‘Baldwin,’ 

‘Bogatyr,’ ‘Minaj Shmyrev,’ and R. malvaceum Sm. ‘Wunderlich’ were 

inoculated on 8 August 2008 and 2 September 2008 with Tombstone Pass 

aeciospores.  Because the uredinial stage of WPBR represents an asexual 

extension of the pathogen life cycle, the urediniospores were considered to 

originate from the Tombstone Pass source of WPBR.  Urediniospore treatment U2 

was applied on 31 August 2008, U3 on 8 September 2008, U4 on 16 September 

2008, U5 on 27 September 2008, and U6 on 6 October 2008.  Urediniospores 

were used fresh from heavily infected leaves of these cultivars as needed, except 

for inoculation trial U5, in which the remaining urediniospore solution from trial 

U4 was used. 

Seventy-one field check genotypes were placed among heavily infected P. 

monticola seedlings on 26 March 2008 (D1), and 50 clonal genotypes were placed 

in a row near heavily infected black currants in the DGRC Ribes garden on 9 

September 2008 (D2).  These clones represented 89 distinct genotypes, of which 

32 were placed in both DGRC field locations (Fig. 2.3). 

A 0.07% water-agarose solution was used as a medium to suspend 

aeciospores and urediniospores.  The low agarose concentration allowed the 
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solution to retain fluidity and disperse the spores uniformly throughout the 

column of liquid.  A mass of 0.7 g GenePure LE agarose powder (ISC 

Bioexpress, Kaysville, UT) was added to 1000 mL de-ionized H20, heated, and 

stirred until the agarose had dissolved and was uniformly mixed into the volume 

of dH20.  The solution was covered and allowed to cool overnight.  About 300-

500 mL water-agarose solution was decanted into a sterile beaker the following 

day, and the bulk solution sealed and stored at 4° C until further needed.  Cold, 

dry aeciospores were added to the sterile solution at a rate of 250 mg 1000 mL-1 

and dispersed evenly throughout the solution by a combination of stirring, 

shaking, and vortexing.  Well mixed aeciospore-water-agarose solution was 

poured into a sterile mist bottle to facilitate spray inoculation of the subterminal 

cuttings.  Because urediniospores were more limited in quantity, uredinial 

pustules of infected Ribes leaves were gently scraped with the plastic tip of a 

disposable transfer pipette (VWR Scientific, Inc., San Francisco, CA) to dislodge 

the mature spores.  Water-agarose solution was then pipetted over the leaf surface 

to wash the spores into a beaker.  Using an etched darkline Neubauer 

hemacytometer (Hausser Scientific Partnership, Horsham, PA), the spore density 

of the resulting concentrated urediniospore-water-agarose solution was 

determined.  The solution was then diluted with sterile water-agarose solution to 

the predetermined concentration of approximately 5 x 104 spores mL-1.  

Urediniospore-water-agarose solution was not produced in sufficient volume to 
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allow application with the mist bottle.  Rather, the solution was dabbed onto the 

abaxial leaf surfaces with the aid of a disposable transfer pipette.   

Although droplets from the pipette were larger than those from the mist 

bottle, the overall leaf surface area was similarly covered between aeciospore and 

urediniospore treatments.  Due to variability in leaf size, the precise volume of 

solution applied to each leaf was not determined.  However, the solution was 

evenly applied across the leaf surface nearly to the point of runoff.  The solution 

was agitated periodically over the course of an inoculation trial to ensure uniform 

distribution of spores in solution. 

Due to technical difficulties, no single inoculation procedure screened all 

F1 genotypes concurrently, although most genotypes received at least four 

treatments with each spore type, plus field exposure at the DGRC.  An attempt 

was made to replicate treatment of the F1 population as uniformly as possible; 

however, genotypes were unequally represented in the inoculation trials.  

Powdery mildew damaged the leaves of trial plants in 2007 following a series of 

outbreaks in the greenhouse.  The disease lowered survivability of mildew-

susceptible cuttings, leading to unequal clonal representation. Subsequent re-

propagation was performed to balance the numbers of clones of each genotype.  

The rapidity and severity of the powdery mildew outbreak provided clear ratings 

of powdery mildew susceptibility.  Resistant plants hosting no symptoms or signs 

of the fungal development were marked with 0, whereas susceptible clones were 

marked with 1, or presence of mildew. 
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The powdery mildew outbreak forced the transfer of the TH plants to an 

outdoor location to make space for the re-propagated genotypes.  Unfortunately, 

some of the outdoor plants were subjected to irrigation problems and drought 

resulted in mid-season defoliation in summer 2008. In addition, an outbreak of 

mildew occurred on the GH re-propagated genotypes late in the 2007 growing 

season.  Suspected 2,4-D herbicide damage appeared on some of the GH plants in 

2008.  A fungicide application of Pipron (SePRO Corporation, Carmel, IN) was 

performed according to label recommendations on 24 January 2008 to eradicate 

incipient powdery mildew from the GH plants (SePRO, 2008).  The GH plants 

were given a period of 99 days between Pipron treatment and the A2 inoculation 

event.  During the observation period following A2 treatment, powdery mildew 

appeared on 44 of the 73 (60%) inoculated F1 plantlets (see Appendix 2.1).  

Pipron sprays were thus re-applied to the GH plants following A2 inoculation on 

2 May 2008, as well as on 27 May 2008 and 5 June 2008.  These applications 

precluded the use of the plants until the U2 inoculation event, occurring on 31 

August 2008, 87 days following the final Pipron spray.  Elemental sulfur was 

vaporized nightly in the greenhouse and acted as a preventative fungicidal 

treatment once powdery mildew had been eradicated.  A single clone of genotype 

089 developed trace powdery mildew infection during the A5 inoculation period; 

the GH plants otherwise remained free from P. mors-uvae following the 

fungicidal treatments. 
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Limited growth chamber space further impeded a balanced treatment 

design.  The climate-controlled growth chamber could comfortably accommodate 

only 76 plants at a time, and each set of experimental units required at least one 

week within the growth chamber before being transferred to the large plastic bins.  

Given these limitations, a random number generator was used to select suitable 

clones for each inoculation from the pool of available plants. 

To compare the infectivity of spore type, homogeneity chi-square analyses 

were conducted (Strickberger, 1985).  Two genotypes, 026 and 056, failed to 

receive treatment with both aeciospores and urediniospores, and were thus 

excluded from the analyses.  In addition, genotypes 004, 023, 036, 054, and 088 

were eliminated when evaluating chi-square comparisons between field check 

plants and greenhouse trials because representatives of these genotypes were not 

subjected to field conditions at the DGRC.  Chi-square comparisons thus 

examined two sample sizes:  93 F1 genotypes treated in the greenhouse with both 

spore types; and 88 F1 genotypes treated in the greenhouse with both spore types 

and also represented in the field. 

Homogeneity chi-square analysis was conducted to assess the relationship 

between susceptibility to both powdery mildew and WPBR.  The null hypothesis 

stated that there should be no difference in the proportion of F1 genotypes 

resistant to powdery mildew but susceptible to WPBR, compared to the 

proportion of genotypes resistant to powdery mildew and also resistant to WPBR.  

By the same token, the proportion of F1 genotypes susceptible to powdery mildew 
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and also susceptible to WPBR was expected to be equivalent to the proportion 

susceptible to powdery mildew but resistant to WPBR. 

In addition to homogeneity chi-square analysis, analysis of variance 

(ANOVA) models were analyzed using the S+ statistical package (Insightful 

Corporation, Seattle, WA).  The main WPBR treatment effects included F1 

genotype, inoculation date, and spore type.  In this study, inoculation date and 

spore type were not independent factors, as the DGRC field check observations 

received a unique “field” spore type designation.  Therefore, two separate 

ANOVA models were run on the data set to identify factors that may affect 

WPBR susceptibility.  Chi-square statistics were calculated to compare the 

proportion of susceptible genotypes to the expected 1:1 ratio of segregation of a 

simply inherited dominant gene (Strickberger, 1985).  Data homogeneity was also 

assessed using chi-square analysis, with the null hypothesis predicting that the 

aeciospore, urediniospore, and field data would be homogeneous.  Because the 

expected numbers of susceptible and resistant genotypes were large, the Yates 

correction factor was not used in chi-square analyses.  To complement the chi-

square procedures, a Cochran Q test (Tate and Brown, 1970) was conducted to 

further examine the consistency of the three treatments. 

 

2.4 Results 

Greenhouse inoculation procedures using aeciospores and urediniospores 

of C. ribicola were performed on 771 single-leaf plantlets taken from 573 rooted 
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cuttings representing 95 distinct F1 genotypes.  Of the plantlets, 130 (17%) 

became successfully infected with C. ribicola (see Table 2.1), representing 46 of 

the 95 genotypes (Fig. 2.4).  The proportion of greenhouse-infected genotypes 

was consistent with the expected 1:1 segregation ratio (χ2 = 0.095, d.f. = 1, p = 

0.76; Table 2.2).  Additionally, 51 of the 121 F1 field check clones became 

infected with WPBR, representing 39 of the 89 F1 genotypes.  Of the 32 

genotypes represented in both field locations, 15 were susceptible in at least one 

location.  Twelve of the 15 susceptible genotypes developed uredinia in both 

locations.  The proportion of susceptible to resistant genotypes was equivalent 

between the two field locations (χ2 = 0.926, d.f. = 1, p = 0.34; Table 2.3a). 

Genotypes 002, 024, 027, 064, 071, 074, and 113 developed uredinia 

following greenhouse inoculations but not under field conditions, whereas 

genotypes 044 and 091 produced WPBR uredinia in the field but remained 

uninfected following greenhouse trials (Fig. 2.5).  In total, 48 of the 95 (50.5%) F1 

genotypes assayed for WPBR resistance were susceptible.  This percent infection 

was consistent with the expected 1:1 segregation ratio (χ2 = 0.011, d.f. = 1, p = 

0.92; see Table 2.2).  Control genotypes R. nigrum ‘Seabrook’s Black’ and 

‘Coronet’ were not included in analysis of genetic resistance in the F1 population.  

‘Seabrook’s Black’ developed uredinia in 73% of the greenhouse trials and 

showed moderate susceptibility in the field.  ‘Coronet’ remained uninfected 

throughout the study (see Table 2.1). 
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Analyzed individually, one of the three treatments deviated significantly 

from the 1:1 ratio of WPBR-susceptible to resistant genotypes in the F1 

population (see Table 2.2).  Of the 94 aeciospore-treated genotypes, 36 were 

identified as susceptible.  This number was significantly lower than expected (χ2 = 

5.15, d.f. = 1, p = 0.02).  Of the 94 genotypes subjected to urediniospore infection, 

39 were observed to host the disease.  This proportion fell within the expected 1:1 

ratio (χ2 = 2.72, d.f. = 1, p = 0.1).  Likewise, of the 89 field-tested genotypes, the 

39 susceptible genotypes fell within the expected 1:1 ratio (χ2 = 1.36, d.f. = 1, p = 

0.24).  The sum of these results (114 infected, 163 non-infected) yielded a chi-

square value significantly below the expected 1:1 ratio (χ2 =9.23, df = 3, p = 

0.03), suggesting the prevalence of disease escape genotypes. 

A two-factor ANOVA did not support interaction between the main 

treatment effects of F1 genotype and inoculation trial.  Both factors were highly 

significant in an additive model (p < 0.001; Table 2.4a).  Likewise, no interaction 

was observed in a separate ANOVA reflecting the influence of F1 genotype and 

spore type on WPBR susceptibility.  However, the non-interactive effects of spore 

type and F1 genotype were both highly significant (p < 0.001; Table 2.4b). 

To compare greenhouse susceptibility following artificial inoculation, the 

ANOVA procedures were re-run excluding the field observations.  Similar results 

were obtained in the model including treatment effects of F1 genotype and round 

of inoculation.  No interaction was observed, yet the main treatment effects were 

highly significant (p < 0.001; Table 2.5a).  When run with the factors of F1 



89 
 

 

genotype and spore type, no interaction was observed.  In contrast with the 

ANOVA including field observations, spore type was a non-significant factor (p = 

0.922), whereas F1 genotype remained highly significant when field observations 

were excluded (p < 0.001; Table 2.5b). 

Of the subpopulation of 93 F1 genotypes treated with both spore types 

under controlled greenhouse conditions, 29 showed susceptibility to both 

aeciospores and urediniospores, whereas 48 were resistant to both treatments.  

Thus, 16 genotypes failed to show susceptibility to one of the spore types.  Seven 

genotypes showed susceptibility only to aeciospores, while 9 appeared susceptible 

only to urediniospores (Table 2.6).  To clarify differences of infectivity between 

the two spore types, a chi-square test of homogeneity was conducted on the 

subpopulation of 93 genotypes (Table 2.3b).  The numbers of susceptible and 

resistant genotypes were not statistically different using this approach (χ2 =0.089, 

df = 1, p = 0.765). 

Homogeneity of the subpopulation of 88 F1 genotypes subjected to 

artificial inoculation with both spore types, plus field placement at the DGRC, 

was confirmed through chi-square analysis (χ2 = 0.365, df = 1, p = 0.546; Table 

2.3c).  A Cochran Q test was then applied to the 88 genotypes to ascertain 

whether there was a statistical difference in the effectiveness between the three 

treatments.  In agreement with the chi-square test for homogeneity, the test failed 

to reject the null hypothesis that the treatments were equally effective (Q = 0.7, df 

= 2, p = 0.30; Table 2.7). 
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Powdery mildew readings were taken on 638 clonal replicates 

representing the 95 genotypes inoculated in the WPBR disease resistance assays 

(Appendix Table 2.2).  In total, 66 genotypes (69.5%) were susceptible to 

powdery mildew.  The distribution of powdery mildew-resistant and susceptible 

genotypes failed to reject the null hypothesis compared to WPBR-resistant and 

susceptible genotypes (χ2 =0.005, df = 1, p = 0.94; Table 2.3d). 

 

2.5 Discussion 

Although these data focused on a single F1 population, the homogeneity of 

the data supports that susceptibility to either aeciospores or urediniospores did not 

differ according to F1 genotype.  Additionally, the proportion of powdery mildew-

susceptible genotypes was not equal to the proportion of WPBR-susceptible; 

however, based on the results of the homogeneity chi-square test comparing 

patterns of susceptibility, no genetic linkage of resistance is evident between the 

two diseases. 

Few clones could have escaped powdery mildew infection.  Warm and dry 

environmental conditions prevailed in the greenhouse throughout the period of 

disease exposure.  Air circulation fans likely aggravated these conditions, 

providing an ideal setting to allow the pathogen to disperse throughout the 

greenhouse.  Most clonal replicates of a given F1 genotype responded consistently 

to powdery mildew infection.  A mean 6.72 clones per genotype were observed.  

Six genotypes (026; 072; 088; 090; 091; 110) were represented by three replicates 
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or less.  Of these, only 026 remained free from powdery mildew.   This individual 

is the most likely candidate to have escaped infection by P. mors-uvae. 

Sixteen genotypes in this study group showed differential disease 

responses to WPBR spore type, suggesting a possibly complex inheritance pattern 

of resistance.  However, the possibility of Type I errors, or false negative results, 

i.e, escapes, for any single inoculation trial is suggested by the overall low 

proportion of successful inoculations, the unequal representation of F1 clones in 

all inoculation trials, and also by the failure of positive control ‘Seabrook’s Black’ 

to develop infection in three of the 11 inoculation trials (see Table 2.1).  To 

ascertain overall disease susceptibility, the chi-square tests for homogeneity and 

Cochran Q-test compared favorably.  When pooled across treatments, most 

genotypes received nine or more disease readings.  Genotypes represented in 

several inoculation events would have a lower probability of disease escape than 

those represented by just a few trials.  A sixth round of aeciospore inoculations 

may have been sufficient to increase the number of observed aeciospore-

susceptible genotypes to a level statistically indistinguishable from the 1:1 ratio.  

Time constraints and plant availability late in the season precluded the application 

of this final aeciospore inoculation. 

The ANOVA results suggested that a primary difference in the data 

analysis was conferred by the field checks.  Infectivity of spore type was 

equivalent when field observations were excluded.  A higher proportion of field-

placed clones became infected with WPBR than plantlets inoculated in the 
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greenhouse.  This observation is substantiated by the differential exposure to 

blister rust between the field and the greenhouse.  In the field, plants were 

perpetually exposed to WPBR, whereas greenhouse-inoculated plantlets received 

a single dose of spore treatment.  Infection was more likely to occur following 

repeat treatment from the ambient spore cloud in a highly favorable outdoor 

environment. 

A second factor mediating disease response was the duration of the 

observation period.  Although the duration appeared to vary widely depending 

upon the inoculation event, the ostensibly long time frame of early season 

inoculations may be misleading.  While certain trials extended for nearly four 

weeks, fresh infection did not appear past the minimum 15-day window provided 

to each round of treatment.  On the contrary, the field check genotypes were 

intentionally provided a long infection period to control for stochasticity of 

natural WPBR spore release.  The early-season group of field-destined plants was 

placed within sporulating P. monticola plots on 27 March 2008, and checked 37 

days following initial placement.  Thirty of 71 plants were observed to be 

diseased upon the first field examination on 3 May 2008.  Only three additional 

susceptible genotypes were noted on 9 September 2008 when the plants were 

retrieved and the second set placed at the DGRC Ribes garden.  This information 

suggests that most infection happened early in the season, certainly before the 

peak of summer heat.  Of the 50 plants represented in the second field trial, 14 

susceptible genotypes were observed on 12 October 2008, after 32 days had 
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elapsed.  Four additional susceptible genotypes appeared upon retrieval on 31 

October 2008, again suggesting that most infection happened soon after 

placement.  The proportion of field trials showing signs of WPBR was more than 

double that obtained in the greenhouse. With recurrent exposure to naturally 

occurring inoculum over the course of several weeks, the field checks had ample 

time to develop high disease severity.  Similar disease pressure could not be 

replicated in the greenhouse trials. 

By late June 2008, the aeciospores collected at the DGRC in March had 

molded inside their storage vial.  The contaminant fungi might have decreased the 

viability of the aeciospores by early summer and could have been the cause of the 

poor success in the late spring A2 inoculation in 2008.  Only one genotype 

became infected following an 18-day observation period, and field inoculations 

using these spores failed to produce disease on known susceptible genotypes 

inoculated on 6 June 2008 in the NCGR Ribes field genebank.  The poor 

performance of these spores explains the significance of spore type manifested in 

the ANOVA models.  The Miller Lake aeciospores were assayed for viability in 

2007 and again prior to use in 2008.  On both occasions, spores appeared to 

germinate vigorously on a 2% agarose plate after three days under cool, humid 

conditions.  These spores produced infection on 16% of the clonal genotypes 

inoculated in round A3, similar to the overall average obtained throughout the 

experiment (see Table 2.1).  The Tombstone Pass aeciospores consistently 
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produced infection and served to amplify urediniospore production on known 

susceptible genotypes. 

Polygenic inheritance of resistance, differences in spore efficacy, simple 

disease escape, or other unknown factors could explain the apparent genotypic 

differences between aeciospore susceptibility and urediniospore susceptibility.  

To further explore the possibility of complex inheritance of disease resistance, the 

F1 genotypes were scored for WPBR susceptibility on a 0 to 3 scale (Fig. 2.6).  

Field check genotypes tended to be more severely infected, but no trends were 

otherwise apparent.  Evaluation of the 16 genotypes showing inconsistent 

responses to aeciospores and urediniospores revealed a similar trend whereby 

field checks tended to show higher disease severity than either spore type used in 

greenhouse inoculations.  Thus, a polygenic explanation for this differential 

resistance is unconvincing. 

More likely, some genotypes escaped infection by one or both spore types.  

Inoculation of susceptible control ‘Seabrook’s Black’ failed to result in disease in 

27% of the inoculation trials (see Table 2.1), supporting the likelihood of 

additional escape genotypes.  Genotype 016 was scored as susceptible to WPBR 

in preliminary 2007 results.  However, infection did not occur in 2008 and this 

genotype was scored as resistant.  The observed total of 48 susceptible genotypes 

in 2008 is likely a conservative figure.  Crosses investigating Cr gene inheritance 

have resulted in widely divergent proportions of susceptible progeny, up to 4:1 in 

one F1 population that had a sample size of 97 genotypes (J. Luby, personal 
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communication, 23 July 2008).  Chance variability of gene segregation can 

occasionally produce such divergent ratios (Strickberger, 1985). 

 

2.6 Conclusions 

The composite chi-square analysis failed to reject the null hypothesis of 

simple dominant inheritance of the Cr gene in the F1 population of R. nigrum 

‘Ben Lomond’ × ‘Consort.’  The tally of 48 susceptible genotypes and 47 disease-

free genotypes was not significantly different than the predicted 1:1 ratio of 

simple dominant Mendelian inheritance of immunity.  These results confirm that 

the Cr allele is simply inherited at a single locus. 

The number of susceptible field-check genotypes corroborated the 

greenhouse trial data.  Aeciospore and urediniospore treatments in the greenhouse 

were equally capable of producing disease, notwithstanding the 16 genotypes with 

differential responses to aeciospore and urediniospore inoculations.  This agrees 

with the findings of Richardson and colleagues (2007), who observed no 

differences in aeciospore or urediniospore infectivity during inoculation 

experiments on Pedicularis and Ribes species.  The highly significant effect of 

inoculation date is evidence of the likelihood of disease escapes.  Genotypic 

differential responses to spore type are unlikely due to polygenic factors, but 

rather the result of experimental error.  Three separate statistical tests 

corroborated the similar capacity of each spore type to cause disease on 
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susceptible genotypes.  This homogeneity allowed pooling of the field and 

greenhouse data to generate an accurate assessment of disease resistance. 

One application of these results is to assist plant breeders in the 

development of WPBR resistant cultivars.  This study identifies 15 genotypes 

resistant to both powdery mildew and WPBR.  These genotypes may have value 

as parental clones for resistance breeding programs.  The selections have been 

provisionally named by the author (Appendix Table 2.3). 

Because of the equivalent efficiency of both aeciospores and 

urediniospores to produce disease, these data indicate that either spore type can be 

applied during artificial greenhouse inoculation trials or for disease assessment in 

areas where WPBR is naturally absent or sporadic in occurrence.  Nonetheless, in 

forest settings, Ribes may produce more uredinia when challenged with 

aeciospores compared to urediniospores.  This is not due to an inherent 

physiological difference in spore type, but rather due to timing of leaf emergence 

and also aeciospore hardiness.  Young leaf tissue is more susceptible to WPBR 

than is old, hardened, or sun-exposed material (Zambino, 2000; Mielke, 1943).  

Leaf age therefore plays a significant role in spore infectivity.  Variations in 

topography and microclimatic effects cause variation of aeciospore production.  

Such factors allow aeciospores to be shed nearly year-round (Mielke, 1943), 

thereby extending the time frame in which congenial Ribes hosts are exposed to 

primary inoculum, in comparison to the comparatively short period of 

urediniospore production in the mid- to late-summer. 
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  The evidence that both WPBR spore types produce an equivalent disease 

response in Ribes genotypes indicates that either type should work equally well in 

disease trials as an assay for overall resistance.  Selection of spore type can be 

based on convenience or availability.  Aeciospores are easy to collect and can 

tolerate freezing conditions during laboratory storage.  Such factors warrant the 

use of aeciospores as a first choice of spore type in Ribes inoculation treatments.  

Uredinial fungal colonies should be gathered fresh or else maintained on young, 

vigorous plants when necessary for experimental purposes.  The overall effects of 

artificial aeciospore and urediniospore inoculation treatments on Ribes should be 

equivalent for determining Ribes resistance to WPBR.  Field observation data are 

useful to verify greenhouse inoculation results and should be used as a 

supplement to verify inoculation procedures under controlled conditions. 
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3.1 Abstract 

At a Ribes field genebank, 329 diverse genotypes of currants and 

gooseberries representing five sections and one intersectional hybrid species were 

surveyed to determine timing of first bloom and duration of flowering under the 

climatic conditions of Corvallis, Oregon.  The field was surveyed weekly during 

the five springs of 1999, 2001, 2003, 2007, and 2008.  The Julian dates were 

recorded for time of first leaf, first bloom, full bloom, and end of bloom.  The 

dates were converted to growing degree-days using a model set to begin on 1 

January and at a base temperature of 5° C.  Section Calobotrya was the earliest to 

flower, followed by the intersectional R. ×nidigrolaria hybrid crosses, section 

Symphocalyx, section Grossularia, section Ribes, and finally section 

Botrycarpum.  Although significant interaction was observed between section and 

year, accessions within a section flowered in the same relative order each year.  

This report documents cultivars with blooming phenologies suited for a range of 

production goals and environments.  Black currants such as R. nigrum ‘StorKlas’ 

and ‘Ben Tirran,’ and gooseberries R. hirtellum ‘Jeanne’ and R. uva-crispa 

‘Trumpeter,’ bloom late to avoid early-season frosts, and can be grown in 

locations with long, cool springs.  Early-flowering cultivars such as black currants 

R. nigrum ‘Minaj Shmyrev’ and ‘Risager’ may be suited for production in 

mountainous environments where the growing season is short and heat 

accumulates rapidly at the onset of summer.  Ornamental accessions from section 
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Calobotrya show potential for landscapers to attract wildlife and provide showy 

flowers from early to late spring. 

 

3.2 Introduction 

Gooseberry and currant (Ribes) cultivation is common in Europe.  Fruits 

of these species are renowned for their dessert qualities in pies and pastries, and 

as ingredients in processed products such as jams, jellies, juices, teas, and liqueurs 

(Hummer and Barney, 2002).  The North American consumer is unfamiliar with 

currant and gooseberry products.  Yet, niche market opportunities exist for Ribes 

production, particularly where populations of strong European heritage are 

located (Cuthbert, 2008; Dale, 2000).  In addition, the early spring bloom and the 

diversity of physiological characteristics in native species give Ribes potential in 

ornamental landscape plantings (Masierowska, 1993). 

The flowering phenology of Ribes has been inadequately documented for 

North America, and published studies occasionally present conflicting results 

(Brennan, 1996).  Timing of bloom is one of many factors which identify 

appropriate genotypes for cultivation in specific localities or Ribes production 

regions (Mladin and Mutafa, 2004; Stanisavljević et al., 2002a; Stanisavljević et 

al., 2002b).  The seasonality and duration of bloom impact the efficacy of 

pollinators, and consequently fruit size and yield (Szklanowska and Dabska, 

1993).  Several black currant cultivars are self-fruitful and may not necessarily 

benefit from the presence of pollinizer cultivars; however, cross-pollination has 
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been demonstrated to maximize fruit set (Żurawicz et al., 1999).  Planting 1 to 2% 

of the field with compatible pollinizer cultivars should promote cross-pollination 

and enhance berry yields, regardless of self-compatibility (Barney and Hummer, 

2005).  Growers should use caution when selecting pollinizers because bloom for 

the earlier varieties may miss the peak bloom of later cultivars.  Overlapping 

bloom periods determine suitable pollinizers for an orchard. 

Plant breeders consider flowering phenology when determining the 

parentage of planned crosses.  Phenological traits are quantitative characteristics; 

thus, documentation of blooming period highlights suitable cultivars as the basis 

for improvement in a given environment (Brennan et al., 2008).  The use of late-

flowering parents is considered a viable means of cultivar improvement (Mladin 

and Mutafa, 2004).   For instance, past breeding efforts have incorporated the late-

flowering species R. multiflorum into commercial red currant germplasm.  Red-

fruited cultivars R. ×koehnianum Jancz. ‘Rondom’ and ‘Mulka’ were developed 

using this species as a parent and exhibit strong frost avoidance mechanisms 

(Brennan, 1996; Keep, 1962).  In contrast, high-chill parents with low 

vernalization requirements may be desirable for breeding in mountainous regions 

or high-latitude areas.  Such plants may thrive in areas that have extreme winters 

or short growing seasons (Westwood, 1993; Hjalmarsson and Wallace, 2004).  In 

the face of global climate change, breeding objectives may be modified to 

produce cultivars tolerant of low-input agricultural practices and low chilling 

requirements (Brennan et al., 2008). 
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Phenological studies often observe the calendar or Julian date of bloom 

(Masierowska, 1993).  However, a principal factor influencing spring phenology 

is the occurrence of warm air temperatures rather than calendar dates 

(Heikinheimo and Lappalainen, 1997; Kalberer et al, 2006; Schröder et al., 2006).  

Because year-to-year variation in weather patterns influences flowering 

phenology, degree-day models predict plant development (Sparks et al., 2000).  

European studies have examined bloom phenology for a few select Ribes species 

(Stanisavljević et al., 2002a; Stanisavljević et al., 2002b; Heikinheimo and 

Lappalainen, 1997; Sparks et al., 2000; Mladin and Mutafa, 2004).  

Comprehensive data do not yet exist for Ribes in North America. 

The primary objective of this study was to document the range of GDD 

necessary to initiate bloom for diverse Ribes taxa grown under field conditions in 

Corvallis, Oregon, United States.  Phenological patterns will help growers 

identify cultivars and pollinizers adapted to the cool springtime temperatures of 

the Willamette Valley and will provide information regarding parental selection in 

Ribes breeding programs. 

 

3.3 Materials and Methods 

This study was conducted in the Ribes field genebank at the NCGR near 

Corvallis, Oregon.  The field was surveyed at least once per week during the 

springs of 1999, 2001, and 2003 by staff at the NCGR, and in 2007 and 2008 by 

the primary author.  Phenological data were recorded according to the Julian date 
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of each field survey.  Four phenophases were recorded for the purposes of this 

study (Appendix Table 3.1).  The stage of first leaf was recorded when the first 

emerging leaves had fully expanded.  First bloom was recorded once any single 

flower had begun anthesis and was observed with open petals.  When greater than 

50% of the flowers had opened, the plant was considered at full bloom.  Because 

flower petals were persistent and did not always drop once pollination had 

occurred, the stage of last bloom was determined by the condition of remaining 

open flowers.  Once 75% of the flowers had visibly brittle stigmas and petals of 

the latest flowers had lost vibrant color, plants were judged at last bloom. 

An online degree-day calculator, courtesy of the Oregon State University 

Integrated Plant Protection Center, was used to retrieve weather data and calculate 

growing degree-day values for each year of the study (Coop, 2009).  Temperature 

data originated from the US Bureau of Reclamation, Corvallis, Oregon, AgriMet 

weather station (CRVO), which is located six miles from the field study site and 

shares similar agroecological conditions (USBR, 2009).  These data were 

converted to GDD values and analyzed using ANOVA (S+, Insightful 

Corporation, Seattle, WA).  Growing degree-days were calculated by summing 

the daytime high plus the nighttime low, then dividing by two to produce the 

mean daily temperature.  From this value, the base temperature of 5° C was 

subtracted.  Negative values were rounded to zero, whereas positive values were 

added to the running total to determine the number of GDD accumulated over the 

course of the season.  The model was set to begin each year on 1 January 
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(Heikinheimo and Lappalainen, 1997), and in each year the survey was 

terminated by 30 June. 

For analysis, the Ribes genotypes were separated into the five taxonomic 

sections Botrycarpum, Calobotrya, Grossularia, Ribes, and Symphocalyx, and the 

cultivated intersectional hybrid species R. ×nidigrolaria.  To identify cultivars 

that differed in timing of first bloom, the Fisher’s LSD multiple comparison 

technique was applied.  The pooled estimate of the standard deviation was 

calculated for the entire data set and by section, using the formula: 

 

sp = √((Σ((ni-1)*sdi)) ÷ d.f.I)   (1) 

 

where ni = the number of samples for the ith group, and I = the total number of 

samples (Table 3.1; Ramsey and Schafer, 2002).  Pooling the estimate of standard 

deviation weighted the variances to correct for unequal distribution of 

observations and accessions within each section.  Data matrices were constructed 

using Microsoft ® Office (Microsoft Corporation, Redmond, WA) to provide the 

p-values and confidence intervals of all possible pair-wise comparisons within 

each section.  Indicator variables 1 and 0 were used to designate significant and 

non-significant comparisons, respectively, at 95% confidence. 
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3.4 Results and Discussion 

Timing and duration of bloom are represented for 329 field-grown 

accessions representing five sections and the intersectional hybrid species R. 

×nidigrolaria (Fig. 3.1).  Julian date of first bloom was not linearly correlated 

with the number of GDD observed at first bloom (Fig. 3.2).  ANOVA procedures 

showed strong year (F4,70 = 1069, p < 0.001) and accession (F328,70 = 8.275, p < 

0.001) effects on timing of first bloom, but no interaction between the two factors 

(F4,328 = 1.111, p = 0.295; Table 3.2a), suggesting that throughout the study, 

cultivars bloomed in similar relative order.  A second ANOVA yielded significant 

year (F4,1451 = 481.8, p < 0.001) and section (F5,1451 = 43.44, p < 0.001) effects, as 

well as strong year × section interactions (F20,1447 = 6.307, p < 0.001; Table 3.2b). 

In each year, a broad overlap of phenological events was evident across 

sections.  Section Calobotrya was the earliest to flower, with accessions coming 

into first bloom at a mean 198 GDD (95% confidence interval of 187, 209 GDD).  

Intersectional R. ×nidigrolaria hybrid crosses (mean 225 GDD, 95% CI: 214, 236 

GDD) and genotypes of section Symphocalyx (mean 227 GDD, 95% CI: 219, 236 

GDD) next reached first bloom.  Sections Ribes (mean 247 GDD, 95% CI: 241, 

253 GDD) and section Grossularia (mean 247 GDD, 95% CI: 243, 252 GDD) 

also shared identical timing of first bloom.  Section Botrycarpum (mean 256 

GDD, 95% CI: 252, 260 GDD) was the latest section to bloom (see Table 3.1).     

The spring of 2008 had the earliest GDD of first bloom out of the five 

years of the study, during which the mean first bloom occurred at 183 GDD (95% 
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CI of the mean: 179, 186 GDD).  The second earliest year, according to the GDD 

model, occurred in 2001, when mean bloom occurred at 235 GDD (95% CI: 232, 

239 GDD), followed by year 1999 with a mean 256 GDD to first bloom (95% CI: 

251, 261 GDD).  In 2007, first bloom occurred at a mean 265 GDD (95% CI: 262, 

268 GDD).  The latest GDD of first bloom occurred in 2003 with a mean of 293 

GDD (95% CI: 288, 298 GDD) (Fig. 3.3a).  The mean Julian dates of first bloom 

did not match GDD means.  Calendar dates of mean first bloom in 2003 and 2007 

were earlier than the other years in the study but were late according to the GDD 

model (Fig. 3.3b). 

From January 1999 to January 2009, no warming or cooling trend was 

evident at CRVO (Fig. 3.4).  However, this ten-year period does not provide an 

adequate time frame to show long-term climatic changes.  Inter-annual variation 

of air temperature occurs naturally in response to cyclic events such as the El 

Niño Southern Oscillation, and by interactions of solar radiation with atmospheric 

greenhouse gases including CO2 and water vapor (Karl and Trenberth, 2003; 

Heikinheimo and Lappalainen, 1997).  Trends spanning several decades must be 

established to visualize the phenomenon of climate change (Sparks et al., 2000). 

Phenological characteristics for 329 Ribes accessions were analyzed, 

allowing 53,956 pair-wise comparisons of first bloom to be made between the 

accessions.  In most practical applications for both plant breeders and growers, the 

comparisons of interest involve various accessions within a section.  When 

narrowed to fit this criterion, 13,292 comparisons were made.  Of these, the 



131 
 

 

Fisher’s LSD multiple comparison analysis individually recognized 1,823 

significant combinations at 95% confidence (see Table 3.1).  Due to the large 

variance associated with year effects, confidence intervals for individual 

accessions were quite wide.  Nonetheless, the pair-wise comparisons identified 

several sets of cultivars that did not overlap in timing of first bloom, after 

accounting for year effects. 

 

3.4.1 Botrycarpum 

Black currants exhibited a broad flowering window, with several early and 

late cultivars.  In total, 725 of 5,565 comparisons showed significant divergence 

of first bloom (see Table 3.1).  Approximately half of the significant comparisons 

involved the seven earliest black currants accessions, each of Asiatic or 

Scandinavian origin.  An unnamed accession of R. nigrum subsp. sibiricum was 

the earliest among the Botrycarpum, reaching first bloom at a mean of 185 GDD 

(95% CI: 63, 306 GDD; Fig. 3.5).  This genotype was significantly earlier than 80 

black currant accessions, including all genotypes with a mean first bloom value 

greater than 246 GDD.  Listed from lowest to highest mean GDD of first bloom, 

the earliest 12 named accessions were: ‘Chernji Zhemchug,’ ‘Stella I,’ ‘Doch 

Siberyachki,’ ‘Risager,’ ‘Minaj Shmyrev,’ ‘Nystawnesnaya,’ ‘Black Tony,’ 

‘Strata,’ ‘Slitsa,’ ‘Willoughby,’ ‘Wellington XXX,’ and ‘Golubka’ open 

pollinated.  These cultivars appear suited for production in areas with short 

growing seasons.  The 12 latest named accessions, ‘August Reward,’ ‘Nysa,’ 
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‘Imandra,’ ‘Neosbpaushayasya,’ ‘Invigo,’ ‘Raven,’ ‘Amos Black,’ ‘Öjebyn,’ 

‘StorKlas,’ ‘Ben More,’ ‘Ben Alder,’ and ‘Ben Tirran,’ were significantly later 

than the earliest cultivars.  Of only 11 non-significant comparisons comparing 

these early and late named cultivars, the highest p-value appeared in a contrast 

involving ‘Imandra’ and ‘Wellington XXX’ (p = 0.072), still maintaining the 

overall divergent blooming patterns between the two accessions.  The latest black 

currant was the unnamed species accession R. bracteosum, which bloomed 

significantly later than 95 Botrycarpum genotypes and reached first bloom at a 

mean 343 GDD (95% CI: 241, 446 GDD).   

The relative order of black currant cultivars observed in this study 

corroborates European documentation of black currant cultivar bloom 

characteristics (Stanisavljević et al., 2002b; Brennan et al., 1993; Mladin and 

Mutafa, 2004).  In the United Kingdom, efforts have been underway for more 

than three decades to release late-flowering replacement cultivars for frost 

susceptible industry standard juice varieties (Brennan, 1996).  By measure of late-

flowering in Corvallis, Oregon, the ‘Ben’ series, released from the Scottish Crop 

Research Institute, has effectively achieved this objective.  The cultivars ‘Ben 

Sarek,’ ‘Ben Connan,’ ‘Ben Lomond,’ ‘Ben Nevis,’ ‘Ben More,’ ‘Ben Alder,’ and 

‘Ben Tirran’ ranked among the latest 69% of the black currant accessions in the 

study, whereas the older British black currants ‘Wellington XXX’ and ‘Baldwin’ 

ranked below the 25th percentile in order of black currant first bloom, indicating 

their early phenology. 
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3.4.2 Calobotrya 

In section Calobotrya, 59 of 136 pair-wise comparisons yielded 

significantly different mean GDD of first bloom (see Table 3.1).  Accessions 

flowered early in the spring, beginning with white-flowered cultivars R. 

sanguineum Pursh ‘Hanneman’s White,’ ‘Henry Henneman,’ and ‘White Icicle’ 

(Fig. 3.6).  These cultivars were phenologically indistinguishable from each other 

and were each significantly earlier than 11 of the remaining 14 Calobotrya 

accessions.  The named cultivars ‘Elk River,’ ‘Pokey’s Pink,’ ‘King Edward VII,’ 

‘Claremont,’ and ‘Pulborough’ displayed intermediate bloom timing.  The 

accession R. ciliatum Humb. and Bonpl. ex Schult. was also intermediate.  Ribes 

cereum Douglas was represented by two accessions differing by a mean 79 GDD 

(95% CI: 18, 140 GDD).  Four unnamed accessions were the latest R. sanguineum 

genotypes.  The two representatives of R. viscosissimum were among the latest-

flowering genotypes of the Calobotrya.  Using these phenological data as a 

guideline, homeowners and fruit producers can plant ornamental Calobotrya 

species in hedgerow buffers to prolong the flowering season and provide 

resources such as nectar and habitat for beneficial organisms (Masierowska, 

1993). 

 

3.4.3 Grossularia 

The gooseberries, with 107 representative accessions and 12 species, 

produced the highest number of significantly different comparisons in this study.  
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Of 5,671 pairwise comparisons, 864 showed significant differences (see Table 

3.1).  The earliest gooseberries included Central Asian accessions R. aciculare 

Sm., which came into bloom at a mean 191 GDD (95% CI: 125, 258 GDD), and 

R. burejense F. Schmidt (mean 192 GDD, 95%CI: 109, 275 GDD).  The twelve 

earliest named Grossularia accessions in order of mean GDD to reach first bloom 

were ‘Schulz,’ ‘Telegraph,’ ‘Clark,’ ‘Lord Elco,’ ‘Crown Bob,’ ‘Hinnonmaen 

Keltainen,’ ‘Polish Gooseberry,’ ‘Invicta,’ ‘Glenton Green,’ ‘Glenndale,’ ‘Blood 

Hound,’ and ‘Lancashire Lad’ (Fig. 3.7).  These genotypes were significantly 

earlier than all Grossularia accessions exceeding a mean 282 GDD of first bloom.  

The latest twelve named gooseberries were ‘Stanbridge,’ ‘Spinefree,’ 

‘Robustenta,’ ‘Red Jacket,’ ‘Sabine,’ ‘Thoreson,’ ‘Captivator,’ ‘Jahn’s Prairie,’ 

‘Sebastian,’ ‘Sutton,’ ‘Jeanne,’ and ‘Trumpeter.’  Several species accessions were 

notably late-blooming.  The two accessions of Florida species R. echinellum 

(Coville) Rehder were among the latest gooseberries to flower, having a 

combined mean of 338 GDD to first bloom (95% CI: 307, 370 GDD).  The three 

accessions of R. curvatum Small, a native Texas gooseberry species, were also 

very late to flower, with a combined mean of 329 GDD to first bloom (95% CI: 

302, 356 GDD).  As with the Botrycarpum, several gooseberry accessions of 

intermediate bloom timing would serve as appropriate pollinizers of desired 

horticultural varieties. 
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3.4.4 Ribes 

Of the 1378 pair-wise comparisons within section Ribes, analysis of the 

red, white, and pink-fruited currants yielded 109 significant differences in the 

mean GDD of first bloom (see Table 3.1).  A pattern of several early-blooming 

and late-blooming cultivars was observed.  The earliest twelve cultivars, in order 

of GDD of first bloom, included ‘New York 37,’ ‘White Imperial,’ ‘Wilder,’ 

‘Gloire des Sablons,’ ‘Perfection,’ ‘Minnesota 69,’ ‘Detvan,’ ‘Karlstein Red,’ 

‘White Pearl,’ ‘White Cherry,’ ‘Minnesota 71,’ and ‘Fay.’  The 12 latest-

blooming cultivars included ‘London Market,’ ‘Rosa Hollandische,’ ‘White 

Currant 1301,’ ‘Rolan,’ ‘Houghton Castle,’ ‘Rovada,’ ‘Stanza,’ ‘Blanka,’ 

‘Rondom,’ ‘Rosetta,’ ‘Moore’s Ruby,’ and ‘Mulka’ (Fig. 3.8).  The three earliest 

cultivars showed significant differences with the twelve latest cultivars, whereas 

the three latest cultivars were significantly later than the twelve earliest cultivars.  

These phenological data are in close agreement with late-flowering red currant 

cultivars identified in Romania by Mladin and Mutafa (2004).  An exception is in 

the case of ‘Raby Castle,’ which in Romania was considered late-flowering.  The 

present study shows an intermediate blooming pattern of ‘Raby Castle,’ differing 

only with ‘Mulka,’ the latest-flowering red currant in the present study.  

Compared to Polish observations, cultivars ‘Detvan,’ ‘Primus,’ and ‘Blanka’ 

bloomed in similar relative order (Stanisavljević et al., 2002a).  However, 

‘Tatran’ and ‘White Versailles’ bloomed relatively late in Corvallis.  No 

significant pair-wise differences were identified in mean GDD of first bloom 
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among these five cultivars.  Early and late-blooming cultivars exist for the red, 

pink, and white fruited variants of section Ribes. 

 

3.4.5 Symphocalyx 

Section Symphocalyx was represented by 29 accessions, providing 56 

significant accession combinations out of 406 possible pair-wise comparisons (see 

Table 3.1).  Only three named cultivars were observed in this study.  Cultivar 

‘Gwens’ was the earliest named cultivar, differing from ‘Idaho’ by an estimated 

73 GDD (95% CI: 20, 126 GDD; Fig. 3.9).  Cultivars and wild accessions showed 

no significant differences compared to ‘Crandall,’ a popular variety collected in 

Kansas in 1888 (Hummer and Barney, 2002).  The data could not define 

differential phenological patterns between R. aureum var. aureum and R. aureum 

var. villosum DC.  At least 22 of the accessions originated from Kansas.  Despite 

the similarities of geographic origin, most accessions illustrated at least two 

significant differences with other golden currant genotypes.  Timing of first 

bloom overlapped considerably among the golden currants despite divergent 

patterns of specific genotypes.  These findings emphasize the natural phenological 

diversity of wild populations. 

 

3.4.6 R. ×nidigrolaria 

The R. ×nidigrolaria intersectional crosses displayed the fewest 

significant pair-wise comparisons of GDD of first bloom, as only 9 of 136 
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combinations were significant at 95% confidence (see Table 3.1).  In order of 

mean GDD of first bloom, ORUS 9 was the earliest, followed by ORUS 8, ORUS 

7, ORUS 3, ORUS 2, ORUS 6, ORUS 10, ORUS 5, ORUS 4, ORUS 11, ORUS 

1, RI82-1/RE, RI82-3/RE, Jostaberry-type (black), Jostaberry-type (red), ‘Josta,’ 

and finally ‘Jostaki’ (Fig. 3.10).  Of the 17 accessions, the cultivar ‘Jostaki’ was 

significantly later than the five earliest hybrids.  ‘Josta’ was later than the earliest 

three hybrids, and Jostaberry type (red) was later than ORUS 9.  No statistical 

difference in bloom timing of the named cultivars ‘Josta’ and ‘Jostaki’ was 

observed.  The overlap of bloom timing amongst the ×nidigrolaria hybrids 

indicates that most intersectional hybrids would be suitable for cross-pollination 

of the named cultivars. 

 

3.5 Conclusions 

In the present study, we have provided information designed to facilitate 

Ribes cultivar selection based on the onset of first bloom.  Cultivars from five 

sections and one intersectional hybrid group are recognized for timing of early 

and late-season bloom.  Considerable overlap was observed between and among 

the sections.  The sections Botrycarpum, Grossularia, and Ribes, which include 

the agronomic species used in fruit production, displayed greater mean GDD of 

first bloom than the grand mean GDD of first bloom.  These commercially 

important groups may therefore be less predisposed to late-season frosts, 

compared to the Calobotrya, Symphocalyx, and R. ×nidigrolaria accessions. 
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With a knowledgeable prediction of the blooming window, fruit producers 

can work to maximize fruit set through implementation of cultural practices, for 

example by choosing genotypes adapted to local environmental conditions, or by 

setting out beehives at an appropriate time to promote a high level of cross-

pollination.  In regions with long, cool springs, frost risks can be controlled by 

selection of late-flowering cultivars, while early-flowering accessions may be 

suitable for areas with short growing seasons.  The observed inconsistency in the 

number of Julian days and GDD necessary to initiate first bloom was due to 

variable weather patterns from year to year.  In the warmest spring of the survey, 

plants bloomed after a relatively high number of GDD had accumulated.  In 

contrast, cooler springs displayed the accumulation of relatively fewer GDD than 

the mean.  This observation suggests that bloom timing is contingent on more 

factors than only accumulated heat in the spring.  However, the factor of daytime 

air temperature was found to be the most important factor to induce flowering in 

diverse plant taxa (Wiegolaski, 2001).  Despite the inconsistent response of Ribes 

to rapid or slow spring heat accumulation, growers can apply these data to help 

predict the onset of flowering based on the weather patterns in the months prior to 

bloom. 

Because flowering responses to accumulated heat are under genetic 

control, plant breeders can use these data as a guideline to help decide the parents 

of a cross.  For instance, the late-flowering cultivars R. nigrum ‘Öjebyn’ and 

‘Amos Black’ were used as parents for cultivars of the popular ‘Ben’ series, bred 
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in Scotland, UK, where spring frosts endanger Ribes production.  Ornamental 

genotypes of section Calobotrya are available to homeowners and landscape 

designers wishing to maximize the period of springtime bloom and increase 

habitat for beneficial insects and birds.  White-flowering cultivars flowered the 

earliest, followed by pink-flowering accessions, and lastly by red-flowering 

genotypes.  Canadian cultivars R. uva-crispa ‘Sebastian’ and ‘Sutton’ employ a 

degree of frost avoidance by virtue of their relatively late timing of first bloom.  

European cultivars tend to be intermediate in bloom timing, whereas gooseberry 

species accessions represent both the earliest and the latest accessions of 

Grossularia.  Intra-sectional hybrid red currant cultivars ‘Mulka’ and ‘Rondom,’ 

selected in northern European countries where late-season frosts are frequent, 

have effectively maximized late-flowering characteristics of available genetic 

resources.  A significant difference in the onset of first bloom was observed in 

comparison of R. aureum ‘Gwens’ and ‘Idaho,’ suggesting that these cultivars 

may not be compatible as pollinizers for other Symphocalyx accessions.  Cultivar 

R. aureum ‘Crandall’ by contrast appears to overlap greatly with the other 

accessions of section Symphocalyx.  The named accessions of R. ×nidigrolaria are 

late-flowering in comparison to the unnamed ORUS hybrids. 

Analysis of long-term flowering trends has proven useful in documenting 

plant phenological responses to climate change (Sparks et al., 2000).  Although no 

warming trend was evident in the 10-year monthly mean temperature data, the 

cyclic annual fluctuations appeared to show an increase of summer peak 
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temperatures, but also a decrease of winter low temperatures as time proceeded.  

These data establish phenological records for currant and gooseberry cultivars 

growing in the field genebank at the USDA-ARS NCGR near Corvallis, Oregon.  

Additional years of observation may decrease the year-to-year variance of the 

onset of bloom, and will provide clearer evidence of climatic changes. 
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The horticultural Ribes production industry is in a position to expand in 

North America.  Most likely this expansion will occur in small acreages planted 

by small fruit growers wishing to diversify their crops.  An obstacle for plant 

breeders is to strengthen the base of available cultivars to meet the diverse 

pressures of the heterogeneous growing conditions across the continent.  The 

development of resistance to problematic diseases is of primary importance in 

North American breeding programs.  The plant pathogenic fungi C. ribicola and 

P. mors-uvae, causal agents of the exotic WPBR and the North American native 

powdery mildew, respectively, are the most significant pests of currants and 

gooseberries in North America.  Additionally, knowledge of plant responses to 

environmental conditions is imperative to help growers identify appropriate 

cultivars for new plantings.  In Ribes, genotypic resistance to spring frost events is 

a key attribute, traditionally addressed by selection of late-flowering genotypes 

for plant production and breeding purposes. Springtime phenological data taken at 

the NCGR were analyzed to develop baseline data and help growers select 

appropriate cultivars for local growing conditions. 

Resistance screening against WPBR was performed on an F1 population of 

R. nigrum ‘Ben Lomond’ × ‘Consort’ at the NCGR in Corvallis, Oregon.  In 

2008, 46 of 95 genotypes were identified as susceptible to WPBR, following a 

series of 11 inoculation treatments under controlled conditions of an indoor 

laboratory.  Field observations showed susceptibility of two additional genotypes 

that were free from disease following artificial inoculation.  Aeciospores and 
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urediniospores produced equivalent disease severity on susceptible genotypes. 

However, when examined by spore type, 16 genotypes showed differential 

responses.  These genotypes represented disease escapes.  Three separate 

statistical procedures were applied to corroborate the equivalent infectivity of 

both spore types.  When the data were pooled, resistance appeared to segregate in 

a 1:1 ratio.  Chi-square analyses provided strong evidence of simple inheritance of 

resistance at a single locus, presumably from a dominant Cr allele found in the 

pollen parent, R. nigrum ‘Consort.’ 

 Successive outbreaks of powdery mildew occurred on the F1 genotypes 

during propagation.  During the spring and early summer of 2007, no fungicidal 

chemical applications were made to control the epidemic, which allowed clear-cut 

determination of resistant and susceptible genotypes.  In total, 66 of the 95 F1 

genotypes were susceptible to the disease.   

Fifteen F1 black currant genotypes were found to be resistant to both 

powdery mildew and WPBR.  The genotypes have potential for future use in 

breeding programs to incorporate disease resistance with enhanced berry quality 

to meet industry demands.  They have been provisionally named by the author 

and will be maintained at the NCGR free for distribution to plant breeders and 

interested growers. 

An additional study utilized a growing degree-day model to analyze five 

years of spring phenological data collected over a 10-year period at the NCGR.  

In the warmest spring, heat accumulated rapidly and plants flowered later than in 
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other years, relative to the GDD model.  Despite year-to-year variation, early and 

late-flowering accessions were identified for six taxonomic groups.  Early-

flowering species originated from extreme northern latitudes, where winters are 

long and very cold, but where heat accumulates rapidly at the onset of summer.  

Late-flowering accessions tended to originate from Western Europe or other 

locations with protracted springs.  Sectional differences were observed, whereby 

section Calobotrya was the earliest group to commence bloom, followed by R. 

×nidigrolaria hybrid species, section Symphocalyx, section Ribes, section 

Grossularia, and lastly, section Botrycarpum.  These data establish baseline 

phenological records for diverse currant and gooseberry accessions at the NCGR 

in Corvallis, Oregon.  The data will be useful for breeders attempting to develop 

locally-adapted cultivars across North America, and for plant geneticists looking 

for genes linked to flowering period. 

 Critical horticultural characteristics were evaluated for a range of Ribes 

species and hybrid genotypes.  This research supports progress in North American 

Ribes production, a potential multi-million dollar industry which has yet to realize 

its full value in the United States. 
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