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Abstract 

Many plants produce toxic compounds, called phytoalexins, in response to infection 

by microorganisms. Some fungal pathogens of these plants can detoxify their host's 

phytoalexins and genetic studies of the ascomycete, Nectria haematococca Mating 

Population VI have established an association between detoxification of the pea 

phytoalexin, pisatin (Pda), and pathogenicity. Previous studies of one of the six genes 

(PDA) that confer this trait (PDA6-1) was on a dispensable chromosome. 

In the current study, a technique was developed that uses the pea plant to select for 

highly virulent recombinant progeny from crosses in which such progeny were relatively 

rare. It was demonstrated that when pea plants are inoculated with a mixture of ascospores 

that isolates recovered from pea lesions showed a strong bias for Pda and for being more 

virulent on pea, compared with ascospore progeny which did not undergo selection on 

plant Additionally, all highly virulent isolates had PDAl-1, one of the three PDA genes 

present in the cross parents, showing that PDAl-1, or a linked gene, was necessary for 

virulence on pea. 

In the current study, highly virulent isolates were also identified by screening 

progeny from crosses that involved a highly virulent parent, 34-18. Analysis of 34-18 and 

its progeny showed that this isolate contains three PDA genes, PDA5 and PDA9, which 

were characterized in this study, and an allele of a previously characterized PDA gene. All 

three genes were associated with virulence on pea and could be lost during genetic crosses. 

Electrophoretic karyotype (CHEFO analysis showed that this was due to loss of a 1.5 

Megabase chromosome carrying PDAl-2 and at least a portion of a 4.9 Mb chromosome 

carrying PDAS and PDA9. 
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CHEF analysis also showed that the other previously characterized PDA genes 

(PDAl-1, PDA2, PDAS, PDA4, PDA6-1 and PDA6-2) were on dispensable 

chromosomes. These dispensable chromosomes were not required for pathogenicity on 

carrot and ripe tomato. The results from this work provide evidence to support the 

hypothesis that the PDA chromosomes are dispensable, that some of them contain genes 

conferring virulence specifically on pea and genes for pathogenicity on other hosts were on 

non-PDA chromosomes. 



Chapter 1 

Introduction 

I. Phytoalexins and disease resistance: Some plants produce low molecular 

weight, toxic metaboUtes, called phytoalexins, in response to infection by microorganisms. 

The phytoalexins produced by legumes and solanaceous plants are best characterized but 

several other plant families, monocots as well as dicots, also produce phytoalexins 

(reviewed in Bailey and Mansfield, 1982, pp. 21-132). These compounds are structurally 

diverse, not only between plant families but within plant families or even plant species 

{Ibid., pp. 8-10). It is believed that phytoalexins are plant resistance factors involved in 

host-specificity as well as in cultivar-specific resistance. Since non-pathogens of a certain 

plant are generally highly sensitive to the plant's phytoalexin, they may be involved in 

determining host-specific interactions. On the other hand, some pathogens are sensitive to 

their host's phytoalexin, as in the case of the interaction between Phytophthora 

megasperma f. sp. glycinea and soybean, in which a given isolate (race) may cause a 

resistant (hypersensitive) response when inoculated onto one cultivar of soybean but be 

able to successfully parasitize a different cultivar (a compatible interaction). It was found 

that this differential response was associated with a rapid elicitation of the synthesis of 

phytoalexins in the hypersensitive response while, in the compatible interaction, induction 

of phytoalexin synthesis did not begin until later during infection (Bohnhoff, et al., 1986). 

Therefore, phytoalexins may also be involved in race-cultivar specificity. Successful 

pathogens of a given plant may overcome the toxicity of the plant's phytoalexin by: 1) 

avoiding elicitation of the synthesis of the phytoalexin; 2) avoiding contact with the 

phytoalexin; or 3) metabolizing it to a less toxic compound. 
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Pisatin is a phytoalexin produced by pea {Pisum sativum). Cruickshank (1962) 

tested the sensitivity of fungi to pisatin by growing 50 different pathogens, representing 

different fungal taxonomic groups, on agar medium amended with varying concentrations 

of pisatin. This was the first screen of the sensitivity of a diverse group of fimgi to a 

phytoalexin. In this classical study, it was shown that most of the fimgal pathogens of pea 

were significantly more tolerant to pisatin than most of the non-pathogens. The study 

included six pathogens of pea. Of these, five were the most tolerant of pisatin of the 50 

tested fungi, while one was intermediate in tolerance (Ibid.). The 44 pathogens of other 

hosts were highly sensitive to pisatin except for one that was intermediate in its tolerance to 

pisatin (Ibid.). This suggested that the phytoalexin pisatin is a resistance factor to non-

pathogens of pea which pathogens had successfully overcome (Ibid.). 

II. Nectria haematococca. Fusariwn solani represents a group of morphologically 

indistinct ascomycetous fungi. Isolates that are plant pathogens have been designated as 

"formae speciales," according to their hosts. One teleomorph stage of F. solani is the 

heterothallic species, Nectria haematococca Mating Population (MP) VI. N. haematococca 

MPVI is an ecologically diverse species, although isolates that are pathogenic on pea have 

been the most extensively studied. The sexual stage of N. haematococca MPVI has been 

observed in nature only on the branches of mulberry trees (Matuo and Snyder, 1972). 

However, the sexual cycle is readily completed in culture (VanEtten and Kistler, 1988), 

allowing genetic identification of F. solani isolates belonging to MPVI. In this way, 

different members of N. haematococca MPVI have been genetically identified that are 

pathogenic on nine plant species and one animal species, and that can exist as soil-

inhabiting saprophytes or in the diseased tissue of 14 plant species of which they are not 

the primary pathogen (Ibid.). Laboratory crosses have also provided genetic recombinants 

that have facilitated the study of traits important in virulence. 
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III. Pisatin demethylation genes as pathogenicity factors. Three fonnae 

speciales of Fusarium solani were compared for tolerance to pisatin (VanEtten and Stein, 

1978). Two non-pea pathogens, F. solani f. sp. cucurbitae (pathogenic on cucurbits) and 

phaseoli (pathogenic on bean), were signiflcantiy inhibited in their growth on pisatin while 

the pea pathogen (F. solani f. sp. pisi or N. haematococca MPVI) was highly tolerant of 

pisatin (VanEtten and Stein, 1978). Further investigations of F. solani field isolates 

identified genetically as membeis of MPVI (VanEtten, 1978; unpublished), showed that 

those pathogenic on pea were also highly tolerant of pisatin (VanEtten, et al., 1980). This 

tolerance was shown to be due, at least in part, to the ability of these isolates to detoxify 

pisatin, a trait called pisatin demethylating ^ility (Pda), to a compound [3,6a-dihydroxy-

8,9-methylenedioxypterocarpan (DMDP)] with low toxicity to N. haematococca MPVI 

(Rgure 1.1) (VanEtten and Pueppke, 1976; VanEtten and Stein, 1978). Held isolates 

varied in the expression of this trait, which included the level of Pda activity and the length 

of time following exposure to pisatin or lag phase (VanEtten and Matthews, 1984). 

Isolates could be grouped into two Pda phenotypes: Pda^, for high activity and short to 

moderate lag phase and Pda^ for low activity and long lag phase. Held isolates highly 

virtUent on pea had significant rates of pisatin demethylation after exposure to pisatin (i. e. 

the Pda^ phenotype) although there was variation from isolate to isolate (Ibid.). However, 

there were field isolates that were Pda^, but had low virulence on pea (Ibid.). 

Since the sexual cycle of N. haematococca MPVI could be completed in culture, 

and with the development of techniques for tetrad isolation, it was possible to use genetics 

as one way to evaluate the role of Pda in pathogenicity. In initial crosses involving Pda"^ 

isolates that were highly virxilent on pea, an absolute correlation between high virulence and 

the Pda"'" phenotype was observed (Tegtmeier and VanEtten, 1982b). This correlation was 



CHO 

> >  
-0 NADPH 

Pisatin DMDP 

Figure 1.1: Demethylation of pisatin. 

X 
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consistent in later genetic studies which also showed that all highly virulent progeny had 

the Pda^ phenotype (Kistler and VanEtten, 1984b; Mackintosh, et al., 1989). However, 

Pda^ isolates could be low in virulence, suggesting that there was at least one other gene 

necessary for viruleiK:e on pea. Studies of the inheritance of Pda allowed for the 

identification of six genes (PDA) that conferred pisatin cfemethylase activity: PDAl, 

PDA2. PDAS, PDA4. PDA6-1 and PDA6-2 (Table 1.1) (KisUer and VanEtten, 1984a; 

Mackintosh, et cd., 1989; Miao and VanEtten, 1992a). Progeny carrying a single PDA 

gene also varied in the expression of Pda both at the levels of activity and length of lag 

phase (i. e. Pda^ or Pda^. Isolates carrying PDAJ or PDA4 were Pda^ while those 

carrying PDA2, PDAS, PDA6-1 or PDA6-2 were Pda^ (VanEtten, et al., 1989). Highly 

virulent progeny had at least one Pda^ gene, while isolates containing no Pda^ gene but 

one or more Pda^ gene, or Pda" isolates were always low in virulence. Because field 

isolate studies and genetic analysis showed an absolute cc^elation between high virulence 

and the presence of a Pda^ gene, it was proposed that a high rate of pisatin detoxification 

was required for virulence on pea and the low rale of detoxification exhilxted by isolates 

containing Pda^ genes was not adequate to confer tolerance to the levels of pisatin 

I»oduced by infected pea (VanEtten, et al., 1989). 

IV. PDA genes are cytochrome P-450 genes. A Pda^ gene (PDAT9) was cloned 

from a highly virulent field isolate (T9) (Weltring, et al., 1988). Biochemical analysis of 

T9 (Matthews and VanEtten, 1983) and sequence analysis of PDAT9 showed that this PDA 

gene encoded for a cytochrome P-450 enzyme (Malcmey and VanEtten, 1994). 

Cytochrome P-450 enzymes are a diverse class of enzymes that are grouped together in a 

gene "superfamily" on the basis of a high degree d" ccmservation at the amino acid level 

(reviewed in Gonzalez, 1989, pp. 258-260). Many mammalian cytochrome P-450 

enzymes are involved in catabolizing hydrophobic compounds to more hydrophilic 

X 



Table 1.1: Genetically characterized PDA genes 

PDA Gene^ Pda Phenotype'' Virulence*^ 

PDAl-1 PdaH High 

PDA2 Pda^ Low 

PDAS PdaL Low 

PDA4 PdaH High 

PDA6-1 PdaL Low 

PDA6-2 PdaL Low 

None Pda- Low 

^Isolates carrying single PDA genes, as determined by 
genetic analysis, were tested for biochemical activity and for 
virulence on pea. 

''Pda" indicates short lag phase and level of activity. Pda^ 
indicates long lag phase and low activity. 

Virulence was determined by length of lesions produced on 
pea. 



ones that can be more readily eliminated or metabolized, but they are also involved in 

important metabolic functions, such as steroid biosynthesis {Ibid., p. 244). It is presumed 

that all organisms have numerous cytochrome P-450 enzymes. A highly conserved region 

among these enzymes, and the hallmark in the sequence of a cytochrome P-450 gene, is the 

"fifth ligand binding site" which binds the heme moiety at the active site {Ibid., pp. 258-

259). Sequence analysis of PDAT9 from N. haematococca showed that it contained the 

heme-binding region as well as other conserved regions of cytochrome P-450 enzymes 

(Hgure 1.2) (Maloney and VanEtten, 1994). When the heme-binding region of PDAT9 

was used as a probe in Southern analysis, it hybridized to several bands as well as to the 

bands representing PDA genes (Maloney and VanEtten, 1994) suggesting that N. 

haematococca had several different cytochrome P-450 genes, as would be expected. 

However, a portion of the sequence that was unique to PDAT9 ("5acB"; Figure 1.2) 

hybridized specifically with fragments containing PDA genes (Ibid.). The nucleotide 

sequence of PDAT9 was distinct enough from those of other known cytochrome P-450 

genes to define a new family, called CYP57 (Ibid.). 

PDAT9 hybridized with the genetically-characterized PDA genes (Miao, et al., 

1991b), allowing for physical characterization (Miao, et al., 1991b; Maloney and VanEtten, 

1994; Hirschi, 1994), and the identification of other PDA-hybridizing loci in the genomes 

of field isolates (Hirschi, 1994). Sequence analysis of other PDA genes (Maloney and 

VanEtten, 1994; Reimmann and VanEtten, 1994; Hirschi, 1994; McQuskey and VanEtten, 

unpublished) showed that all of the cloned, genetically-characterized PDA genes were 

members of CYP57 and no other known cytochrome P-450 genes shared enough 

similarity with the N. haematococca PDA genes to be included in the CYP57 gene family 

(McCluskey and VanEtten, unpublished). Sequence comparison of Pda^ genes with Pda^ 

genes showed that they were highly similar (ca. 90% amino acid identity) (Maloney and 
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Figure 1.2: Molecular features of PDAT9, including the heme-
binding region (SR5) and the PDA-specific region (5acB). Xhol-
BawHL insert length = 33kb. (Maloney and VanEtten, 1994). 
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VanEtten, 1994; Reimmann and VanEtten, 1994; Hirschi, 1994; McQuskey and VanEtten, 

impubiished). 

Based solely on nucleotide sequence analysis, the PDA genes could be separated 

into two groups that coiresponded with their activity: the Pda^ genes (PDAl and PDA4) 

and the Pda^ genes (PDAl, PDAS, PDA6-1 and PDA6-2) (Maloney and VanEtten, 1994; 

Reimmann and VanEtten, 1994; Hirschi, 1994; McQuskey and VanEtten, unpunished). 

The difference in Pda activity between Pda^ and Pda^ genes was determined to be due to a 

difference in expression of the genes (Straney and VanEtten, 1994; Hirschi and VanEtten, 

1996). Slot-blot analysis showed that isolates carrying a single Pda^ gene, after exposure 

to pisatin, rapidly accumulated PDA-specific RNA while isolates containing single Pda^ 

genes did not accumulate detectable amounts of PDA-hylsidizing RNA (Hirschi and 

VanEtten, 1996). A chimeric PDA gene, with the coding region from a Pda^ gene and the 

upstream regulatory region from a Pda^ gene, had the same level of expression as a Pda^ 

gene (Hirschi and VanEtten, 1996) and the enzyme product showed a Pda^-like level of 

activity (George, 1993; Hirschi, 1994). Therefore, the difference in activity between Pda^ 

genes and Pda^ genes was at the level of gene expression. 

Southern analysis of 32 Pda~ field isolates showed that all but one lacked 

hybridization with a PDA gene probe (Mao, et al„ 1991b; Hirschi, 1994). Southern 

analysis could also be used to determine segregation patterns of PDA genes in genetic 

crosses. In this way it was shown that Pda' progeny from crosses involving PDA6-1 and 

PDA6-2 lacked DNA that hybridized with PDAT9 (Miao, et al., 1991b). 

V. Electrophoretic karyotyping and dispensable chromosomes. Pulsed field 

gel electrophoretic (PFGE) karyotypng is a relatively new techndogy that allows for the 

separation of fimgal chromoscnnes in agarose gels (reviewed in Mills and McQuskey, 

1990). The principle involves alternating electric fields applied from different directions. 
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The time it takes a large DNA molecule to reorient in a different electric field is determined 

by the length of the molecule (Schwartz and Cantor, 1984). Thus larger DNA molecules 

can be resolved by than by conventional electrophoresis. Contour-damped 

homogeneous electric field (CHEF) is a frequently-utilized I7GE syston featuring a 

hexagonal array of electrodes that produces electric flelds at angles 120° to the direction 

of movement of the molecules (Chu, et al., 1986). CHEF analysis has greatly fadUtated 

conventional genetic analysis fungi and has demonstrated the presence of chromosome 

length polymorphisms, aneuploid chromosomes and supernumerary chromosomes 

(reviewed in Mills and McCluskey, 1990). 

Unexpected segregation of Pda in crosses involving Pda"*" isolates had been 

occasionally observed (Tegtmeier and VanEtten, 1982a; Kistler and VanEtten, 1984a; 

Mackintosh, et al., 1989; Miao, et al., 1991a; Miao and VanEtten, 1992a). In crosses 

involving Pda"*" parents that both contained PDA6-I, several tetrads were obtained in which 

half of the progeny were Pda" (Miao, et al., 1991a). Southern analysis revealed that there 

was no hybridization with PDAT9 in these Pda" progeny, thus showing that DNA 

containing the PDA gene was absent from these progeny and had been lost during the 

sexual cross. CHEF analysis of the Pda"*" parents and Pda"*" and Pda' progeny showed that 

a 1.6 Mb chrcnnosome that hybridized with a PDA gene was present in Pda"*" parents and 

progeny but absent from Pda" {sx)geny (Ibid.). The DNA from CHEF gels were blotted 

onto membranes which were then hybridized with DNA from the 1.6 Mb PDA6-1 

chromosome. The 1.6 Mb chromosone hybridized cmly with itself in karyotypes of 

isolates from the PDA6-1 crosses and there was no hybridization with chromosomes of 

Pda" isolates that lacked the 1.6 Mb chromosomal band (Ibid.). It was therefore proposed 

that the PDA6-1 chromosMne was a dispensable "B"-like chromosome (Ibid). 

B chromosomes were first described in maize and were originally defined as being 

present in only some members of a population, dispensable, morpholically distinct from 

X 



26 

non-dispensable, C^A") chromosomes, non-homologous with A chromosomes, exhibiting 

non-Mendelian inheritance and genetically inert (Jones and Rees, 19S2). Although the 

PDA6-1 chromosome of N. haemaiococca shared many features of classical B 

chromosomes, it was unlike other B chromoscmes in that it contained CMie gene with a 

known function (Miao, etal., 1991a). 

CHEF analysis of Pda"^ and Pda" field isolates revealed that there were extensive 

chromosome length polymorf^sms (Miao, et al., 1991b). Southern analysis of 

membranes from CHEF gels showed that most Pda'*' Held isolates and progeny carrying a 

single PDA gene (PDAl, PDA2, PDAS. PDA4, PDA6-1 or PDA6-2), had PDA-

hybiidizing chromosomes in the range of 1.1 to 2.0 Mb while 11 of 13 Pda' field isdates 

lacked chromosomes in this range (Ibid.). This suggested that the lade of pisatin 

demethylating ability was due to a deletion of the PDA gene and, peiii^, the absence of a 

chromosome cc«taining a PDA gene. 

VI. Breeding for highly fertile progeny that were also highly virulent on 

pea. Before the doning of a PDA gene and the development of techniques for 

transf(xmation-mediated gene disrupticn to generate mutants, several attonpts weie made 

to generate laboratory isolates that could be mcve amenable to geneticanalysis of 

pathogenidQr traits (VanEtten and Kolmark, 1977). Convoitional mutagraesis techniques 

wcHked pooriy with N. haemaiococca MPVI compared with closdy related fungi, thus 

limiting the use of mutagenic analysis to evaluate putative pathogenidty traits in Ae fimgus. 

(VanEtten and Kistler, 1988). However, field isolates of N. haematococca MPVI exhibited 

natural variation that, by using genetic recomtxnation, could be used to generate laboratory 

isolates with combinations of desired traits. 

G^etic analysis was a valuable tod in investigations of traits of N. haematococca 

MPVI that might be important in its virulence on pea. However, most highly virulent field 
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isolates were low in fertility, were female sterile and tended to be of one mating type 

(MAT-1), while fleld isolates from other habitats could be highly fertile, female fertile and 

of both mating types (VanEtten, 1978; unpublished). A breeding project was initiated to 

develop laboratory isolates of N. haematococca MPVl that combined the traits of high 

fertility and high virulence on pea in individual isolates in order to facilitate genetic studies 

of virulence traits. The project, which was begun in 1978, successfully produced a 

number of highly fertile and virulent isolates. Since the results of this project have not been 

previously published, and are central to my dissertation, they are reported in Chapter 2. 

Crosses through number 126, and the analyses of sex, fertility and mating type and of 

virulence on pea of the progeny from these crosses were done by Patty S. Matthews. 

Cross 321 and higher, and Pda, virulence and Southern analyses of progeny, were done by 

this author. Included in Chapter 2 is a recently developed technique that uses the pea plant 

to select for highly virulent recombinant fsxigeny from crosses in which such progeny were 

relatively rare. 

VII. Breeding for near>isogenic lines that varied only in Pda. The 

demonstration that PDA6-1 was located on a meiotically unstable chromosome provided a 

possible explanation for the unexpected segregation for Pda and fcx* the loss of virxilence 

observed in the earlier breeding project In order to critically assess the involvement of Pda 

in virulence on pea, it was essential to generate near-isogenic isolates that varied only in the 

ability to degrade pisatin. Before the availability of transformation-mediated gene 

disruption in fungi, this was generally acccnnplished by repeatedly backcrossing an isolate 

with the desired trait with progeny that lacked the trait In 1981 a series of backcrosses 

were begun to generate near-isogenic isolates that varied only in Pda as a means to test the 

association of pisatin demethylating ability with virulence on pea. A highly virulent, highly 

fertile, Pda"*" isolate resulting from the breeding project described above served as the 
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recurrent parent in backcrosses with Pda" progeny. However, most of the progeny were 

low in virulence, regardless of Pda phenotype. Additionally, the inheritance of Pda in 

random ascospore and tetrad progeny was peculiar in that in some crosses, it appeared that 

two PDA genes were segregating. In other crosses it qipeared that the Pda"*" recurrent 

parrat carried only one PDA gene, and in one cross, two tetrads resulted in which all the 

progeny were Pda". Because of the aberrant segregation of Pda in these crosses and 

because high virulence on pea was not being inherited by the progeny, the inject was set 

aside in 1984. The results from these crosses are reported in Chapter 3. As a major 

portion of my dissertation project, the results from the backcross series were reexamined 

using genetic, CHEF and Southern analysis. Crosses through number 187, and Pda 

assays, pisatin sensitivity assays, analysis of sex, fertility and mating type and virulence 

assays of the progeny from these crosses were done by Patty S. Matthews. I repeated 

some of these crosses and extended the backcross series in order to coniirm the previous 

results. Crosses between Pda"*" backcross series isolates were also performed in order to 

further characterize the inheritance of virulence and of PDA genes in these isolates. 

Crosses numbered 306 and higher, and analyses of Pda, sex, fertility and mating type and 

virulence assays of these progeny and Southern and CHEF analyses on all isdates were 

done by the author. 

VIII. PDA-bearing chromosomes carry other genes that are necessary for 

virulence on pea. Once the PDAT9 gene was cloned (Weltring, et ai, 1988), and 

techniques for using transformation to generate gene-disruption mutants were developed 

for N. haematococca (Schafer and Stahl, 1992), it was possible to use transformation to 

create a Pda" mutant from a highly virulent PDA! isolate (Wasmann and VanEtten, 1996). 

This project coincided with my investigations of the inheritance of virulence and 
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dispensable chromosomes. The Pda~ transfonnant resulting from this project was reduced 

in virulence as compared with the recipient strain, but it was not as low in virulence as Pda~ 

field isolates or cross progeny (Wasmann and VanEtten, 1996). Since genetic crosses 

showed an absolute correlation of high virulence on pea with the Pda'*' phenotype, this 

showed that there was at least one other gene (pea pathogenicity or PEP) linked to PDAl 

that was required for pea virulence(VanEtten, et al., 1994). It also suggested that Pda" 

field isolates and cross progeny lacked a chromosome homologous with the PDA-bearing 

chromosome and what was segregating in crosses was a cluster of two or more PEP genes 

[/. e. a Pda^ gene and one or more other PEP gene(s)] on the PDA chromosomes (Ibid.). 

It was therefore proposed that the PDA-bearing chromosomes were dispensable and that 

chromosomes carrying the Pda^ genes, PDAl and PDA4, also carried other genes for pea-

specific pathogenicity while genes for general pathogenicity were carried on other 

chromosomes (Ibid.). Segregation of general pathogenicity genes would explain progeny 

that contained a Pda'̂  gene but were low in virulence as observed in genetic crosses 

involving PDAl and PDA4 (Kistler and VanEtten, 1984b; Mackintosh, et cd., 1989). As 

part of my dissertation research, I tested these hypotheses. Chapter 4 provides evidence 

indicating that chromosomes cairying PDAl, PDAl, PDAS, PDA4 and PDA6-2 are 

dispensable and that the chromosomes carrying PDA genes are not required for 

pathogenicity on other hosts. 
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Chapter 2 

Selection for highly fertile isolates of Nectria kaematoeocca MPVI that are 

highly virulent on pea 

Abstract 

Genetic analysis is a tool that has been used in studies of the heterothallic 

ascomycete Nectria haematococca mating population VI (anamorph Fusarium solani). 

Held isolates of this fungus that are isolated from pea and are pathogenic on this plant tend 

to be female sterile, of low fertility and of the same mating type (MAT-I) whereas female 

fertile isolates of both mating types that are highly fertile tend to be isolated from other 

habitats. To facilitate genetic analysis of traits that may be important in the ability of N. 

haematococca to parasitize pea, a breeding project was undertaken to combine high 

virulence on pea and high fertihty in individual isolates. Progeny in a series of crosses 

were selected on the basis of high virulence on pea and high fertility. In this way, highly 

fertile isolates that were also highly virulent on pea were bred within two generations, 

although the link of high virulence on pea with female sterility and the MAT-1 mating type 

was not completely broken. An alternative method was also used in which pea plants were 

inoculated with a mixture of ascospores frcHn an individual cross. In one cross between 

two moderately virulent parents, random ascospore progeny were relatively low in 

virulence and none were as virulent as the parents. However, when ascospores were used 

to inoculate pea plants and conidia were reisolated from the largest lesions produced, 

several highly virulent isolates were recovered, some of which were shown, by RFLP 

analysis to be genetic recombinants of the parents. Additional analysis of isolates 
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recovered fitnn pea lesions showed that there was a strong bias to select for isdates that 

have the ability to detoxify the pea phytoalexin, pisatin, (Pda). 

Introduction 

Nectria haematococca Berk. & Br. is the currently accepted name for a group of 

ascomycetes known in their ase?aial forms as Fusarium solarU (Mart), Sacc. (Booth, 

1971). Amcmg fungi known as N. haematococca are groups that are self-fertile 

(homothallic) and other groups (heterothallic) that are self-sterile and require oi^)osite 

alleles at a mating type locus (MAT) for a fertile cross. The heterothallic groups are further 

subdivided into seven genetically-distinct populations of fimgi called mating populations 

(MP), numbered according to their chronology of discovery (Matuo and Snyder, 1973). 

Lack of genetic compatibility suggests that these morphdogically-similar MP's are actually 

different species, which is supported by recent analysis of iDNA sequences frcnn 

representatives of the different MPs (OTtonnell & Gray, 1995). 

The present study deals with MPVI of N. haematococca. Although the natural 

occurrence of perithecia from MPVI isolates has been reported only in Japan on mulberry 

branches (Matuo and Snyder, 1972), the sexual cycle can be readily comf^eted in culture 

(VanEtten and Kistler, 1988). Therefore, the organism is amenaUe to conventicmal genetic 

analysis and laboratory crosses provide a means to identify F. solani isolates that are 

members of MPVI. Although members of MPVI are best known for their pathogenicity on 

pea {Pisum sativum L.), where they are commonly referred to as F. solani "f. sp. pis/", the 

genetic s^jproach for identifying members of MPVI has established that natural isolates of 

this MP can exist in diverse biological habitats; they cause disease on nine plant species, 

one animal species, can exist as sdl-inhabiting saprophytes and can be frequently isolated 
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from diseased tissue of fouiteen plant species erf* whidi they are not primary pathogens 

(VanEtten and Kistler, 1988). 

Genetic investigatioas into Uie mechanisms of pathogenicity of MPVI have focused 

(Himariiy on the disease its members cause on garden pea (Hdaistein and Defago, 1963; 

Tegtmeier and VanEtten, 1984a,b; Kistler and VanEtten, 1964a,b; Maddntosh, et al., 

1989; Lasseron-De Falandre, et al., 1991). Field isdates obtained from different bic^ogical 

habitats vaiy in their pathogenicity on pea and in traits thought to be related to virulence on 

pea (VanEtten, 1978; VanEtten, et al., 1980; KoIIer, et al., 1982; Willeke, et al., 1983; 

VanEtten and Matthews, 1984; Hawthorne et al., 1992). The initial genetic studies traits 

needed for pea pathogenicity, which utilized the genetic variability field isolates 

(VanEtten, et al., 1980), found a relationship between vinilnice on pea and the ability to 

detoxify the pea phytoalexin, pisatin (Tegtmeier and VanEtten, 1982b) via demeth>dation, 

(VanEtten, et al., 1975), a phenotype called Pda. All field isdates that were pathogenic on 

pea and all highly virulent {xogeny from crosses involving these field isolates were Pda"^ 

while field isolates or progeny that were Pda" were low in virulence on pea. Subsequent 

genetic studies enabled the identification oi six genes, called PDA genes {PDAl, 2, 3, 4, 6-

I and 6-2), that confer the Pda phraotype (Kistlo* and VanEtten, 198^ Maddntosh, et al., 

1989; Miao and VanEtten, 1992a). A PDA gene {PDAT9) was cloned (Weltring, et al., 

1988) from a virulent field isolate. Whai PDAT9 was used in Southern analysis, it was 

possiUe to distinguish each of the genetically-characterized PDA genes as well as additional 

active and inactive members of the PDA gene family (Miao, et al., 1991b; Maloney and 

VanEtten, 1994; Hirschi, 1994). It has also been shown that one of Ae PDA genes, 

PDA6-1, is on a meiotically unstaUe 1.6 Megabase (Mb) chromosome (Miao, et al., 

1991a). 

In the above studies, an unbroken correlation between high virulence on pea and the 

presence of an active PDA gene was observed. A critical test of the importance of a trait to 
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a particular process, such as the role of Pda in pathogenicity, is to compare strains that are 

otherwise genetically identical except for the presence or the absence of the trait of interest 

Before techniques of directed-mutagenesis using cloned genes, one of the ways to generate 

near-isogenic isolates was by repeatedly backcrossing an isolate with the desired trait to 

progeny that lacked the trait However, field isolates of N. haematococca highly 

pathogenic on pea were relatively infertile in laboratory crosses, and most were male only 

and of the same mating type (VanEtten, 1978; unpublished observations; this study), 

making this type of genetic analysis difficult To overcome this restriction and make MPVl 

more amenable to conventional genetic analysis for studies of pea pathogenicity, a breeding 

program was begun in 1977 to genetically select for individual isolates of each mating type 

that were highly pathogenic on pea and highly fertile. This chapter reports the results of 

this breeding program as well as the results from a recently-developed method in which the 

pea plant was used to select for highly virulent isolates from a mixed inoculum of 

ascospores. 

Once a high virulence, highly fertile Pda"*" isolate from the breeding program was 

obtained, it was used in a series of backcrosses to Pda~ progeny, with the intention of 

generating near-isogenic lines that varied only in Pda. However, unusual segregation 

ratios for Pda were obtained and most progeny had low virulence on pea. Thus, the project 

was discontinued in 1984. The fdlowing chapter reports a reexamination of this series of 

crosses, taking advantage of the availabili^ of molecular probes that allowed 

characterization of the PDA genes segregating in cross isolates, and of the knowledge that 

meiotically unstable, dispensable chromosomes exist in this MP. 
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Growth and maintenance of fungal isolates: TaUe 2.1 summarizes the 

characteristics of N. haematococca MPVI isolates used in this study. Woildng cultures 

were maintained as jroviously described (VanEtten, 1978). For short term storage, 

cultures were grown on slants of V8 juice agar (M-29; Stevens, 1974), sealed with 

polyethylene tape and stored at 4" C in the dark. For long term storage, suspensions of 

spores in 50% glycerol were made and stored at -130° C (VanEtten and Kistler, 1988). 

The numbering system for fungal isolates was as follows. A mcxphological mutant 

obtained following chemical treatment (VanEtten and K0lmark, 1977) was designated as 

M-37. Held isdates were designated with T" followed by a number, such as T7. Tetrad 

progeny were designated with three hyphenated numbers, such as 55-5-1, that represented 

cross number, ascus number and ascospore. Randomly isolated ascospores were 

designated with two hyi^enated numbers: cross number and ascospore (e. g. 6-94). 

Single conidia isolated from plant tissue infected with an inoculum comprised of 

ascospores from a cross (see below) were designated with cross number, a letter denoting 

the lesion and spore number (e. g. 352-B-l 1). 

Crosses: Crosses (Table 4.2) were performed as previously described 

(VanEtten, 1978). Briefly, parental isolates were grown for 7 to 10 days on V8 juice agar 

slants and a spore suspension from the male parent was used to fertilize a culture of the 

isolate serving as the female parent In crosses 321, 323 and 352, sterile filter paper 

containing approximately 1 mg of linoleic acid was added to crossed cultures to increase 

fertility (Dyer, et al., 1993). If an isolate was a fertile female, perithecia were evident in the 

culture in approximately one week and asci with mature ascospores were present in the 



Table 2.1: Isolates of Nectria haematococca MP VI used as parents for crosses in this study 

Isolate Pda PDA Mating Perithecia Vinilence 
Numbei^ Phenotype Genotype Sex*' Type Coloi^ on Pea (mm)'' Source 

M37 nd® nd M MAT-2 red VanEtlen and K0lmark, 1977 
T7 + PDA5.PDA9^ MF MAT-1 red 2.98/10.5 ± 4.9 (53)' T. Matuo (SUFIl-7), Japan 
TIO PDAl PhtT^ M MAT-2 white 10.5'5/8.7 ± 6.7 (33)' VanEtten, 1978 
T33 + j MF MAT-1 red 3.78/7.3 ± 2.2 (8)' Fusarium Research Center 
T63 + PDAl, Phcf^ M MAT-1 red 9.5^/15.9 ± 5.4 (25)' G. E. Harmon, Geneva, NY 
T221 - None M MAT-2 red 2.4'' Fusarium Research Center 
6-94 + nd MF MAT-2 white 6.3''/10.7±2.5(19)' VanEtten, 1978 
23-5 nd nd M MAT-2 nd 3.5 ± 3.0 (26) This study 
23-18 nd nd M MAT-2 nd 13.5 ±3.9 (19) This study 
23-40 + PDAS, PDA9 MF MAT-1 white 11.0 ±2.6 (41) This study 
23-50 nd nd M MAT-2 nd 12.3 ±4.7 (16) This study 
33-48 nd nd M MAT-1 nd 8.2 ± 5.0 (8) This study 
34-26 nd nd M MAT-1 nd 6.6 ± 0.5 (5) This study 
34-30 nd nd M MAT-1 nd 15.3 ± 0.8 (4) This study 
34-42 nd nd M MAT-2 nd 17.4 ± 0.5 (5) This study 
36-14 nd nd MF MAT-2 white 11.9 ±2.5 (13) This study 
55-5-1 + PDA5^ MF MAT-2 red 3.1 ±2.2 (73)' Chapter 3 
77-5-7 + PDAr M MAT-1 nd 10.8 ± 5.5 (137)' Kistler and VanEtten, 1984a 
86-4-4 + PDAS, PDAS^ MF MAT-2 red 9.1 ±4.7(187)' Chapter 3 
101-17 + nd MF MAT-1 red 8.0 ± 1.5(13) Tegtmeier and VanEtten, 1982a 
101-43 •f nd MF MAT-1 white 7.7 ±2.18 Tegtmeier and VanEtten, 1982a 
126-91 + nd MF MAT-2 red 10.1 ± 1.78 Tegtmeier and VanEtten, 1982a 
166-18-5 + PDAS^ MF MAT-1 while 4.8 ± 2.9 (68)' Chapter 3 

171 
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^M37 is a moqAcHogical mutant obtained by mutagenesis a laboratory isolate 
(see VanEtten and ^Imark, 1977). Isolates numbers preceeded by a "T" are field isolates 
while all others are ascospore progeny. 

'"M" indicates that isdate can act as male in a cross with a compatible isolate. "F" 
indicates that isolate can act as female in a cross with a compatiUe isdate. 

'̂ ild type perithecia cdor is red, mutant phenotype is white. For male only 
isolates, peiithecia color maiicer was deduct from peiithecia color of progeny. 

''Lesion length was determined by the "test tube" assay. The total number of plants 
assayed, when that information is available, is indicated in parenthesis. Normally, up to 
eight plants are assayed per experiment 'Indicates that the lengths of lesions on epicotyls 
measured 6 days following inoculation. All other numbers are for measurements made 4 
days following inoculation. Mean lesion lengths indicated with *g" or "k" were cxiginally 
reported in ^Tegtmeier (1981) or in ''VanEtten, et. al. (1980). 

^nd = not detennined 
The PDA genotype was determined by Southern analysis using a PDA-specific 

probe (f,h,j,l,m) and/or by segregation analysis of the Pda phenotype (l^n). ^PECi 
genotypes of indicated field isolates detennined by Hirschi (1994). ^Phd {^DA-
Eybridmng DNA) indicates the presence of a specific fra^ent of DNA that hyMdizes 
with PDA probes but may not confer Pda (Hirschi, 1994). JT33 contains two PDA genes: 
PDAl or 4 and PDA2, 3, 6-1 or 6-2; as determined by Miao, et al. (1991b) and (firschi 
(1994). 'Genotypes determined by this author (Chapter 3). "PDA genotype determined 
genetically by IGstler and VanEtten, 1984a, and ccmfirm^ by Southern analysis in this 
study. 



Table 2.2: Crosses 

Cross Number Piuents® 

6b M-37xT7 
22 101-43 xTlO 
23 101-17 xTlO 
33 23-40 X 23-5 
34 23-40x23-18 
35 23-40x23-50 
36 23-40 X 126-91 
43 36-14x23-40 
49 36-14 x 33-48 
50 36-14 x 34-26 
51 36-14x34-30 
53 35-14x34-42 

101^ 6-94 x 763 
126^^ T33xT221 
321 55-Sl X 166-18-5 
323 reciixocal of cross 321 
352 86-4-4x77-5-7 

^The first isdate listed is the female (perithecial) 
parent and the second acted as the male. 
^rom the study of VanEtten (1978). 
^om the study of Tegtmeier and VanEtten (1982a). 
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perithecia two to three weeks following fertilization. For random ascospore analysis, 

ascospores were allowed to mature for two to six weeks within the peiithedum until the 

asci walls degenerated and ascospores oozed from a pore (ostiole) at the top of the 

perithecium. Spore masses were collected from the tops of perithecia, spores were spread 

on agar mediiun, and germinated single spores were isolated (VanEtten, 1978). 

Progeny were scored for sex and mating type by crossing reciprocally with tester 

isolates as described previously (Tegtmeier and VanEtten, 1982a). Standard tester isolates 

carry a marker for perithecial color (wild type is red and mutant is white) and, since 

perithecial color in a cross is determined by the female parent, this mailcer could be used to 

assist scoring of sex. Fertility was also scored in these studies four to six weeks after 

crossing using the following two-number rating system. The first rating number (1 to 4) 

represented a visual estimate of the number of perithecia in a 13 by 100 mm slant culture 

and the second rating number (5 to 9) represented a visual estimate of the number of 

perithecia with a spore mass oozed from the ostiole: 1 = 1 to 3,2 = 4 to 9,3 = 10 to 30 and 

4 = >30 perithecia; 5=lto3,6 = 4to9,7=10to30 and 8 = > 30 spore masses; 9 = no 

spore masses (i. e. perithecia appeared to be mature but no ascospores were visible). 

Virulence assay: Virulence on pea was indicated by lesion length using the "test 

tube assay" (VanEtten, et al., 1980). Briefly, pea seedlings were grown in test tubes, 

containing sterile vermiculite with Hoagland's solution, for 5 days in the dark and then in 

24 hour light for 2 days. The epicotyl was inoculated by making a small wound (< 0.5 

mm) and placing a 3 mm agar disk or one-half of a 6 mm agar disk, containing mycelium, 

with mycelium against the wound. The agar disk was taken from a two-day-old plate 

culture of a conidial suspension or from the edge of a colony grown two days from a point 

inoculation. Five to eight plants were inoculated with each isolate. Virulence was scored 

by measuring the length of lesions along the stem four or six days following inoculation. 
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Plants in which the inocnlum plug was missing frcm the stem at the time of measuiement 

were not considered in calculating mean lesion length. 

Statistical analysis of virulence on pea. The graetic analysis of 

pathogenicity factc»^ of N. haematococca MPI and MPV on cucurbits, by Hawthorne, et 

al. (1994) was used as the basis for the estimates of effective factors (k) segregating in the 

breeding project crosses. An analysis of variance of virulence assays for each progeny 

within a cross was done using the SAS program (Cary, NC). Since unequal sample sizes 

often resulted in the assays, the variance was normalized using an estimate for the number, 

n, within each cross (Sokal and Rcdilf, 1981). The mean and standard deviation of all the k 

values were calculated and the confidence interval was estimated by the mean, plus and 

minus two standard deviations. 

In planta selection assay: The in planta selection assay was a modification of 

the "test tube assay," using spore suspensions with two or more genotypes. Conidium 

suspensions were prepared from stock cultures of the Pda"*" isolate, 34-18, and the Pda" 

isolate, 55-8. Mixtures of these suspensions were made so that the spore ratios were from 

1:1 (Pda''":Pda') to 1:1000, in multiples of 1/10. Approximately 1 X 10^ spores from 

conidium mixtures, as well as from conidium suspensions of only 34-18 or 55-8, were 

spread onto the surface of 20 ml of Ustilago genetics minimal medium (medium M-lOO, 

Stevens, 1974) contained in 15 x 100 mm Petri plates and grown for two days in the dark 

at 27° C. If ascospores were used as inoculum, six to ten spore masses (> 10^ spores), 

from the ostioles of oozing perithecia were collected and suspended in 200 ml of sterile 

water, which was shaken at 180 rpm for two to three hours to separate ascospores then 

spread on the surface of 12 ml of M-lOO minimal medium contained in 15 x 60 mm petri 

plates. Plates with ascospores were checked under a dissecting scope for the presence of 

ccmidospores, and incubated as above. Pea seedlings were grown and inoculated with 

plugs of this inoculum as described for the virulence assay. Lesions were measured 
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beginning six days following inoculation. For reiosolation of spores from a lesicm, a stem 

piece containing the lesion was placed in a moist chamber at room temperature and 

observed for sporulation, which occurred in about 2 to 5 days (VanEtten, 1978). Conidia 

were collected by gently rubbing aerial mycelium with a sterile wooden applicator stick, 

then were suspended in 500 ml sterile water. Conidia were cdlected from an entire lesicm 

over several days. Spore suspensions were diluted if necessary and plated onto Martin's 

peptone-glucose agar medium (Martin, 1950), amended with ampicillin (15 mg/l(X) ml) 

and streptomycin (6 mg/100 ml), and grown at 18° C under lights. For isolation of single 

germinated spores, {dates were grown overnight and germlings were transferred to V8 juice 

agar slants. For isolation of single colonies, plates were grown at 18° C under lights for 3 

days. 

Assay for pisatin demethylating ability: Pisatin demethylating ability was 

measured by monitoring the loss of the methyl group from (3-0-methyl-^^C)-pisatin (C^^-

pisatin) using the "Pda vial assay" (Mackintosh, et al., 1989). Isolates were allowed to 

grow on Cl^-pisatin at least 6 days, at 27° C in the dark, befcM^e assessing their Pda 

phenotype (Pda+ vs Pda"). 

Preparation of genomic DNA: Genomic DMA was prepared either as 

described by Miao et al. (1991b) or by a modification of the method described by Raeder 

and Broda (1985). The modification was as follows. The amount of lyophilized, ground 

mycelium and volumes of solutions were increased four times and the initial DNA 

extraction was performed in a 15 ml tube. For further purification, DNA was precipitated 

with 0.5 vdumes of isojHupanol, chilled on ice for at least 2 hours, collected by 

centrifugation then washed with 1 ml of 70% ethanol. Four hundred ml TE buffer (10 mM 

Tris pH 8.0, 1 mM EDTA, pH 8.0) was added to the dried pellet then the solution was 

reprecipitated with 0.1 volumes of 3 M sodium acetate and 2 volumes of 100% ethanol. 

The pellet was again washed, dried and resuspended in TE buffer. 
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Southern analysis of genomic DNA: DNA digestion was done by standard 

procedures (Sambrook, et al., 1989). Restriction endonucleases were purchased from 

Bethesda Researdi Laboratories (Gaithersburg, MD). Restricted DNA was size-

fractionated by electroph(M-esis at room temperature in 1% agarose gels (ultraPURE 

agarose, Gibco BRL) with TAE (0.04 M Tris-acetate, 0.001 M EDTA) buffer. DNA was 

transferred onto Hybond N^ memtnane (Amersham Corporation, Ariington Heights, IL), 

using 0.75 M sodium chloride, 0.2 N sodium hydroxide as the denaturing and transfer 

buffer. Blots were prehybridized at 65" C in hybridization buffer [0.25 M sodium 

phosphate pH 7.2, 0.25 M sodium chloride, 1 mM EDTA, 7% sodium dodycel sulfate 

(SDS)]. The probe used for PDA genes was the 1.35 kb 5acl fragment from PDAT9 

(5acB) (Weltring, et. al., 1988; Maloney and VanEtten, 1994). The Nectria repeat 

sequence (Nrsl-2), generously provided by H. C. Kistier, is a randomly-selected low-

repetitive //indni DNA fragment, isolated from N. haematococca fleld isolate T2 (Kim, et 

al, 1995). Probes were labeled with ^^P-dCTP using the Prime-It II Random Primer 

Labeling Kit (Stratagene Cloning Systems, LaJoUa, CA) to a specific activity of at least 1.5 

X 10® dpm/mg then added to the hybridization buffer and incubated overnight at 65° C. 

The hybridized membrane was washed for 15 minutes, two times, at 65° C with 2 X SSC 

(1 X SSC is 150 mM sodium chloride, 15 mM sodium citrate) and 0.1% SDS, preheated to 

65° C, then washed for 10 minutes with 0.1 X SSC, 0.8% SDS, 2 mM sodium 

pyrophosphate, preheated to 65° C. 

Source of chemicals; Chemicals were purchased from the following 

companies: EM Science, Gibbstown, NJ; Fisher Scientific, Fairiawn, NJ; J. T. Baker, 

Phillipsburg, NJ; Mallinckrodt, Paris, KY; Quantum Chemical Corporation, Tuscolail, IL; 

and Sigma, St. Louis, MO. Peptone was purchased from DIPCO Laboratories, Detroit, 

and antibiotics were purchased from Sigma. Pisatin was extracted from peas, and (3-0-

X 
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methyl-^^)-pisatin was produced in our laboratoiy, by published protocols (VanEtten a 

al., 1960; Sweigard and VanEttoi, 1987). 

Results 

1. Sex, mating type and fertility of field isolates. The routine scoring of sex, 

mating type and fertility of field isolates was done against reference isolates 6-36 (MF, 

MAT-1) and 6-94 (MF, MAT-2). These ascospore isolates, which carried the white 

perithecial marker, resulted from a cross between a colonial mutant (M-37) of a laboratory 

isolate (resulting from a cross between two mulberry field isolates) (VanEtten and 

Kolmark, 1977) and a field isdate obtained from infected mulberry branches, T7 (see 

Rgure 2.1; cross 6) (VanEtten, 1980). Isolates 6-94 and 6-36 have been used as reference 

isolates for MPVI because they contained the white perithecial mailcer, were both 

hermaphroditic (MF) and were highly fertile (rating of 4,8) when crossed with one another. 

Although most of the field isolates that were highly virulent on pea induced the formation 

of a large number of perithecia in one of the reference isolates, they either induced the 

formation of only sterile perithecia (a rating of 4,9) or only a few of the induced perithecia 

contained visible ascospores (TaUe 2.3). This was true of most of the isolates that were 

collected and analyzed before the start of the breeding project described in this chapter 

(VanEtten, 1978; above the dashed lines in Table 2.3) and with those collected and 

analyzed since (Table 2.3). One exception was T18 which resulted in highly fertile crosses 

with tester isolates and was at least moderately virulent on pea (Table 2.3). Isolates that 

failed to induced the production of fertile perithecia (a X,9 rating) when crossed with 



Level I 

Level n 

M37XT7 

Cross6 

Level in Cross 43 

i 
T33XT221 

I 
6-94 XT63 

Cross 126 Cross 101 

101^3 XTIO TlOX 101-17 

Cross 23 

23-40^ 23-5 23-40^126-91 23-40^^23-18 23-40X^-50 

Cross 36 Cross 34 Cross 35 Cross 33 

36-14 X 23-40 36-14X33-48 36-14 X 34-26 3614X34-30 36-14X34-42 

I I 
Cross 49 

I I i 
Cross 50 Cross 51 Cross 53 

Figure 2.1: Genealogy of crosses for breeding for high fertility and 
high virulence on pea. 
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Table 2.3: Sex, Mating Type, and Fertility of Field Isolates and Breeding 
Project Parents, versus Virulence on Pea 

Geographic Lesion 
Isolate® Habitat Location Length (mm)'' Sex*^ Mating Type*^ Fertility'̂  

Field isolates highly virulent on pea: 
T1 pea USA (NY) 11.1 M MAT-1 4.7 
T8 pea USA (NY) 12.8 M MAT-1 4,5 
T9 pea USA (NY) 13.3 M MAT-2 4,7 
TIO pea USA (NY) 10.5 M MAT-2 3,5 
T17 pea USA (NY) 12.7 M MAT-1 3,5 
T18 pea USA (NY) 9.4 M MAT-2 4,8 
T21 pea USA (NY) 13.9 M MAT-1 3,5 
T23 pea USA 14.6 MAT-1 4,9 
T29 chickpea USA (CA) 13.4 MAT-1 4,9 
T30 pea USA (WA) 15.4 M MAT-1 4,7 
T54 pea USA (NY) 9.6 M MAT-1 4,7 
T57 pea USA (NY) 11.8 M MAT-1 4,5 
T63 pea USA (NY) 9.5 M MAT-1 4,6 

T220 barley USA GD) 11.4 M MAT-1 4,6 
T295 red clover USA (WI) 9.6 M MAT-2 4,7 
T302 red clover USA (WI) 9.8 MF MAT-1 3,7 
T316 red clover USA (WI) 10.5 M MAT-2 3,6 
T466 soil Europe (GB) 22.9® M MAT-2 4,6 



Table 2.3 (continued) 

Geographic Lesion 
Isolate^ Habitat Location Length (mm)'' Sex® Mating Type® Fertility® 

Examples of field isolates with high fertility. 
T6 mulberry Japan 6.3 MF MAT-2 4.8 
T14 pea USA 3.1 M MAT-2 4,8 
T31 mulberry Japan 4.4 MF MAT-1 4,8 
T36 potato Japan 6.1 MF MAT-2 4,8 
T76 alfalfa USA (CN) 2.0 MF MAT-1 4,8 
T87 loitil USA (NY) 1.7 M MAT-2 4,8 
T95 tulip tree USA (SC) 2.7 MF MAT-2 4,8 
Till Cottonwood USA (IL) 1.4 M MAT-1 4,8 
T175 tulip tree USA (IN) 1.9 M MAT-1 4,8 
T192 potato USA(ND) 2.1 M MAT-1 4,8 
T201 com USA (NY) 3.6 MF MAT-1 4,8 
T204 com USA (PA) 1.9 MF MAT-2 4,8 
T216 lily bulb 

USA (PA) 
2.2 M MAT-2 4,8 

T217 carnation USA (PA) 2.1 M MAT-2 4,8 
T221 comeal ulcer Puerto Rico 2.4 M MAT-2 4,8 

T286 soil (grass) USA (SC) 2.7 M MAT-2 4,8 
T296 red clover USA (WI) 4.2 MF MAT-2 4,8 
T301 red clover USA (WI) 4.0 MF MAT-1 4,8 
T310 lignin Japan 2.2 M MAT-1 4,8 

degrader 
Japan 

T311 pigeon pea India 2.2 M MAT-2 4,8 
T339 geraniimi USA (CA) nt'̂  M MAT-2 4,8 
T347 ^falfa USA (NY) nt MF MAT-2 4,8 
T376 wheat USA (NY) nt M MAT-2 4,8 
T385 chickpea Europe (SP) nt M MAT-2 4,8 



Table 2.3 (continued) 

Geographic Lesion 
Isolate^ i^tat Locatioo Length (mm)^ Sex*^ Mating Type*^ FertiKty® 

Laboratory-generated isolates with high fertility and high virulence: 
23-5 13.5 M MAT-2 NC8/4,8'' 
23-18 13.5 M MAT-2 NC/4,8'' 
23-40 11.0 M/MPAfAr-7 4,8/4,8' 
23-50 12.3 M MAT-2 N,C/4,8'' 
33-3 14.4 MF MAT-1 4.8/3,7j 
33-45 16.2 M MAT-2 4,8/2,6'̂  
34-5 16.4 M MAT-1 4,8/Nd 
34-6 13.5 M MAT-1 4.8/Nd 
34-18 16.0 M MAT-1 4,8/4,7j 
34-19 16.0 M MAT-1 4,8/4,8' 
34-25 17.8 M MAT-1 4,8/NC' 
34-26 16.6 M MAT-1 1,9/4,8' 
34-30 15.3 M MAT-1 4,8/3,6" 
34-42 17.4 M MAT-1 4,8/4,7' 
34-50 15.5 M MAT-1 4,8/4,8' 
35-2 19.0 M MAT-1 4,7/1,5" 
35-10 13.8 M MAT-1 3,7/4,8" 
35-17 16.4 M MAT-1 4,8/Nd 
35-25 14.2 M MAT-1 4,8/4,6" 
35-30 12.0 MF MAT-1 4,8/Nd 
35-35 16.6 M MAT-2 4,8/2,6'̂  
35-37 13.3 M MAT-1 4,7/4,8" 
35-39 12.0 M MAT-1 4,8/4,8" 
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Virulence, sex and mating type of Odd isdate numbers through T127 originally 
reported in VanEttra, 1998. Virulence of field isdate numbers through T233 (viginally 
reported in VanEttenef a/., 1980. 

^Lesi(m length was determined by the "test tube" assay, ^rxiicates numbers are 
from measurements made 8 days fdlowing inoculaticn (CiulTetti and Furmell, 
unpublished). All other numbers are from measurements made 4 days following 
inoailation. 

'̂ Sex, mating type and fertility of field isolates was determined by crossing 
iscdates wiA the highly fertile labor^iy isolate, 6-36 and 6-94, unless otherwise 
indica^ "M** indicates isolate can act as male in a otiss with a comp^Ue isolates. 
indicates that isolate can act as female in a cross with a compotiUe isolate, indicates field 
isolates that acted as M in test crosses diat yielded perithecia that appeared to be mature 
but no ascospores were visible. 

LaboratOTy-goierated isdates were tested with two sets of labcvatory tester 
iscdates. ^NC^no cross. '̂ Indicates that the first fertility score resulted from test crosses 
witfi the highly fertile laboratory isolate 113-20 (Tegtmeier and VanEttoi, 1982a) and the 
second fertility score resulted from crosses with 23-40. 'Indicates that the first fertility 
and sex score resulted frcMn a test cross with the highly fertile labcnatory isolate 113-13 
(Tegtmder and VanEtten, 1982a) and the seccmd fertility and sex score resulted from 
crosses with compatible siblings from cross 23. ^Indicates that the first fertility score 
resulted from a test cross with the highly fertile laboratory isolate 6-94 and the second 
fertility score resulted fran a cross with 36-14. '̂ Indicates that the first fertility score 
result^ from a cross with 6-36 and the second fertility score resulted from a cross widi 
23-40. 

^nt s not tested. 
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reference strains 6-36 or 6-94 did not qualify as members of MPVI by our genetic criterion. 

Thus, isolates that exhibited this behavior were included in Table 23 only if they were able 

to cross with at least cme other member of MPVI. HowevCT, all crosses of highly virulent 

isolates with other members of MPVI were of low fertility (unpublished results). All of the 

highly virulent isolates collected before 1978 were also female sterile (M) when crossed 

with laboratory tester strains (VanEtten, 1978; Table 23 above dashed line) and all but one 

the highly virulent isolates collected siace that time were also M (Table 23). In other 

words, they could act only as males in crosses and could not, themselves, produce fertile 

perithecia when mated with another MPVI member of die appropriate mating type. The 

exception, T302, was from a non-pea-source (isolated from red clover) and was not as 

highly virulent as many the isolates from diseased pea tissue (Table 2.3). In addition, 

12 of the 18 highly virulent isolates were of the same mating type, MAT-1 (Table 2.3), and 

although this was not significant (x^ = 2.(X)) it further limited possible cross combinations. 

While the majority of field isolates of MPVI in our collection were M 

(^proximately 74%) (VanEtten, 1978; this study and unpublished results), we were able 

to identify field isolates that were MF as well as those that were M, and of either mating 

type, that produced highly fertile crosses with the reference isolates (Table 2.3). These 

isolates were obtained from various habitats including diseased pea tissue and a 

representative sample of these isolates is listed in Table 2.3. However, all field isolates that 

produced highly fertile crosses were low in virulence on pea, except for isolate T18 which 

was of moderate virulence (VanEtten, 1978; Table 2.3). 

II. Breeding for high virulence on pea and other desired traits. The work of 

Tegtmeier and VanEtten (1982b) indicated that the inheritance of virulence on pea was 

complex and involved more than one gene as is illustrated in a further analysis and 

regraphing of data from crosses 101 and 126 from that study (Figures 2.2a,b) (Tegtmeier, 
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Figure 2.2: Virulence and sex of parents and progeny from a) cross 101 and b) cross 

126. Data obtained from Tegtmeier (1981) and Tegtmeier and VanEtten (1982b). 

Virulence is indicated by lesion lengths cm pea epicotyls produced in the tube" assay. 

Inoculated plants were measured four days after inoculation. The arrows indicate the lesion 

lengths produced by the parents and is the average of several assays (see Table 1). "M" 

indicates female sterility and MF indicates female fertility (hermaphrodite). ^ indicates that 

the isolate was MF parent and indicates that the isolate was M. "n" denotes the number 

of progeny tested. "X" denotes the mean lesion length ± standard deviation of all progeny 

in cross. 
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1981). This is particulariy evident in cross 126 (figure 2.2b) in which a number of 

progeny were more virulent than either of the low virulence fiarents suggesting a 

recombination of different virulence genes from both parents. These results indicated that it 

should be possible to breed for progeny that were more highly virulent than the parents. In 

addition, the £^}parent linkage between female sterility and virulence on pea seen in field 

isdates was not observed in these crosses (Figures 2.2a,b), suggesting this linkage could 

be broken, although the most highly virulent progeny from these crosses were not as 

virulent as the most highly virulent field isolates. 

To break the apparent linkage of high virulence on pea with female sterility, low 

fertility, and the MAT-1 mating type, all isolates in our collection as of 1977 that were 

highly virulent on pea were crossed to compatible MF fleld isolates and isdates derived 

from laboratory crosses that were known to produce fertile crosses (Table 2.1). The 

objective was to identify the most fertile crosses in order to initiate a series of crosses in 

which progeny were evaluated for virulence on pea and for sex, mating type and fertility. 

Progeny having the desired traits were used to repeat the crossing and selection process 

with the intention that highly virulent MF isolates of either mating type, that produced 

highly fertile crosses, were generated. 

a) Selection for high virulence. Ascospore progeny from crosses such as 101 and 

126, rather than field isolates, served as the best source of MF isolates as they produced 

highly fertile crosses when mated with isolates highly virulent on pea (data not shown). In 

the first round of crosses (level I, Figure 2.1), if a cross was fertile, ca. 10 progeny were 

tested for virulence on pea (e.g.. Cross 22, Rgure 2.3a), and only if some of the progeny 

were more virulent than the parents were other progeny frcxn this cross evaluated. In this 

way, the most highly virulent progeny (mean lesion length — ca. 10 mm) were identified 

and only those were scored for sex, mating type and fertility. Out of 10 crosses. Cross 23 

(Figure 23b) produced the largest number of highly virulent progeny. 
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Figure 2.3: Virulence of parents and progeny in a) cross 22 and b) cross 23 from level I 

of the breeding project Virulence was assayed as in Figure 2.2. The arrows indicate the 

lesion lengths produced by the i>arents and is the average of several assays (see Table 2.1). 

"X" denotes the mean lesion length ± standard deviation of all progeny in cross, "k" 

denotes the estimated number of genetic factors contributing to vinilence cm pea in each 

cross. ^ indicates that the isolate was MF parent and or" indicates that the isolate was M. 

Cross 22 is an example in which the initial screen indicated that the progeny were not more 

virulent than the parents so no further progeny were evaluated 
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and, therefore served as the primary source of parent isolates for subsequent crosses 

(Hgure 2.1). Most of the highly virulent progeny from cross 23 were M or infertile, and 

the same mating Qpe {MAT-1) (Table 2.4) so the number of crosses between these 

isolates was limited. However, one highly virulent MF isolate (23-40) served as the female 

in several crosses to highly virulent, fertile M isolates. The progeny from the second level 

of crosses were evaluated for virulence as above and some of the crosses between progeny 

from cross 23 produced progeny with a higher average virulence than progeny of cross 23 

and produced a greater percentage of highly virulent isolates (Rgure 2.3b versus Rgure 

2.4a,b,c). This suggested that the isolates may have been more genetically similar with 

regard to genes involved in virulence on pea. Consistent with this was the results from 

cross 36 in which the purpose was to obtain more highly virulait MF isolates by crossing 

two MF parents. However, one of the parents (126-91) was from a different genetic 

background than the other parent, 23-40, and virulence did not seem to increase in the 

progeny (Figure 2.4d versus 2.4a,b,c). 

One further round d" crosses (level III) was dcxie to determine if more highly 

virulent, MF isolates could be obtained. These crosses used progeny from level II crosses 

and, again, possible combinations were limited by the lack of virulent MF isolates and by 

mating type. In these crosses (Figure 2.5) the mean virulence of the progeny and the 

percentage of highly virulent progeny was not substantially increased from those of Level 

II crosses (compjare Figures 2.5 and 2.4). However, the level III crosses produced 

additional highly virulent isolates that were highly fertile (see below) although there were 

no MF isolates more virulent than MF isolates identified in previous crosses (Table 2.4). 

Since several highly virulent isolates that produced highly fertile crosses had been 

identified, further breeding was not pursued. 



Table 2.4: Fertility of highly virulent progeny from breeding project 

Cross 
Mean lesion length (mm)'' 

Fertility of Progenv in Test Crosses ('#*s of progeny)® 
Infertile Low Moderate High 

Female Fertility'' 
MF M 

MaUngType'̂  
MAT-l MAT-2 

Level 1 
Cross 23'̂  

11.9 ± 1.5 9 3 0 1 0 4 4 0 

Level 
Cross 33 

14.0 ± 2.0 0 0 0 78 0 7 4 5 

Cross 34 
14.8 ± 1.9 0 3 0 18 1 20 17 4 

Cross 35 
14.5 ± 2.2 0 1 0 8 1 8 7 2 

Cross 36*' 
12.9 ±0.9 1 0 0 1 1 0 0 1 



Cross Fertility of Progeny in Test Crosses f< '̂s of progeny)" Female Fertility*' Mating Type*^ 
Mean lesion length (mm)** Infertile Low Moderate High MF M MAT-1 MAT-2 

Level 3 
Cross 43'̂ '' 

103 ±1.5 2 

Cross 50' 
14.6 ± 1.5 6 

Cross 51' 
14.6 ±1.5 1 

Cross 53' 
14.4 ± 0.0 0 

1 5 15® 

1 1 3 

0 0 5 

0 0 1 

13 8 11 12 

14 2 3 

2 3 3 2 

0  1  1 0  

Totals: 6 47 45 26 

31.72j 5.08'̂  



'Progeny were crossed with tester isolates. Fertility was scored as described 
in Table 23 and grouped in the following way: 

Infertile: Progeny that did not (voduce perithecia with tester isolates as well as 
progeny that had fertility scores of 1,9; 2,9; 3,9 and 4,9 

Low: Progeny with fertility scores of 1,5; 2,5; 3,5 or 4,5 
Moderate: Progeny with fertility scores of 2,6; 3,6 or 4,6 
High: Progeny wifli fertility scores d" 3,7; 4,7 or 4,8 

indicates results were from scoring progeny which were test-crossed with 
113-20 (MAT-1) and 113-13 (Tegtemeir and VanEtten, 1982a,b). ^Indicates 
results were from scoring progeny which were test-crossed with 6-36 (MAT-1) and 6-
94 (MAT-2) (VanEtten, 1978). 'Indicates results were from sccMing progeny which 
were test crossed with 23-40 (MAT-1) and 36-14 (MAT-2). 

''Female fertility is the ability to form fertile perithecia when crossed with a 
male of the compatible mating type. Only fertile progeny were cc»isidered in this 
analysis. 

'̂ Only fertile progeny were considered in the analysis of mating type. 
*^ean lesion length and standard deviation of highly virulent progeny tested 

for sex, mating type and fertility. 
®Test crosses with two of these progeny resulted in fertile crosses with tester 

isolates of both mating types. Such isolates were not considered in the analysis of 
mating type. 

''Both parents of these crosses were hermaphroditic. The progeny from these 
crosses were not considered in the yp" analysis of female fertility. 

^Highly significant at P r 0.005. '̂ Significant at P = 0.025. 
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Figure 2.4: Vinilence of parents and progeny in a) cross 33, b) cross 34, c) cross 35 

and d) cross 36 from level II of the breeding project Virulence was assayed as in Rgure 

2.2. The arrows indicate the lesion lengths produced by the parents and is the average of 

several assays (see Table 2.1). ^ indicates that the isolate was MF parent and a* indicates 

that the isolate was M. denotes the mean lesion length ± standard deviation of all 

progeny in cross, "k" denotes the estimated number of genetic factors contributing to 

virulence on pea in each cross. "X" denotes the mean lesion length ± standard deviation of 

all progeny in cross, "k" denotes the estimated number of genetic factors contributing to 

virulence on pea in each cross. 
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Figure 2.5: Virulence of parents and progeny in a) cross 43, b) cross 49, c) cross 50, d) 

cross 51 and e) cross 53 from level III of the breeding project Virulence was assayed as in 

Hgure 2.2. The arrows indicate the lesion Imgths produced by the parents and is the 

average of several assays (see Table 2.1), except for the male parent of Cross 49, 33-48, 

(see Table 2.1) in which the mean lesion length is from same assay as progeny because 

mean lesion lengths determined from other assays were highly variable. ^ indicates that 

the isolate was MF parent and o" indicates that the isdate was M. "n" denotes the number 

of progeny tested. "X" denotes the mean lesion length ± standard deviation of all progeny 

in cross, "k" denotes the estimated number of genetic factors contributing to virulence on 

pea in each cross. 
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b) Inheritance of fertility, sex, and mating type, and linkage with high virulence. 

As indicated above, only the highly virulent progeny were scored fw fertility, sex and 

mating type. Since this data was obtained as a consequence of analyzing only the highly 

virulent progeny, conclusions drawn concerning inheritance of traits may not sq^ply to all 

the progeny from a cross. Laboratory isolates that were known to produce highly fertile 

crosses were used to score these progeny for fertility, sex and mating type. The standard 

tester isolates, 6-36 and 6-94, were used to score field isolates and progeny fnxn all the 

initial crosses (up to cross 23, Hgure 2.1) and some of the later crosses. Isolates 113-13 

(MAT-2) and 113-20 (MAT-1), highly fertile progeny from a backcross series with 6-36 as 

the recurrent parent (Tegtmeier and VanEtten, 1982a), served as tester isolates for cross 23. 

Breeding project isolates, 23-40 (MAT-1) and 36-14 (MAT-2) were used to test all progeny 

from crosses 50, 51 and 53 and to retest several isolates from level I and level II crosses. 

The purpose for using these latter isolates was to potentially initiate the next level of crosses 

for the breeding project as well as to accommodate the possibility that fertili^ exhibited by 

an isolate was not independent of the tester isolates employed, as had been previously 

observed (Cowling and VanEtten, 1984). Some isolates that were crossed with more than 

one set of tester isdates exhilxted different levels of fertility, although mating type was not 

affected (Table 23). For example, cross 23 isolates, 23-5,23-18 and 23-50 (MAT-2), did 

not cross with 113-20 but proved to be highly fertile when crossed with the sibling isolate, 

23-40. Additionally, 23-40 produced fertile perithecia (4,8) when crossed with 23-5, 23-

18 and 23-50, but only produced a few ^parently sterile perithecia (1,9) when crossed 

with 113-13. On the other hand, several isolates from level II crosses produced more 

fertile crosses with the standard tester isolate, 6-94, than with 36-14 (Table 2.3). This 

ability to cross with different tester isolates could vary among progeny from the same 

cross. For example, cross 35 isolate, 35-10 produced a more fertile cross with 36-14 than 

with 6-94, while 35-17 produced a highly fertile cross with 6-94 but did not cross with 36-
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14, and cross 35 isolate, 35-39, produced highly fertile crosses with both 6-94 and 36-14 

(Table 23). Apparently, genetic control of fertility is comfdex and the genotypes of 

different isolates can affect the ability to cross, the level of feitility and female fertility (see 

below). 

Since different isolates were used to test fertiliQ^ of progeny, ccmclusicos on the 

genetic control of fertility in these crosses must be tentative. However, the results 

suggested that continued crossing resulted in progeny with increased fertility. For 

exam{:^e, when the 13 highly virulent i^geny from cross 23 were crossed with isolates, 

113-20 and 113-13, only four isolates (31%) produced fertile crosses and only one was 

highly fertile (Table 2.4). When highly virulent progeny from levd II were crossed with 

the standard tester isolates, 6-36 and 6-94, all but one of the 38 isolates were feitile and 33 

(or 86.5%) were scored as highly fertile (Table 2,4). Therefcwe, isdates that were both 

highly fertile and highly virulent on pea were successfully obtained within two generations 

of breeding. However, fertility of highly virulent progeny in level III crosses did not 

increase further and perhaps declined as nine erf" the 33 isolates were infertile (27.3%) and 

16 of 33 progeny were highly fertile (48.5%). The isolates used for testing fertility of 

progeny from level III crosses, except for cross 43, were 23-40 and 36-14. Therefore, it is 

fxjssible that the use of 23-40 and 36-14 to test fertility, rather than 6-36 and 6-94, may 

have negatively affected the fotility scores of these crosses. However, progeny d" the 

level III cross, cross 43, were tested with the standard tester isolates 6-36 and 6-94 and 15 

of the 23 progeny (65.2%) were highly feitile while two of the 23 progeny (8.7%) were 

infertile (TaUe 2.4), again suggesting that a third generation of breeding did not increase 

the number a( highly fertile isolates. 

Previous tetrad analysis showed that there were at least 2 genes involved in 

determining the female trait in N. haematococca (Tegtmeier and VanEtten, 1982a). In order 

to break the linkage between high virulence on pea and female sterility, crosses between the 
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most virulent MF isolates available were done (crosses 36 and 43: see Tables 2.1, 2.2 and 

2.4 and Hgures 2.1,2.4 and 2.5). Since both parents in each cross had genes necessary to 

function as MF, and presumably the genes involved were the same, the prediction was that 

all progeny would be MF. Progeny from cross 43 that produced lesion lengths of 8.0 mm 

or greater were tested for fertility and mating type by crossing with 6-36 and 6-94 (Table 

2.4). Although both parents were MF, nine of 23 progeny (39.1%) scored as M. It is 

possible that the isolates were unable to successfully produce fertile perithecia with the 

tester isolates but may have been female fertile when crossed with other isolates. 

However, it is also possible that one or more fimctions required to successfully produce 

perithecia was absent in these M progeny. 

When the data from all the most virulent progeny (producing lesion lengths > 8 

mm) from the breeding project was pooled, it suggested that female sterility and the MAT-1 

mating type were linked with the trait of high virulence on pea (Table 2.4 and Figure 2.6). 

In a cross between MF and M parents, it was predicted that approximately half the progeny 

would be MF, as had been observed among random ascospore progeny from other such 

crosses (Tegtmeier and VanEtten, 1982a). However, 47 of the 53 highly virulent progeny 

(lesion lengths > 10 mm) from crosses involving a M parent, were also M when crossed 

with tester isolates (Table 2.4: - 31.72). This is consistent with what has been 

observed with highly virulent field isolates: only one of the 22 highly virulent field isolates 

in our collection was MF (Table 23). 

In contrast with the female trait, mating type is a single gene trait and each parent 

contains an opposite allele. It has been previously shown that segregation of MAT-1 and 

MAT-2 was ccMisistent with equal segregation (1:1) (Tegtmeier and VanEtten, 1982a; 

Kistlerand VanEtten, 1984a; Mackintosh, etal., 1989; Miao and VanEtten, 1992a), even 

in crosses in which there was aberrant segregation of other traits (Tegtmeier and VanEtten, 

1982a; Miao and VanEtten, 1992a). In the breeding project, 45 of 71 highly virulent. 
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Figure 2.6: Sex and virulence of highly virulent progeny from levels 
I, n and in of the breeding project. Highly virulent progeny, as 
determined by the "test tube" assay, were test-crossed with laboratory 
isolates to determine sex and mating type. Female fertile progeny 
include those that were hermaphrodites (MF) and female-fertile-only 
(F). Female sterile progeny are male-only (M). "Infertile" progeny 
resulted in a fertility score of X,9 or in no perithecia formation in test-
crosses. 
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fertile {vogeny were also MAT-1 which was signiflcantiy different from what was expected 

if mating type segregated independently from high virulence (Table 4: = 5.08). This 

association has also been observed in field isolates that were pea pathogens: 12 of 18 

highly virulent field isc^ates in our collection were also MAT-1 (Table 2.3). 

III. Segregation of effective factors for high virulence on pea. Cross 22 was 

not included in this analysis since only 10 progeny from this cross were tested for 

virulence. The estimates of k in the other crosses varied from 2.7 effective factcvs in cross 

34 to 83 effective factors in crosses 23 and 49 (Rgures 2.3b, 2.4 and 2.5). The mean of 

k for all of the crosses was 53 ± 2.0 effective factors with a confidence interval d" 13 to 

9.3 effective factors. 

IV. In planta selection assay The above approach to identify progeny with higher 

vinilence than their parents was laborious as it involved isdating individual ascospores and 

testing eadi isolate for virulence. If the most virulent isolates have a preferential growth 

advantage in planta, as would be expected, it might be possible to use the plant to select for 

the most virulent progeny from a mixed inoculum that included low and high virulence 

isolates. To test the feasibility of this approach, plate cultures were prepared with 

suspensions containing conidia from a highly virulent Pda"*" isolate (34-18) and from a low 

virulence Pda" isolate (55-8), and inoculum plugs from these cultures were used to 

inoculate wounded pea epicotyls. The conidium mixtures were prepared in ten-fold 

intervals from 1:1 (Pda''':Pda") to 1:1000. In this experiment, pisatin demethylating ability 

was used as a marker for the high virulence isolate. Lesions were allowed to develop for 

14 days and the largest lesions resulting from each spore mixture were excised, placed 

individually in moist chambers and conidia were collected from the conidic^hores that 

formed on the lesions. Dilute suspensions of conidia from each lesion were spread onto 

V 
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plates and one hundred cd(xues were isolated, allowed to grow 5 days then tested for Pda 

activity. It was assumed that each cdony grew from a single ccxiidium. Six colonies were 

taken from a suspension made from a lesion resulting frcnn inoculation with the 1:1 

(Pda'̂ 'iPda") mixture of conidia, 14 colonies were tested from 2 lesicHis that resulted from 

the 1:10 mixture of conidia, 23 colonies were tested from two lesions that resulted from the 

1:100 mixture of conidia and 67 colonies were tested from three lesions that resulted from 

the 1:1000 mixture of conidia. All of the recovered spores were Pda"^, indicating that the 

highly virulent isolate had a selective growth advantage in the (ManL 

a) Virulence of in planta selected isolates. The in pkmta selection approach was 

employed with ascospores from crosses 321 and 323, in which the parents were low in 

virulence and cross 352 in which the parents were both moderately virulent (Table 2.1 and 

2.2). With cross 321/323, 8 days following inoculation with agar plugs containing 

ascospores, lesions from three plants were excised and allowed to sporulate, as described 

above. Conidia were collected, plated, and germinated overnight and four to five single 

germinated conidia were isolated from among the collected spores from each lesion. The 

14 single conidiimi isolates collected were tested for virulence, which indicated a range of 

virulences (Rgure 2.7a). Although at least five isolates were significantly more highly 

virulent than both parents (> 8 mm), several were of similar or lower virulence than those 

of both parents. Additionally, single conidium isolates with different levels of virulence 

were obtained from the same lesion (Rgure 2.7a). 

A similar variation in the virulences of recovered onidia was observed when the in 

planta selection approach was used with cross 352 (Figure 2.7b). Eleven to 12 single 

conidium isolates (for a total of 59) from each of the five largest lesions produced, A being 

the largest and E the smallest (18.5 and 10.5 mm, respectively, measured six days 

following inoculation), were collected and virulence assays were performed on 56 of these 

X 
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Figure 2.7: Lesion lengths of single conidium isolates obtained from lesions that 

resulted from a mixed inoculum of ascospores from a) crosses 321/323 and b) cross 352. 

Single conidia were isolated from individual lesions 8 days (crosses 321/232) or 6 days 

(cross 352) following inoculation of plants with germinated ascospores. The lesion source 

from which single conidia were isolated is indicated by cross numb^ and a letter (A or B) 

in crosses 321 and 323 or by letter in cross 352. Lengths of lesicms from which conidia 

were isolated in the in pUmta selection assay are indicated in parentheses, c) Lesion 

lengths produced by non-selected random ascospore isolates from cross 352. Virulence of 

single conidium isolates and random ascospore isolates were assayed as in Figure 2.2 

except lesions were measured six days after inoculation. The arrows indicate the lesion 

lengths produced by the parents and is the average of several assays (see Table 2.1). "n" 

denotes the number of single conidium isolates tested. 
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isolates. The mean lesion lengths ranged from 2.0 to 20.6 mm (Rgure 2.7b) but three 

single ccxiidiimi isolates were significantly more virulent (> 17 mm) than both parents 

(Rgure 2.7b). The most highly virulent single conidium isolates were recovered from the 

largest lesions (A and B) (Rgure 2.7b). 

Nineteen ascospores were also isdated randomly from a repeat of cross 352 and 

tested for virulence on pea. None of these randomly isolated ascospores were more 

virulent than the parrats (Rgure 2.7c). Although only a limited number of random 

ascospores were analyzed, the results strongly supported the contention that the in pUmta 

selection enriches for virulent isolates. 

b) Pda phenotypes and RFLP analysis of PDA genes and Nrsl-2 sequences of in 

planta selected isolates. The differences in virulence observed among single conidium 

isolates from a given lesion (e. g. lesion A, Rgure 2.7b) and the recovery from lesion D of 

two single conidium isolates that were morphological variants, indicated that more than one 

genotype and non-parental types were being isolated from a single lesion produced by an 

inoculimi of mixed ascospores. In order to confirm that genetic recombinants were being 

recovered, as well as to determine if there was a bias toward specific genotypes, the Pda 

phenotypes of all isolates were determined and RFLP analysis, using a PDA gene probe 

(SiicB) and a N. haematococca repetitive sequence (Nrsl-2) was done (see Materials and 

Methods). Both parents from crosses 321/323 (55-5-1 and 166-18-5) were Pda"^ and 

carried the same PDA gene (PDAS) (Table 2.1). R)rty-five random ascospore progeny 

were collected from these crosses and tested for Pda as well as the 14 single conidium 

isolates obtained frcMn the lesions. All were Pda"*" as expected. The parents of cross 352 

were both Pda"*" but carried different PDA genes: TJ-5-1 contained PDAl while 86-4-4 

carried PDAS and PDA9. Genetic analyses indicated that PDA5and PDA9 were linked but 

segregated independently from PDAl. When the 19 random ascospore progeny from this 

cross were assayed for Pda, the ratio of 15:4 (Pda'*':Pda') was observed and this was not 
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significantly different from the possible expected ratios of 3:1 for two independently 

segregating genes or 7:1 for three independently segregating genes (x^ = 0.12 and 1.27, 

respectively). However, the 59 single conidium isolates obtained by the in planta selection 

procedure were all Pda'*'. In order to obtain a larger sample of in pkmta selected isolates, 

182 single conidial colonies, isolated, as described above, from the spore suspensions used 

to isolate the 59 single conidium isolates, and 91 single conidial colonies, isolated as 

described above, were obtained from three small lesions (3, 4.5 and 5.5 mm six days 

following inoculation) which also resulted from inoculation with the cross 352 ascospore 

suspension. Of the 273 total single conidial colcxiies, 265 were Pda"*". The combined 

single conidium isolates and single conidial colcmies resulted in a Pda ratio of 324:8 

(Pda'̂ :Pda'), which was highly significantly different from the possible expected ratios of 

3:1 or 7:1 (x" = 90.36 and 41.02, respectively). The 8 Pda" isolates were obtained from 

Ave different lesions, 6 frcxn small lesions and 2 from large lesions. It appeared that Pda, 

or a gene that was tightly linked with a PDA gene, conferred a selective advantage on the 

plant 

That Pda~ single conidium colonies were recovered from pea lesions resulting from 

inoculation by ascospores of cross 352, verified that more than one genotype was being 

recovered from at least five of the lesions and that non-parental types were being isolated. 

To identify other genetic recombinants within the lesions and to determine whether 

particular PDA genes were being selected for in planta, RFLP analysis of the PDA genes 

was done on the parents and the most highly virulent progeny Qesion lengths greater than 

10 mm). The female parent, 86-4-4, carried two linked PDA genes, PDA5 and PDA9 

(Chapter 3), which gave XhollBamHl restriction fragments of 23 and 6.2 kb, respectively 

(Miao, etal., 1991b; Maloney and VanEtten, 1994; Hirschi, 1994; Chapter 3) when probed 

with the PDi4-specific probe, SacB (Hgure 2.8a). The male parent, 77-5-7, carried PDAl 
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Figure 2.8: RFLP analysis of representative highly virulent single conidium isolates 

obtained from lesions produced by inoculation of peas with a mixture of ascospores from 

cross 352. a) Southern analysis of X/ioI/fiamHI-digested genomic DNA from single 

conidium isolates using the SacB PDA gene probe. Lesion lengths produced by single 

conidium isolates and parents from cross 352 were obtained as described in Rgure 2.7. b) 

Southern analysis of Mndlll-digested genomic DNA from single conidium isolates using 

the Nectria repetitive sequence, Nrsl-2, as a jMobe. c) Southern analysis of HiruHll-

digested genomic DNA from single conidia isolated from lesion, using the Nectria 

repetitive sequence, Nrsl-2, as a probe. 
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(Kistler and VanEtten, 1984a) which gave a XhoUBamHl fragment of 32 kb (Rgure 

2.8a). The 8 tested isolates from lesion B contained only PDAl, the 5 tested isolates from 

lesion A all carried PDAl, PDAS and PDA9, the 3 tested isolates frcnn lesion C all carried 

PDAl and PDAS, and the one tested isolate from lesion D contained PDAl, PDAS and 

PDA9 (Hgure 2.8a and data not shown). None of the isolates had the same restriction 

pattern as the MF parent, 86-4-4 and it was clear from RHJ analysis of PDA genes that 

the highly virulent single conidium isolates from lesi(xis A, B, C and O represented 

different genotypes. However, all of the highly vinilent single conidium isolates carried 

PDAl. Although PDAS and PDA9 were linked (Chapter 3) they segregated in the single 

conidium isolates of lesion A. 

To further distinguish the genotypes of the single conidium, isolates ffindlll-

digested DNA from these isolates was probed with the N. haematococca repetitive 

sequence, Nrsl-2 (Kim, et al., 1995). The Nrsl-2 hybridizaticxi pattern of i/imilll-

digested DNA from the M parent, 77-5-7, consisted of three strongly-hybridizing bands at 

approximately 9.6, 6.5 and 2.6 kb, a less intense band at approximately 4.1 kb and a very 

faint band at 1.8 kb (Figure 2.8b). The MF parent, 86-4-4, had only one faint band at 1.8 

kb. When HmdIII-digested DNA from highly virulent single conidium isolates was probed 

with Nrsl-2, all had multiple hybridizing bands. The Nrs-1 and SacB RPT-P patterns of 

the single conidium isolates from lesions A and D and the SacB patterns from lesion C 

were all unique from those erf" 11-5-1 (Rgure 2.8b). Seven of the eight tested single 

conidium isolates from lesion B had the same Nrsl-2 hybridization pattem as that of 77-5-

7, except isolate 352-B-2 (lesion length 12.6 ± 4.3 mm) in which the 9.6 kb band was 

replaced by two, strongly-hybridizing bands at approximately 10.4 and 9.5 kb (Figure 2.8c 

and data not shown). Therefore, the recovered spores from lesion B tiiat produced the 

larger lesions were of at least two genotypes and 352-B-2 was a non-parental type. In 

contrast, the three tested single conidium isolates from lesion A all had similar Nrsl-2-
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hybridizing patterns which were different from those of either parent, although they had 

multiple-hybridizing bands as did 77-5-7; there was an additional strongly-hybridizing 

band at approximately 10.7 kb and the weak 4.1 kb band was absent (Hgure 2.8b and data 

not shown). It is possible that these three single conidium isolates represented clones of 

the same g^ietic recombinant as their range of virulences (12 to 17 mm) is within the 

normal variation observed in the pea vinilence assay. Southern analysis of the three tested 

single ccmidium isolates from lesion C and the one tested isolate from lesion D all lacked 

the weakly-hybridizing 4.1 kb Mrs 1-2 band, present in 77-5-7; this as well as the SacB-

hylxidization pattern cleariy showed that these isolates represented genetic recombinants 

(Hgure 2.8), but the single conidium isolates from lesion C may have been clones of a 

single genotype. Therefore, although some of the isdates of similar virulence that were 

recovered by this in planta procedure may be clones, as expected, different recombinants 

were obtained from different lesions as well as frcxn the same lesion. 

Discussion 

Some of the traits determining fertility when two isolates of N. haematococca are 

crossed include compatible mating type alleles, the ability of at least one of the isolates to 

produce fruiting structures (i. e. to act as an F) and factors that determine the level of 

fertility (i. e. number of perithecia and number of viable ascospores). Previous studies 

(Tegtmeier and VanEtten, 1982a) had indicated that only one of these traits, mating type, is 

under simple genetic contrd (one gene with two alleles). A major objective of this research 

was to obtain highly fertile and highly virulent isolates. This was accomplished, although 

the association of high virulence on pea with M-only and the MAT-1 mating type, observed 

in field isolates of N. haematococca, was never completely broken. As a consequence of 

X 
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this effort, some information was also obtained on the genetic ccHitrol sex and fertility, 

as well as possible associations these traits have with the trait of virulence on pea, although 

the fact that not all progeny from a given cross were analyzed limits conclusions drawn 

about the genetic control of these traits. But even with this limited infcmnation, it was clear 

that the tiaits of female fertility and of high virulence on pea were under complex control. 

In the first g^ieration of breeding, relatively few (4 of 13) of the highly virulent 

isolates were fertile (3 at a low level) when crossed with tester isolates. Since these few 

isolates were able to cross with one another, they served as the parents for the next 

generation, yielding crosses 33, 34 and 35. All of the highly virulent progeny resulting 

from these crosses were fertile and most (33 of 37) were scored as highly fertile when 

crossed with tester isolates. Therefore, highly fertile and highly virulent isolates were 

successfully bred for within two generations. A third generation of breeding did not appear 

to further increase fertility in the high virulence progeny. In genetic studies of the rice Mast 

fungus, Magnaporthe grisea, it was also found that field strains pathogenic on rice were 

low in fertility (Valent et al., 1986). Therefore, breeding for M. grisea isolates that were 

highly fertile and pathogenic on rice was undertaken. In one smdy, a backcross series was 

initiated between a low fertility, rice pathogenic isolate and a highly fertile grass pathogen, 

with the intention to select fcx* fertile laboratcxy isolates pathogenic on rice, but most 

progeny were less fertile than the highly fertile parent (Valent, et al., 1991). However, in a 

second study with M. grisea, isolates that were pathogenic on rice and fertile when crossed 

with siblings, were bred in four generations of sib selection (Kohner and Hlingboe, 1988; 

Chao and Ellingboe, 1991). In contrast to what we have observed when breeding for 

higher fertility in N. haematococca, in which fertility did not a{^)ear to inCTease with further 

breeding, fertility of the southern com leaf blight fungus, Cochliobolus heterostrophus, as 

defmed by perithecia number, increased during selective breeding over six generations, 

suggesting that fertility was a multigenic trait in this fungus (Kolmer and Leonard, 1985). 
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Most highly virulent progoiy of N. haematococca in the present study were M, and 

even in crosses between hennaphroditic strains (crosses 36 and 43), progeny that were M 

were recovered. Loss of female fertility in progeny of crosses between MF isolates had 

been reported previously (Tegtmeier and VanEtten, 1982a). Tetrad analysis of crosses 

between MF and M parents showed that the female fertility trait required at least two genes 

(Tegtmeier and VanEtten, 1982a). Therefore, the ability to obtain female sterile progeny in 

crosses between hermaphrodites may be due to the presence of different ncm-allelic sets of 

genes that could confer female fertility; thus segregation of these genes in progeny would 

result in female sterile {xogeny that lacked a complete set of genes for female fertility. It is 

also possible that two or more virulence factcvs, woridng together, were invdved in 

suppressing female fertility and were segregating in these crosses. Factors that condition 

the expression of female fertility were prc^xsed to explain the lack of female fertile progeny 

in crosses between highly virulent, M isolates and low viriilence, MF isolates of M. grisea 

(Kolmerand Ellingboe, 1988). The existence of pea virxilence factors in N. haematococca 

that suppress female fertility, or factors linked io virulence (aOots, might exf^ain the 

observation that the most highly virulent progeny frcnn the crosses desoibed herein were 

also female sterile. 

It had previously been observed that mating competency in N. haematococca could 

be affected by the isdates involved in the cross: an isolate could be highly fertile when 

crossed with one isolate of the opposite mating type but have lower futility en* even be 

infertile when crossed with another isolate of the opposite mating type that had been 

ccHnpetent in other crosses (Cowling and VanEtten, 1984). In the present study, several 

progeny were crossed with two different sets of laboratory isolates, with the mginal 

purpose of continuing the next generation of the breeding program. It was observed in 

some cases that an isolate could be scored as infertile or low in fertility when crossed with 

an isolate of the opposite mating but was highly fertile when oossed with a different 
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isolate. However, the mating type of a given isolate was consistent The phenomenon of 

a given isdate resulting in different levels of fertility when mated with different compatible, 

competent isolates, was also observed with Pyrenopeziza brassicae, the phytopathogenic 

fimgus ttiat causes light leaf spot of brassicas (Ilott, et al., 1984). In this case, it was 

proposed that crossing conditions were not optimized for every mating pair and factors 

other than mating type, such as number of sexual structures initiated and nutrient 

requirements, could affect the ability to cross, the ability to produce fruiting structures, and 

the level of fertility (Ilott, et al., 1984). It is clear that compatible alleles at the mating type 

locus is not the only requirement for a fertile cross. Genetic studies with Neurospora 

crassa showed that mutations that resulted in male sterility segregated independently from 

the mating-type locus and could affect sexual development at different stages (Weijer and 

Vigfusson, 1972). Held strains of the asexual fungus, Bipolaris sacchari, pathogenic on 

sugarcane, contained a homologue of the MAT-2 gene of the closely related sexual species, 

Cochliobolus heterostrophus. The B. sacchari MAT-2 gene was shown to be functional 

when it was cloned and transformed into C. heterostrophus (Sharon, et al., 1996). 

However, when the MAT-1 gene from C. heterostrophus was transformed into a B. 

sacchari, MAT-2 isolate, the transformants were not able to self nor cross with wild type 

B. sacchari, MAT-2 isolates, suggesting that this asexual fungus lacked one or more 

functional genes necessary for the early stages of sexual development (Sharon, et al., 

1996). Through mutational analysis of N. crassa, over 100 genes have been identified that 

affect sexual development (summarized in Peridns, et al., 1982), although some of these 

genes may have other functions that only secondarily affect sexual development Through 

molecular and genetic analyses, three N. crassa genes have been identified, one at the mtA-

1 locus (Glass and Lynn, 1992) and two others that segregated from mating type (Nelson 

and Metzenberg, 1992), that directly affected development of perithecia and asci. Two of 

these genes, asd-1 and asd-2, that are involved in ascus development, were identified by 
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recessive mutations (Neisoa and Metzenberg, 1992). It is possible that recessive mutations 

in one or more genes involved in sexual development of the dikaryotic ascogenous hyphae 

in N. haematococca could account for the same isolate giving different responses when 

crossed with different compatible isolates. It is also likely that sexual development in N. 

haematococca, as in N. crassa, involves numerous genes that directly or indirectly affect 

fertility. 

The study of inheritance virulence done by Tegtmeier and VanEtten (1982b) 

indicated that one or more genes, besides the PDA gene, was required for high virulence on 

pea. That virulence is a quantitative trait, involving multiple genes, was suggested by the 

frequency distributions of lesion lengths on pea seedlings produced by progeny, 

particularly in crosses 36,43 and 49 (Hgiu-es 2.4 and 2.5). In these histograms, the most 

frequent virulence classes were approximately in the center of the distribution and the 

frequencies of the other classes decreased on either side of the center with the extremes 

being the rarest classes. Continuous variation in virulence (or "aggressiveness") has been 

described in genetic crosses with Ustilago hordei (Emara, 1972; Caten, et al., 1983), M. 

grixa (Valent, etal., 1991) and N. haematococca MPI (Hawthorne, et al., 1994). Such a 

distribution of a measurable trait indicated that multiple genes were involved in expression 

of the trait and also suggested that the genes involved contributed to the trait in an equal and 

additive manner, without dominance (Mather and Jinks, 1977). With these observed 

distributions as a basis, I analyzed the breeding project crosses to estimate the number of 

"effective factors" (k) segregating in these crosses. To estimate k, it was assumed that each 

factor was inherited equally and independently and that a "+" and a allele existed for 

each gene, which were also inherited equally (Mather and Jinks, 1977). In all the crosses 

analyzed, the estimates for k were at least two and as many as eight, supporting the initial 

observations of Tegtmeier and VanEtten (1982b). The broad range for the estimate of k 

(from 1.3 to 9.3 factors) may have been due to variation caused by environmental (non-
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heritable) factors, although the design of the "test tube" assay limited such variability 

(VanEtten, 1978). However, several assumptions were made in order to estimate k. One 

assumption for k was that the genes involved in determining the trait (vinilence on pea) 

segregated equally and independently. All field isolates and cross progeny highly virulent 

en pea have at least one PDA gene (Tegtmeier and VanEtten, 1982b; Kistler and VanEtten, 

1984b; Mackintosh, et al., 1989; Miao, et al., 1991b; Hirschi, 1994; Chapter 3), 

suggesting that Pda was necessary for high vinilence on pea. When a PDA gene was 

disrupted in an isolate highly viriilent cxi pea, the transformants were only moderately 

reduced in pathogenicity (Wasmaim and VanEtten, 1996), which showed that there was at 

least one other factor, called PEP (for pea pathogenicity) required for high virulence on 

pea, that was linked to PDA (VanEtten, etal., 1994). Therefore, in this case, an "effective 

factor" may actually represent a cluster of two or more genes acting together in the 

expression of the trait (Mather and Jinks, 1977). A seccmd assumption for an estimate of k 

was that each factor bad a plus and a minus allele and that they were inherited equally 

(Mather and Jinks, 1977). When the breeding project was begun, the high degree of 

genomic variability in field isolates of this organism (Miao, et al., 1991b) had not yet been 

described. It has since been shown that all but one Pda~ field isolate lacked a homologous 

allele to the PDA gene (Miao, et al., 1991b; Hirschi, 1994) and 11 of 13 tested field 

isolates lacked chromosomes in the size range of most of the PDA-bearing chromosomes 

(Miao, etal., 1991b). Therefore, it is possible that "minus" alleles for at least some of the 

genes, or even homologous chromosomes to those carrying these genes, were not present 

in the low virulence parents initially used in these crosses. It has also been shown that the 

loss of the Pda phenotype in crosses involving PDA6-1 was, in some cases, due to loss of 

the entire PDA-bearing chromosome (Miao, et al., 1991a) and the following chapter 

describes the loss of three PDA genes (PDAl, PDAS and PDA9) associated with virulence 

on pea, due to loss of a chromosome or part of a chromosome. This suggested that 
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coDventicxial segregaticm of "plus" and "minus" alleles of genes may not have occurred in 

the breeding project crosses and loss of one or more chromosomes containing genes for 

virulence OT pea may have resulted in an excess of low virulence progeny. However, even 

with the limitations presented by using this method to estimate the number of effective 

factors, previous work and this woiic suggested that at least one other gene necessary for 

pathogenicity segregated independently from PDA and genes tightly linked with PDA 

because of the presences of low virulence Pda'*' isolates. 

When peas were inoculated with a mixture of asexual spores from a N. 

haematococca isolate highly virulent on pea and a low virulence isolate, in varying ratios, 

only spores of the highly virulent isolate, marked with Pda, were recovered from the plant 

This demonstrated that pea could select for a specific genotype frcnn a mixed inoculum of 

N. haematococca. That the host plant could be used to select for host-specific virulence 

had been suggested by studies of downy mildew (Sclerospora graminicola) on peaii millet 

(Thakur, etal., 1992), and for virulence factors, as measured by sporulation on hosts, by a 

study of downy mildew (Pseudoperonospora cubensis) on cucurbit sp. (Thomas and 

Jourdain, 1992). However, our study was in contrast to results obtained with 

Cladosporium fulvum on tomato, in which an avirulent race was always recovered from 

plants that were first infected with a virulent race, then inoculated with an avirulent race 

(Higgins, et al., 1985). When a mixture of ascospores from N. haematococca were 

inoculated on pea, the single ccmidium isolates were recovered when using the plant as a 

selection had a range of virulences. However, there was a very strong bias for selection of 

moderately and highly virulent isolates as compared with the virulences found when 

screening unselected random ascospores. Therefore, although the plant was not able to 

select for a single genotype from a mixture of numerous genotypes, this selection 

procedure did give a subpool of isolates that had been greatly enriched for isolates with 

enhanced virulence. In this way cMie might be able to recover rare, highly virulent 
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recombinants and, with further screening, identify isolates with other desired traits such as 

high fertility. 

Nearly all of the conidium isolates recovered from lesions inoculated with CTOSS 352 

ascospores were Pda'*', although Pda analysis of random ascospores showed the possible 

expected 3:1 (Pda'̂ rPda") or 7:1 ratios for two or three independently segregating genes. 

Therefore, there was a strong selective bias for Pda'*' isolates in planta. AdditicMially, all of 

the highly virulent single conidium isolates were Pda*^, as has been consistently observed 

with highly virulent ascospore progeny from previous studies (Tegtmeier and VanEtten, 

1982b; Kistler and VanEtten, 1984b; Mackintosh, et al., 1989; Chapter 3), suggesting that 

the Pda"^ phenotype is a requirement for virulence on pea Interestingly, all of the most 

highly virulent single conidium isolates contained PDAl, although some of them also 

contained one or both of the other PDA genes (PDAS and PDA9). Additionally. PDAl 

was found as the only PDA gene in some highly virulent single-conidium isolates. PDAl 

was derived from a pea pathogenic field isolate (T2; Kistler and VanEtten, 1984a) while 

PDAS and PDA9 were originially inherited from a mulberry pathogen (T7; this Ch^ter and 

Chapter 3). Kistler and VanEtten (1984b) showed, in crosses involving PDAl, PDAl and 

PDAS, an absolute correlation between highly virulent progeny and the presence of the 

PDAl gene. It is possible that PDAl was a pea virulence factor while PDAS and PDA9 

were not However, Wasmann and VanEtten (1996) did an experiment similar to the in 

planta selection assay with a gene-disrupted Pda~ transformant and its PDAl recipient 

isdate to determine whether Pda conferred a competitive advantage on the plant The 

isolates were co-inoculated onto peas in a 1:1 ratio and the recovered spores were of 

approximately the same ratio, suggesting that a gene(s) tightly linked with PDAl rather 

than PDAl was important in allowing for the selected enrichment for Pda"^ isolates in pea 

lesion tissue. However, this gene(s) may not be directly involved in pathogenesis (i. e. 

necrosis). A gene tightly linked with PDAl, involved in growth on host lesion tissue 
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might explain the abundance of Pda'*' conidium isolates recovered frcnn pea lesions in the 

present study, and the fact that at least scnne of the isolates were significantly lower in 

virulence than the parents. 

In order to confirm whether genetic recombinants were being recovered from the 

lesions, a randomly selected repetitve element, Nrsl-2, was used as a probe in RFLP 

analysis of highly virulent single conidium isolates. Nrsl-2 was cloned from field isolate 

T2 and hybridized to eleven bands in //i/idlll-digested DNA of T2 (Kim, et al., 1995). To 

test the segregation of the Nrsl-2 maiicers, T2 was crossed with an isolate that lacked 

^r57-2-hybridizing bands, and the progeny were scored for the eleven bands. Most of the 

bands exhibited ncmnal Mendelian segregation and they fell into three linkage groups, one 

of which included PDA genes (Kim, et al., 1995). In this case, no novel bands were 

reported. In cross 352, the male parent, 77-5-7, which was a descendant of T2 (Kistler 

and VanEtten, 1984a) carried five Nrsi-2-hybridizing bands. Bands linked to PDA genes 

in T2 included those of size 9.6,6.5 and 1.75 kb, similar in size to those found in 77-5-7. 

The female parent, 86-4-4, which was from a different set of CTosses (Chapter 3) had only 

one Nrsl-2 band (1.8 kb), similar in size to one in 77-5-7. A segregation of one band in 

the single-conidium isolates was observed but also a generation of non-parental bands 

occurred, resulting in loss of the 9.6 kb band. Since the RFLP analysis was done on 

isolates first selected on pea and then chosen on the basis of high virulence on pea 

conclusions carmot be drawn as to the random segregation of the five Nrsl-2 bands in 

cross 352. But since all the single-condium isolates carried PDAl and were highly 

virulent, it is possible that the bands consistent in all these isolates (i. e. 6.5, 2.6 and 1.8 

kb) may represent markers linked with PDAl or other virulence factors. 
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Chapter 3 

Identification of new pisatin demethylase genes (PDAS and PDA9) in 

Neetria haematococea and non-Mendelian segregation of pisatin 

demethylating ability and yirulence on pea due to loss of chromosomal 

elements 

Abstract 

Previous studies have shown that field isolates of the wide-host-range pathogenic 

ascomycete, Neetria haematococca Mating Population VI that were highly virulent on pea 

always had the ability to detoxify the pea phytoalexin, pisatin. In addition, linkage between 

high virulence on pea and pisatin demethylating ability (Pda) was never brdcen by 

conventional genetics. In this study, a Pda*^ laboratory isolate that was bred for high 

fertility and high virulence on pea (34-18) was used as the recurrent parent in a series of 

backcrosses, in order to further test the association of virulence on pea with Pda, by 

generating near isogenic lines that vaiied in the atnlity to detoxify the pea phytoalexin, 

pisatin (Pda). However, most of the progeny from these backcrosses were low in 

virulence on pea regardless of their Pda phenotype. Additionally, tetrad analysis gave 

conflicting ratios for Pda. Although 34-18 was Pda"^, in one cross Pda was not inherited 

by the progeny, in two crosses tetrad ratios for Pda suggested that 34-18 had one PDA 

gene and in two crosses, tetrad ratios indicated that 34-18 had two PDA genes. Southern 

analysis of 34-18 and progeny showed that 34-18 carried a gene homologous with PDAl 

(PDAl-2), two new PDA genes, PDAS and PDA9 and that all three genes could be lost 

Electrophoretic karyotyping of 34-18 and progeny showed that PDAl-2 was on a 1.5 Mb 
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chrcnnosome in 34-18 and PDAl-2 i^ogeny. Isolates that had lost PDAl-2, lacked the 1.5 

Mb chromoscme, showing that the chromosome was dispensable. PDAS and PDA9 were 

on a 4.9 Mb chromosome in 34-18 but were found cm variably-sized chromosomes, from 

3.5 to 5.7 Mb, in different progeny of 34-18. Loss of PDAS or PDA9 resulted in a 

chnxnoscme of reduced size although the progeny seemed otherwise unaffected in some 

crosses suggesting that the region containing these genes was dispensable. However, 

further genetic analysis of PDAS showed that loss of the PDAS gene could be associated 

with an abenant morphological phenotype and reduced growth rate in the Pda' progeny, 

suggesting that a portion of the chromosome ccmtaining PDAS and PDA9 was non-

dispensable. Further crosses also identified moderately and highly virulent progeny and 

these progeny contained PDAl-2 and/or PDAS and PDA9 suggesting that these PDA genes 

was associated with virulence on pea. Loss of virulence on pea in progeny from the 

ohginai backcross series might have resulted from independent segregation of 

pathogenicity genes unlinked to PDA genes and loss of dispensable chrcxnosomes or 

dispensable portions of chromosomes carrying genes for virulence on pea. 

Introduction 

Genetic analysis of the traits involved in pathogenicity by the broad-host-range 

pathogen, Nectria haematococca Mating Population (MP) VI (anamorph Fusariwn solani), 

has been primarily focused on those presumed to have a rde in pathogenidty c»i pea 

(Holenstein and Defago, 1983; Tegtmeier and VanEtten, 1984a,b; Kistler and VanEtten, 

1986a,b; Mackintosh, et al., 1989; Lasseron-De Falandre, et al., 1991). The trait most 

thoroughly analyzed has been the ability to detoxify the pea phytoalexin, pisatin, (Pda), and 

its relationship to virulence on pea (VanEtten, 1978; VanEtten, et al., 1980; Tegtmeier and 
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VanEtten, 1982a,b; Kistler and VanEtten, 1984a,b; Mackintosh, et al., 1989; Hirschi 

1994). Through genetic analysis, six pisatin demethylase (PDA) genes have been 

identified, PDAI, PDA2. PDA3, PDA4. PDA6-1. and PDA6-2 (Kistler and VanEtten, 

1964a; Mackintosh, et aL, 1989; Miao and VanEtten, 1992a). In these studies, PDAI and 

PDA4 were linked to virulence on pea as highly virulent progeny always contain one of 

these genes (Kistler and VanEtten, 1984b; Mackintosh, et al., 1989). 

A PDA gene (PDAT9), which was cloned from a field isolate (Weltring, et al., 

1988), hyt»idized to the six genetically characterized PDA genes (N^ao, et aL, 1991b) and 

RFLP analysis showed that PDAI, PDA2 and PDA4 could be distinguished from one 

another and frcMn the other three PDA genes (PDAS, PDA6-1 and PDA6-2) (Miao, et al., 

1991b; Maloney and VanEtten, 1994). PDAT9 was also used to demonstrate that the 

unexpected loss of Pda in crosses involving PDA6-1 was because the gene was on a 

meiotically unstaUe, 1.6 Megabase (Mb) dispensable chromosome (Miao, et aL, 1991a). 

In addition. Southern analysis showed that most Pda~ field isolates lacked DNA 

hybridizing with PDA (Miao, etal., 1991b; Hirsdii 1994) and CHEF analysis showed that 

the other five PDA genes were found on chromosomes approximately 1.6 Mb. 

Electrophoretic karyotypes of 11 of 13 Pda~ field isolates exhibited a lack of chromosomes 

in the range of 1.1 to 2.0 Mb (Miao, et al., 1991b) suggesting that other PDA-bearing 

chromosomes may also be dispensable. 

Prior to the cloning of a PDA gene and the develofnnent of molecular techniques 

with filamentous fungi that allowed for the generation of mutants by transformation-

mediated gene replacement, an attempt was made to test the hypothesis that Pda is required 

for high virulence on pea by breeding for near-isogenic lines that varied CHily in the ability 

to degrade pisatin. With this goal in mind, the breeding project reported in Chapter 2 was 

done to generate isolates that were highly virulent on pea and highly fertile in laboratory 

crosses in order to facilitate genetic analysis of traits important for this organism's virulence 
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on pea. An isolate from this breeding prcgect, 34-18, was chosen to initiate a series of 

crosses in which it served as the Pda*^, highly vinilent recurrent parent, backcrossed with 

Pda' progeny. However, most of the progeny from these crosses were low in virulence, 

regardless of Pda phenotype, and tetrad and random ascospore ratios for Pda were 

contradictray, making it difficult to interpret the genetic control of this trait Because the 

high virulence tiait was not being inherited by the progeny, and because crosses from other 

field isolate backgrounds were resulting in highly virulent, Pda'*' isolates (Kistlo* and 

VanEtten, 1984a,b), analysis of the backcross series was discontinued in 1984. However, 

a tentative conclusion that a new PDA gene, PDAS, was present in 34-18 was made and 

subsequently verified by molecular means (Malcmey and VanEtten, 1994). 

With the clcxiing cf &e PDAT9 gene (Weltring, et. aL, 1988) and the knowledge 

tiai.PDA6-J was cxi a dispensable chromosome (Miao, et aL, 1991a), the results from the 

backcross series were reexamined in the present study. Genetic, Southern and CHEF 

analyses woe used to characterize the PDA genotype of 34-18, to elucidate the reasons for 

the ccxiflicting ratios fen* Pda previously obtained in the baclo^oss series, and to provide a 

possible exfrfanation for the loss of virulence observed in the progoiy from these crosses. 

In addition, the results of the original study which lead to the conclusion that 34-18 

contained PDAS are presented in this chapter. 

Materials and Methods 

Growth and maintenance of fungal isolates: TaUe 3.1 simrniarizes the 

characteristics of N. haematococca MPVI isolates used in this study. Maintenance of 

wcnrking cultures, IcHig term storage of isdates, and the numbering system for fungal 

isolates were as described in Chapter 2. 



Table 3.1: Isolates of Nectria haematococca MP VI used as parents for crosses In this study 

Isolate Pda PDA Mating Perithecia Vinilence 
Number Phenotype Genotype Sex" Type Cdor'' on Pea (mm)® Source 

Breeding for Near Isogenic Lines 
34-5 n(P nd M MAT-1 nd 16.3 ±3.3 (15)® Ch£^)ter 2 
34-18 + PDA1,PDA5.PDA9 M MAT-1 white 17.5 ± 7.1 (378) Chapter 2 
34-19 nd nd M MAT-1 nd 16.4 ±2.1 (13)" Chapter 2 
34-26 nd nd M MAT-1 nd 16.6 ± 0.5®^ Chapter 2 
34-41 nd nd M MAT-1 nd 16.6 ± 1.0(13)® Chapter 2 
34-42 nd nd M MAT-1 nd 17.4 ± 0.5®^ Chapter 2 
44-46 nd MF MAT-2 red 1.28 KJstlerand VanEtten, 1984a 
55-4-4 - None MF MAT-2 red 4.5 ± 2.3 (22) This study 
55-8 None MF MAT-2 red 3.6 ± 2.0 (125) This study 
86-61 None MF M A T 2  red 3.3 ±3.4 (104) This study 
105-18 - None MF MAT-2 red 2.8 ± 1.5 (73) Tegtmeier and VanEtten, 1982b 
166-11-3 - None MF MAT-2 while 3.7 ± 1.8(15) This study 
166-18-4 - None MF MAT-2 white 4.0 ±2.0 (128) This study 
166-22-1 - None MF MAT-2 red 4.4 ± 2.3 (235) This study 

PDA Allelism Test Crosses 
55-39 + PDAS^ MF MAT-1 red This study 
62-20 + PDA3^' MF MAT-2 red Kistler and VanEtten, 1984a 
77-10-2 + PDAl^' MF MAT-2 red Kistler and VanEtten, 1984a 
86-19 + PDA5^ MF MAT-2 white This study 
94-1-6 + PDAI^' MF MAT-2 red Kistler and VanEtten, 1984a 
96-17 + PDA2^' MF MAT-2 red Kistler and VanBten, 1984a 



Isolate Pda PDA Mating Perithecia Virulence 
Number Phenotype Genotype Sex" Type Color'* on Pea (mm)'' Source 

159-5-1 + PDAl^ M MAT-2 nd This study 
159-5-2 + PDAS^ MF MAT-1 red This study 
159-5-3 + PDAS^i MF MAT-1 red This study 
159-5-4 + PDAI^ M MAT-1 nd This study 
159-5-5 + PDAS^ MF MAT-2 red This study 
159-5-8 + PDAl^^ M MAT-1 nd This study 

Analvsis of PDAS 
55-4-5 PDAS M MAT-1 nd 3.6 ± 1.5 (22) This study 
55-5-1 + PDAS MF MAT-2 red 3.1 ±2.2^ This study 
86-2-1 + PDAS, PDA9 MF MAT-2 red 10.8 ±4.4 (31) This study 
86-2-6 + PDAS, PDA9 MF MAT-1 white 8.9 ±4.4 (101) This study 
86-4-4 + PDAS. PDA9 MF MAT-2 red 9.1 ±4.78 This study 
98-2-3 + PDAS MF MAT-2 white 5.5 ± 3.5(117) This study 
166-18-5 + PDAS MF MAT-1 white 4.8 ± 2.9^ This study 
166-18-7 + PDAS MF MAT-1 white 6.4 ± 2.9 (25) This study 
166-18-8 + PDAS MF MAT-2 red 5.5 ± 2.0 (38) This study 
308-1-1 + PDAS MF MAT-1 white 4.3 ± 2.3 (45) This study 
308-2-3 + PDAS M MAT-2 nd 6.8 ± 1.1 (6) This study 
308-3-1 + PDA5,PDA9 MF- MAT-2 white 6.6 ± 3.4 (35) This study 
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indicates that iscriate can act as male in a cross with a compatible 
isdate. "P" indicates that isolate can act as female in a cross with a ccsnpatible 
isolate. ^Wild Qpe perithecia color is red, mutant phenotype is white. 

^ean lesion length was determined by the "test tube" assay (VanEtten, et 
al., 1980). The number of plants assayed is indicated in parenthesis. Lesions were 
measured six days following inoculation, except mean lesion lengths denoted with 
"e" which indicates that lesions were measured four days after inoculation. 

= not determined 
^First reported in Chapter 2. 
^Reported in Kistler, 1983. 
'̂ Genotype of PDA genes as detennined by conventional genetic analysis. 

'Indicates that the PDA genotype was detennined genetically by Kistler and VanEtten 
(1984a). PDA genotype confirmed by Southern analysis by ^Maloney and VanEtten 
(1994) and "^n this study. 
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Crosses: Crosses (Table 3.2) were performed as described in Chapter 2. For 

crosses numbered 308 and higher, sterile filter paper containing afqiroximately 1 mg of 

linoleic acid was added to crossed cultures in cs-der to increase fertility (Dyer, et al., 1993). 

Crosses 55 through 187 were preformed by P. S. Matthews and crosses 306 and higher 

were performed by D. L. Funnell. Fertility of crosses was sccx^ as described in Chapter 

2. 

Virulence assay: Virulence on pea was determined as described in Chapter 2 

except lesions were measured six days following inoculation, unless otherwise indicated. 

When compariscms were made between virulences of progeny and that of a parent, isolates 

producing mean lesion lengths within one standard deviation of the highly virulent parent 

were considered highly virulent while progeny producing mean lesion lengths within one 

standard deviation of the low virulence parent were considered to be low in virulence. 

Progeny producing mean lesion lengths greater than one standard deviation above that of a 

parent were considered more highly virulent than that parent Progeny producing mean 

lesion lengths less than one standard deviation below that of a parent were considered less 

virulent than that parent 

Assay for sensitivity to pisatin and pisatin demethylating ability: Two 

assays were used to meastire Pda. The first was a radial growth bioassay and, although 

m<M:e laborious, allowed a measurement of pisatin sensitivity as well as of Pda (Tegtmeier 

and VanEtten, 1982b). Briefly, agar plugs were taken from a two day culture, prepared by 

sfn'eading a conidium suspension cm peptone-glucose (PG) agar medium (Martin, 1950), 

then placed on the edge of culture plates containing one ml of PG with either 2% 

dimethylsulfoxide (DMSO) or 168 mg (3-0-methyl-^^C)-pisatin (2 x 10^ dpm/(unol) and 

2% DMSO. After four or five days, the percent inhilntion by pisatin was determined by 

comparing the radii of colonies grown on PG with and without pisatin. Pisatin 

demethylating ability was measured by monitoring the loss of from the cultures 



Table 3.2: Crosses 

Cross Number Parents® 

Breeding for near-isogenic lines: 
55 105-18x34-18 
57 105-18 x 34-5 
58 105-18 x 34-19 
59 105-18 x 34-19 
60 105-18 x 34-41 
61 105-18x3442 
86 55-8 x 34-18 
98 86-61 X 34-18 
166 55-4-4x34-18 
187 44-46 x 34-18 
308 166-18-4x34-18 
309 Repeat of cross 86 
310 Rq)eat of cross 98 
312 166-22-1x34-18 
313 166-11-3x34-18 

PDA Allelism Tests: 
157 86-19x94-1-6 
159 55-39x94-1-6 
161 55-39x159-5-5 
162 55-39 X 159-5-1 
163 159-5-5 X 159-5-4 
164 159-5-3 X 159-5-5 
165 159-5-3 x 94-1-6 
180 55-39 X 62-20 
181 55-39 X 96-17 
182 77-10-2 X 159-S4 
306 77-10-2 X 159-5-8 
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Cross Number Parents® 

Analysis of PDAS: 
314 308-1-1x86-2-1 
316 98-2-3 x 34-18 
320 55-5-1 X 55-4-5 
321^ 55-5-1 X li56-18-5 
322 166-18-5x508-3-1 
323'' reciprocal of cross 321 
324 166-18-8 X 86-2-6 
325 reciprocal of cross 324 
326 98-2-3 x 55-4-5 
327 308-1-1x308-2-3 
330 166-18-5 x 308-2-3 
331 98-2-3 X 166-18-7 
333 86-2-6 X 86-4-4 
334 reciprocal of cross 331 
335 reciprocal of cross 314 
337 reciprocal of cross 322 

^Isolate listed first acted as the female, the 
second isolate acted as the male, ^n the reciprocal 
cross, the same isolates serve as parents but the 
second isolate acted as the female and the flist isolate 
acted as the male. 

''First reported in Ch^ter 2. 
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(Tegtmeier and VanEtten, 1982b). The second Pda assay was the "Pda vial assay" 

(Mackintosh, et aL, 1969) which was used to determine Pda in crosses 306 and higher. In 

this assay, fungal isdates were grown directly in scintillation vials prepared with 250 ml 

PG containing 16 mg of (3-O-methyl-^^) pisatin (8-10 x 10^ dpni/|imol), and 2% 

DMSO. Cultures were grown in the dark, 27° C for at least six days and pisatin 

demethylating ability was determined as above (Mackintosh, et al., 1989). The radial 

growth bioassay was also used to compare normal growth rates of Pda~ progeny with those 

d" their Pda'*' parents in crosses analyzing the inheritance of PDAS. For these 

measurements, DMSO and pisatin were not added to the media. 

Preparation of genomic DNA: Genomic DMA was prepared as described in 

Chapter 2. 

CHEF analysis of chromosomal DNA: Preparation and treatment of 

protoplasts to extract chromosomal DNA was essentially as described by Miao, et al. 

(1991b) except that 5 mg Murienase (United States Biochemical, Cleveland Ohio)/ml 

osmoticum was used, instead of 8 mg Novozyme 234 (Novo Industries), to obtain 

protoplasts from fungal mycelium. 

Chromosomal DNA was resolved by one of the following protocols. For 

chromosomes less than 1.9 Mb, gels of 0.7% agarose were run in 0.5 TBE buffer (89 Mm 

Tris-borate Ri 8.3,25 Mm HDTA) with a ramped pulse time erf" 90 to 180 seconds for 33 

hours at 150 V and 17® C using a Pulsaphor Hectrophoresis Unit (Pharmacia, Bromma, 

Sweden) (Orbach, et al., 1996). For chromosomes from approximately 0.5 Mb to 

approximately 6.0 Mb: gels of 0.6% agarose (SeaKem Gold, FMC BioProducts, 

Rockland, ME) were run in 0.28 TBE with a 20 to 60 minute ramped pulse time for 168 

hours at 45 V and 12° C with an included angle of 120® (Kistler and Benny, 1992) using a 

CHEF DRIII Pulsed Field Electrophoresis Systems (Biorad Laboratories, Inc., Hercules, 

CA). 
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Southern analysis of genomic and chromosomal DNA: EMgesticm and 

size fractionation of genomic DNA was done as described in Chapter 2. Lambda/HindWl 

[X DNA was purchased frcm Bethesda Research Laboratcdes (BRL) Gaithersburg, MD] 

and 1 kb ladder (BRL) were used as molecular markers. Restriction endonucleases were 

also purchased frcxn BRL. Transfer of DNA from genomic DNA gels and chromosomal 

(CHEF) gels to membranes and piehybridization, hybridization with ^^P-labeled probes, 

and washing of membranes were as described in Chapter 2. 

The PDA-specific gene probe ("SacB"; see Rgure 1.2) was labelled as described in 

Chapter 2. When DNA from the 1.5 Mb chromosome of 34-18 was used as a probe, the 

small chromosomes were first resolved in CHEF gels as above except low melting point 

(LMP) agarose (ultraPURE, BRL) was used. Extraction of the chromosomal DNA 

representing the 1.5 Mb chromosome was done as described by Miao, et cd., 1991a. For 

isolation of DNA from the 4.9 Mb chromosome of 34-18, the chromosome was resolved 

as above except using a 0.6% LMP agarose gel r\m in 0.5 TAE buffer (TAE is 0.04 M 

Tris-acetate, 0.001 M EDTA). To label DNA extracted from CHEF gels, the reaction 

volume was doubled (S. F. Covert, personal communication). Prehybridization conditions 

were as described in Chz^ter 2 except salmon sperm DNA was added to a concentration of 

10 mg/ml of hybridization buffer (S. F. Covert, personal communication). The membrane 

was incubated with the labeled probe for at least 36 hours, and the hybridized membrane 

was washed twice, for 15 minutes each, in 2 X SSC/0.1% sodium dodecyl sulfate (SDS) 

(1 X SSC is 150 mM sodium chloride, 15 mM sodium citrate) preheated to 65® C. The 

membrane was then washed once for 10 minutes in 1 X SSC/0.4% SDS/2 mM sodium 

pyrophosphate preheated to 65° C, then washed for 10 minutes with 0.1 X SSC/1% SDS/2 

mM sodium pyrophosphate preheated to 65° C. 

Source of chemicals: Chemicals used were obtmned as described in Chapter 2. 
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Results 

I. Backcrossing for near-isogenic lines and inheritance of Pda and 

virulence as determined by conventional genetic analysis. 

a) Backcross series and inheritance of virulence on pea verses Pda. 

1) Inheritance of vinilence. All Pda" field isolates and cross progeny are low in 

vimlence but can nonetheless vary in their virulence Qesion lengths from 0.0 mm (Kistler, 

1983) to 7.8 mm (this woric)]. The most virulent Pda" isolates available in 1981 were 

crossed with the most virulent and fertile isolates obtained from the breeding project 

described in Chapter 2, as allowed by mating type compatibility and sex. Fertile crosses 

were obtained when the Pda" isolate, 105-18 (Tegtmeier and VanEtten, 1982a) was crossed 

with several breeding project isolates from cross 34 (crosses 55 and 57 through 61), and 

when 34-18 was crossed with the Pda" isolate, 44-46 (Kistler and VanEtten, 1984a) (cross 

187) (Table 3.2, Figures 3.1 and 3.2). Both 105-18 and 44-46 came from different genetic 

backgrounds than each other and the Pda'*' parents. Frcxn each of cross 55 and 57 through 

61, nine to twenty random ascospore progeny were tested for virulence on pea (Figure 

3.2a). Most progeny had mean lesion lengths similar to that of the Pda" parent, 105-18, 

and none of the progeny were as virulent on pea as the highly virulent parents. The results 

were essentially the same when the 34 progeny from cross 187 were tested for virulence 

(Figure 3.2b). 

Since previous studies (Tegtmeier and VanEtten, 1982b; Chapter 2) indicated that 

virulence cm pea in N. haematococca was inherited in a polygenic fashion, it was 

anticipated that jMogeny with higher virulence could be obtained if Pda" progeny were 

repeatedly backcrossed to a highly virulent parent, thus generating progeny that were closer 
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Figure 3.1: Cross scheme for breeding for near-isogenic lines that vary only in Pda. 
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Figure 3.2: Virulences of progeny from crosses between highly fertile, highly virulent 

isolates from a laboratory breeding project and low virulence Pda~ isolates. Virulences of 

progeny are indicated by lengths a[ lesions on pea stems as determined by the "test tube** 

assay. Lesicn lengths of parents are indicated by arrows. ^ indicates that the isdate was 

MF parent and o* indicates that the isolate was M. a) Virulences from progeny of crosses 

55, 57, 58, 59, 60 and 61. Lesions were measured six days after inoculaticxi b) 

Virulences frcan cross 187 progeny. Lesions were measured five days following 

inoculation. 
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to being isogenic with the recurrent parent To initiate the backcross series, more progeny 

from cross 55 were analyzed few virulence (Rgure 3.3a) as it was a highly fertile cross 

(4,8) and the initial screen suggested that some of the progeny from this cross might be 

somewhat more virulent then progeny from other crosses (Rgure 3.2a). Thirty-six of the 

38 random ascospore isolates of cross 55 assayed for virulence had lesion lengths similar 

to that of the Pda" parent, 105-18. Both Pda"*" and Pda' progeny were low in virulence. 

None of the progeny were as virulent as 34-18 (Hgxire 3.3a). 

All the progeny (40) from cross 55 were backcrossed with the parents to determine 

sex and mating type and to begin the backcross series. Isolate 55-8 produced a fertile cross 

(4,7) with 34-18, was Pda" and produced larger lesions ihan most of the other Pda" 

progeny that crossed with 34-18. Therefore, this CTOSS (cross 86) was selected to continue 

the backcross series. When random ascospore isolates from cross 86 were tested for 

virulence cm pea, 66 of the 95 progeny had lesion lengths comparable to that of 55-8 

(Rgure 3.3b). These low virulence progeny included Pda"^ and Pda' isolates. Eght 

isolates frcxn cross 86 were as virulent as 34-18 (Figure 33b) and they were all Pda"*". 

The 95 progeny from cross 55 were test-crossed for mating type, sex and fertiUty 

using tester isolates 6-36 and 6-94 (see Chapter 2), and tested for Pda. The Pda" isolate 

86-61 was selected for the next backcross as it was Pda" and produced a fertile cross (cross 

98) with 34-18. When the random ascospore isolates from cross 98 were tested for 

virulence on pea, the distributicxi mean lesion lengths (Rgure 3.3c) was similar to that 

seen in cross 55: 39 of the 41 progeny had lesion lengths similar to that of the Pda' low 

virulence parent, 86-61 and these included Pda"*" and Pda' isolates. None of the random 

ascospore isolates tested were as virulent as 34-18. 

Because a progressive increase in virulence on pea was not occurring in backcross 

progeny, and since tetrad ratios for Pda from cross 98 were contradictory (see below), a 

second backcross line was initiated using a different Pda' isolate from cross 55 (see Figure 
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Figure 3.3: Virulences of progeny from original backcrosses. Virulences of progeny 

are indicated by lesion lengths on pea produced in the "test tube" assay peiformed as 

described in Rgure 3.2. Lesions were measured 6 days fdlowing inoculation. ^ 

indicates that the isolate was MF parent and a* indicates that the isolate was M. a) cross 

55. b) cross 86. c) cross 98. 
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3.1), yielding cross 166. In a preliminary virulence assay of a few isolates from this cross, 

most were low in virulence on pea (data not shown), as was observed with the first 

backcross line. 

2) Pda phenotvpe and sensitivity to pisatin. All isolates fran crosses 55, 86 and 

98 were tested for sensitivity to pisatin, as well as for Pda, and there was an absolute 

correlation between Pda and tolerance to pisatin: all Pda~ progeny were significantly more 

sensitive to pisatin than the Pda"*" progeny, which were highly tolerant of pisatin, as has 

been previously observed in field and labcvatCTy isdates of this cx-ganism (VanEtten et al., 

1980; Tegtmeier and VanEtten, 1982b; Kistler and VanEtten, 1984b; Mackintosh, et al., 

1989). 

3) Inheritance of Pda and identification of PDAS. Initially only random ascospores 

were collected and analysis of the Pda ratios (Pda'̂ iPda") from crosses 55, 86 and 98, 

suggested that the Pda"'" recurrent parent of the backcross series, 34-18, carried one PDA 

gene (Table 33), although there was an excess of Pda" progeny in cross 55. Because only 

8 of the 174 total random ascospore progeny from these three crosses had lesion lengths 

similar to that of 34-18, tetrads were also collected from cross 98 in order to further analyze 

the inheritance virulence and genetic control Pda. When these tetrads were tested for 

Pda, two tetrads were obtained in which the Pda ratio of 0:8 (Pda''':Pda") indicated a 

peculiar control of the Pda"^ phenotype in this cross (Table 3.3). Tetrads were then 

collected from crosses 55 and 86 in order to clarify the inheritance of Pda in these crosses. 

In cross 55 the tetrad ratios for Pda were 4:4 (Pda'̂ tPda"), which suggested that 34-18 

carried one PDA gene, while the 8:0 ratios obtained from cross 86 tetrads suggested that 

34-18 carried more than one segregating gene (Table 33). Because of the conflicting tetrad 

ratios for Pda, a different Pda" isolate from cross 55 (55-4-4) was crossed with 34-18 to 

help clarify the inheritance of Pda, yielding cross 166 (see Figure 3.1). All of the tetrads 

collected from cross 166 had a Pda ratio of 4:4, again consistent with the tetrad 
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ratios from cross 55 and with the random ascospore ratios, further suf^rting that 34-18 

carried one PDA gene. 

In an attempt to identify how many PDA genes were carried by 34-18, and whether 

the genes were the same as those previously described, allelism tests were performed using 

progeny from crosses 55,86 and 98. Most of the tetrad ratios and random ascospore ratios 

for Pda from the backcrosses were contradictory suggesting that 34-18 carried either one or 

two PDA genes, further complicating the aileiism tests. Nevertheless, progeny of 34-18 

were crossed to isolates carrying the then-imown PDA genes, PDAl, PDAl, and PDAS 

(Kistler and VanEtten, 1984a). Preliminary biochemical analysis had shown that the Pda 

activity of 34-18 was readily inducible by pisatin (data tjot shown), similar to the 

phenotype encoded by PDAl and distinct from that of PDA2 and PDA3. However, a test 

cross with a backcross progeny to a PDAl isolate (cross 157) suggested that the gene 

responsible for the readily-inducible phenotype in 34-18 was different from PDAl (Table 

3.4). Therefore, when a test cross was done between another backcross isolate, 55-39, 

and the PDAl isolate, 94-1-6 (Kistler and VanEtten, 1984a) (cross 159), tetrads were 

collected in order to confirm that this gene from 34-18 was unique from PDAl. Although 

one tetrad from cross 159 had an aberrant ratio [2:6 (Pda+rPda")] for Pda, the other tetrads 

suggested that there were two independently segregating PDA genes in the cross (Table 

3.4). Progeny of an 8:0 (Pda'̂ :Pda") tetrad from cross 159 were test-crossed with the 

parents or with one-another (Table 3.4), since it was presumed that each isolate from this 

tetrad would have a single PDA gene. Crosses 161, 162, 163, 164 and 165 indicated that 

progeny 159-5-2, 159-5-3 and 159-5-5 probably carried the gene inherited from 55-39, 

while 159-5-1 and 159-5-4 probably carried PDAl inherited from the PDAl tester isolate, 

94-1-6. However, when 159-5-4 (putatively PDAl) was test-crossed with another PDAl 

isolate, 77-10-2 (Kistler and VanEtten, 1984a) (cross 182), Pda" progeny were obtained 

and aberrant tetrad ratios for Pda [4:4 and 7:1 (Pda'̂ :Pda')] resulted (Table 3.4). When 
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Table 3.4: Allelism test crosses of selected backcross series progeny 

Parents and PDA Tetrads^ Random ascospores 
Cross Genotype (Pda''":Pda') (Pda"'":Pda") (3:1) 

157 86-19 X 94-1-6 30:10 0.00 
(PDAS) ''(PDAl) 

181 55-39 X 96-17 4:4(3) 
(PDA5f(PDA2) 

180 55-39 X 62-20 4:4(1) 
(PDA5f(PDA3) 

159 55-39 X 94-1-6 8:0(2) 
(PDA5f(PDAl) 6:2(1) 

4:4(1) 
2:6(1) 

161 55-39X159-5-5 8:0(1) 47:0 15.47^ 
(PDASfPDASf 

162 55-39 X 159-5-1 20:9 0.56 
(PDASfiPDAlf 

163 159-5-5X159-5-4 8:0(1) 28:8 0.15 
(PDASfiPDAiy 

15.00^ 164 159-5-3 X 159-5-5 45:0 15.00^ 
(PDASf PDASf 

165 159-5-2X94-1-6 35:15 0.67 
(PDASf (PDAI) 

182 77-10-2 X 159-5-4 4:4(3) 32:4 3.55 
(PDAI) (PDAI)" 7:1(1) 

306 77-10-2 X 159-5-8^ 42:3 8.07^ 
(PDAI) (PDAl)"^ 
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^Number in parentheses indicates number of tetrads with same Pda ratios. Expected 
ratio of all tetrads for allelic genes is 8:0 (Pda'̂ ;Pda~). If genes are independently 
se^gating, ratios of 8:0 (Pda"^:Pda"), 6:2 and 4:4 tetrad ratios woe expected. Other Pda 
ratios are considered "unexpected." 

^Assumes a 3:1 (Pda''':Pda') ratio for two independently segregating genes with the 
same phenotype. 

^PDA genotype determined from test crosses in this seiies. ^ and ^ indicate that PDA 
genotype had been confirmed by molecular analysis by ^Maloney and VanEtten (1994) and 

®this study. 
^ghly significant at P<0.01. 
^Ascospcwe twin of 159-5-4. 
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leanalysis of the badccross series began, this cross was repeated using the ascospore twin 

of 159-5-4,159-5-8, (cross 306) and, again, Pda" progeny were obtained (TaWe 3.4). 

Test crosses of 55-39 with isolates carrying PDA2 and PDA3 (crosses 181 and 

180, respectively) were consistent with the PDA gene cairied by 55-39 being ncm-allelic 

with PDA2 and PDAS (Table 3.4). Mackintosh, et al. (1989) identifled another readily-

inducibie PDA gene (PDA4), which was shown to be different from the PDA gene in 34-

18 (Mackintosh, Matthews and VanEtten, unpublished results). Therefore, the PDA gene 

in 55-39 was tentatively ccmcluded to be a new PDA gene and was designated as PDAS. 

Subsequently, Miao and VanEtten (1992a) showed that PDAS was also distinct from 

PDA6. Therd'cve, from genetic analysis it was concluded that 34-18 carried at least one 

PDA gene (PDAS), which was a new PDA gene and was found as the only PDA gene in 

55-39 and tetrad isolates such as 159-5-3. 

b) Repeat cf selected crosses of the original backcross series. Crosses 86 and 98 

were repeated (crosses 309 and 310, respectively) in order to confirm the previous results. 

Since previous genetic studies on the inheritance erf* traits involved in virulence on pea 

showed an unbroken association of high virulence on pea with Pda, only Pda**" progeny in 

the repeats of the previous crosses were tested for virulence on pea. For cross 309, the 

results obtained were similar to those obtained with the Pda"*" and Pda" progoiy from 

analysis of the original cross, cross 86 (compare Hgures 3.3b and 3.4): nine of the 26 

Pda"^ progeny from cross 309 were as low in virulence as the Pda" parent, 55-8, and five 

of the 26 Pda"*" progeny were as virulent as the Pda"*" parent A few of the Pda"^ progeny 

from cross 310, repeat of cross 96, were also tested for virulence on pea but they had mean 

lesion lengths (2.9 to 6 mm) similar to that of the Pda" parent, 86-61 (data not shown), as 

had been observed with most of the Pda"*" and Pda' progeny of cross 98 (Rgure 3.3c). 

Therefore, the virulences of the Pda"^ progeny tested from crosses 309 and 310 were 

similar to those observed in isolates frcmi the original backcrosses 86 and 98. 
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Figure 3.4: Virulences of progeny from cross 309, repeat of cross 86. Virulences of 

progeny are indicated by lesion lengths on pea produced in the "test tube" assay performed 

as described in Rgure 3.2. Lesions were measiire 6 days following inoculation. ^ 

indicates that the isolate was MF parent and or" indicates that the isolate was M. 
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The Pda ratios of the random ascospore progeny from the repeated crosses 309 and 

310 were essentially the same as those previously obtained in crosses 86 and 98 and 

omsistent with 34-18 having one PDA gene (Table 33). One tetrad was obtained frcxn 

cross 309 (repeat of cross 86) and the Pda ratio of 4:4 (Pda''":Pda') was not inconsistent 

with 34-18 carrying either one or two PDA genes. The Pda ratios of progeny from the 

repeated crosses confirmed what was previously observed in the original backcrosses but 

did not further elucidate the genetic control of PDA in 34-18. 

c) Further analysis of the inheritance of virulence on pea and Pda using isolates 

from the original backcross series. 

1) Inheritance of virulence in additional backcrosses and in crosses between Pda"^ 

backcross isolates. Inhmtance of virulence and Pda was further analyzed by extending the 

second backcross line which began with cross 166. Pda~ isolates from cross 166 were 

crossed with 34-18, yielding the second generation backcrosses, 308 and 312. Because of 

the unbroken genetic association between high virulence on pea and the Pda"*" phenotype, 

the Pda"^ progeny from cross 308 were assayed for virulence (Rgure 3.5a). The patterns 

obtained were again similar to those seen from other backcrosses, although a different Pda~ 

parent was being used. Twenty-four of the 41 Pda"^ progeny were as low in virulence as 

the Pda" parent, 166-18-4, and five isolates were as virulent as 34-18. The distribution of 

mean lesion lengths of Pda"^ progeny from cross 308 was similar to the distributions 

observed in other backcrosses, even those that included Pda' isolates in their analysis (see 

Figure 3.3). 

Forty-four Pda"^ and Pda" progeny from cross 312, another second generation 

backcross from the second line, were also tested for virulence on pea (Figure 3.5b). High 

virulence on pea appeared to be inherited by more of the progeny tested from backcross 

312 than in other backcrosses. Seventeen of the 44 tested progeny were as low in 

virtilence as the low virulence Pda" parent, 166-22-1, and these included Pda"*" and Pda" 
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Figure 3.5: Virulences of progeny from crosses done to further analyze backcross series 

isolates. Virulences are indicated by lesion lengths, determined as in Figure 3.2. Lesions 

were measured 6 days following inoculation. ^ indicates that the isolate was MF parent 

and o" indicates that the isolate was M. a) Cross 308 (second backcross from the second 

line) Pda+ progeny, b) Cross 312 (second backcross from the second line) progeny, c) 

Cross 316: a cross between two Pda+ isolates, d) Cross 333: a cross between two Pda+ 

isolates. 
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isolates, but 18 of 44 progeny from cross 312 had lesion loigths similar or greater than that 

of the high virulence parent, 34-18 and three of these progeny were significantly more 

virulent than 34-18. All of the highly virulent progeny were Pda"*". However, most of the 

progeny frcrni cross 312 were Pda"*" as all the random ascospore progeny from one 

perithecium of cross 312 were Pda"*" (see below). When tetrad progeny from all the 

backcrosses were assayed for virulence on pea, most were low to moderately low in 

virulence (data not shown), as had been observed with most of the random ascospore 

progeny. However, in cross 312, in which many highly virulent fHxsgeny were recovered, 

the high virulence trait cosegregated with the Pda"*" phenotype in tetrad progeny (Table 

3.5). The inheritance of virulence observed in cross 312 was in contrast to the scarcity of 

highly virulent progeny identified in the other backcrosses. 

Crosses were also done between Pda"^ backcross isolates, to determine whether the 

vimlence trait would be inherited more readily if both parents were Pda"*". It would have 

been most desirable to cross highly virulent isolates from within the backcross series; 

however, as had been previously observed with field and laboratory isolates of N. 

haenujtococca (unpublished; chq>ter 2), all but csie of the few highly virulent isolates then 

available were female sterile (M) and most were of the same mating type (MAT-1), 

although amcmg low and moderate virulence backcross series isolates, there were isolates 

of either mating type, female fertile (MF) as well as M and they tended to produce more 

fertile crosses (data not shown). 

In a cross between the Pda"*" backcross series parent, 34-18, and the low virulence, 

Pda"^, backcross progeny, 98-2-3, (cross 316) the distribution of mean lesion lengths of 

the progeny was skewed towards that of the low virulence parent as had been observed in 

most of the backcrosses (see Rgures 3.3b, 3.4 and 3.5c). Although both parents from this 

cross were Pda"^, two Pda" progeny were recovered, and both were similar in virulence to 

the low virulent parent (Rgure 3.5c). Seventeen of the 28 progeny tested had mean lesion 

\. 



Table 3.5: Segregation of Pda and virulence on pea in 
tetrads from cross 312 

Isdate Pda Mean Lesion Length (mm)^ 

Progeny. 
312-1-1 - 4.4 ±2.0 (24) 
312-1-2 - 4.1 ±2.3 (18) 
312-1-3 + 22.6 ±3.7 (11) 
312-1-4 + 21.2 ± 1.7(11) 
312-1-5 + 25.1 ±2.9(14) 
312-1-6 - 4.4 ± 1.3 (14) 
312-1-7 - 5.5 ±0.8 (12) 

312-2-2 24.5 ±4.9 (12) 
312-2-3 + 13.4 ± 5.8 (30) 
312-2-4 + 7.9 ± 2.5 (7) 
312-2-5 + 22.9 ±6.1 (11) 
312-2-6 + 8.4 ±2.3 (14) 
312-2-7 + 9.9 ± 1.7(11) 

Parents: 
34-18 + 19.2 ± 6.9 (37) 
166-22-1 - 5.4 ± 1.3 (32) 

^Each isolate was tested in at least two assays. Numbers in 
parentheses indicate the number of peas assayed. Mean lesion lengths 
of parents were determined in same assays as progeny. 
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lengths similar to that of the low virulence parent, 98-2-3, while nine of the isolates had 

mean lesion lengths similar to that of 34-18. In cross 333, the parents, 86-2-6 and 86-4-4, 

pnxluced lesicms of similar sizes on pea (see TaUe 3.1). The (xiginal purpose of this cross 

was to test the inheritance PDAS, carried by both parents, (see below) but because both 

parents were more virulent than Pda' isolates, the progeny were assayed for virulence. All 

of the progeny from this cross were Pda"^. The lesicHi lengths of most of the progeny were 

similar to those of the parents (Rgure 3.5d). Two of the 19 progeny were significantly 

less virulent than the parents while one isolate (333-19) was significantly more virulent 

than both parents. 

In conclusion, the inheritance of virulence in the backcross series and in crosses 

between backcross series isolates appeared to be dependent on the parents involved, but in 

all crosses, progeny with virulence as high or higher than the most virulent parent was rare. 

Although there were relatively few highly virulent progeny obtained in the backcross 

series, all were Pda"'", as has been previously observed for N. haematococca (Tegtmeier 

and VanEtten, 1982b; Kistler and VanEtten, 1984b; Mackintosh, et al., 1989). 

2) Inheritance of Pda in additional backcrosses. The Pda ratios were determined 

for the random ascospore progeny from backcrosses 308 and 312 and another second 

generation backcross, 313. The Pda ratio of the random ascospores from cross 308 was 

consistent with a 1:1 (Pda"^:Pda") ratio (Table 3.3), as was observed in the original 

backcrosses and the repeats of these backcrosses, further indicating that 34-18 carried one 

PDA gene. However, the Pda ratio for the random ascospores from cross 313 was 

consistent with a 3:1 (Pda"^:Pda") ratio (Table 3.3), suggesting that there were two 

independently segregating PDA genes in 34-18. The Pda ratio of the randcnn ascospores 

from cross 312, also a second generatioi, second line backcross, did not support either 

assumption of one or two PDA genes in 34-18, as zdl 57 random ascospores collected from 

one perithecium were Pda"*", although markers such as mating type and PDA genes (see 
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below) were segregating. However, if one disregards these 57 random ascospores, the 

resulting ratio of 12:5 (Pda"'":Pda') is not inconsistent with a 3:1 ratio for Pda = 0.18). 

Tetrad ratios for Pda from cross 308 [6:2 (Pda^:Pda')] indicated that there were 

two independently segregating genes in 34-18, thus supporting the previously obtained 

results from tetrad analysis of cross 86, while the tetiad ratio of 4:4 in cross 312 was not 

inconsistent with there being either one or two PDA genes in 34-18. 

The tetrad and random ascospore ratios for Pda from the backcross series suggested 

that abnormal (non-Mendelian) segregation of PDA genes was occurring in at least some of 

these crosses. Such abnormal segregation of genes may have also affected the inheritance 

of other virulence genes, thus resulting in a loss of virulence in most of the progeny from 

most of the crosses. 

II. Molecular analysis of PDA genotypes of 34-18 and Its progeny and 

reevaluation of Pda segregation patterns. 

a) Molecular characterization of PDA genes of 34-18: Previous worlc had shown 

that Southern analysis of Xhol/BamHl-digested N. haematococca genomic DNA, 

hybridized with a gene-specific fragment of a cloned PDA gene (*5acB") (Weltring, et al., 

1988; Maloney and VanEtten, 1994), yielded single hybridizing bands for each of the 

genetically-characterized PDA genes (Miao, etal., 1991b). In this way PDAS, from tetrad 

isolate 159-5-3, was characterized and when compared with the other PDA genes, was 

shown to be unique (Maloney and VanEtten, 1994). Xhol/BamHl restriction analysis of 

34-18 revealed that this isolate had three PDA-hybridizing bands of 3.2, 6.2 and > 23 kb, 

while 105-18, the Pda" parent used to initiate the backcross series, lacked PDA-hybridizing 

bands (Figure 3.6a). The PDA-hybridizing bands in 34-18 were found as single bands in 

Pda""" progeny of 34-18, allowing characterization of each gene by restriction patterns. 

Such analysis, described below, indicated that the 23 kb band represented PDAS, the 3.2 
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Figure 3.6: Southern analysis of the PDA genes of 34-18. All represented memtn^nes 

were hybridized with a 1.35 kb internal fragment ofPDAT9 (SacB), a specific probe for 

PDA genes (see Materials and Methods), a) Xhol/BamHl-^gested genomic DNA of 34-

18 (PDAl-2, PDAS, PDA9) , 105-18 (Pda"), 86-4-2 (PDAl-2), 308-2-2 (PDAl-2), and 

98-2-3 (PDAS), b) Restriction analysis of genomic DNA from a progeny isolate of 34-18 

carrying only PDAS (98-2-3). c) Restriction analysis of genomic DNA from a progeny 

isolate of 34-18 carrying <Mily PDAl-2 (308-2-1) and a PDAl-1 representative isolate, 94-

1-6. d) Restriction analysis of genomic DNA from a progeny isolate of 34-18 carrying 

only PDA9 (308-3-3). B - Ban&^\ E = £c»RV; P = PsA, S = Sall;X= Xhol. 
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kb band represented a gene similar to or homologous with PDAl, and the 6.2 kb band 

represented a previously uncharactoized PDA gene, which has been designated as PDA9. 

The 23 kb XAoI/SomHI PDA-hybridizing band erf" 34-18 appeared as the only 

PZ>A-hybridizing fragment in a number of Pda"^ progeny of 34-18 (for examfde, Rgure 

3.6a, 98-2-3) in addition to 159-S3, which was first used to characterize this gene. When 

these isolates were further analyzed by digesting DNA with EcoRW, Pstl and Sail they 

showed the characteristic restricti(xi patterns for PDAS (Rgure 3.6b). DNA from these 

isolates digested with EcoRV had a 1.4 kb PDA-hybridizing band and less-intense bands at 

3.2 and 7 kb. P^d-digested DNA had PDA-hybridizing bands at 1.8 and 11 kb and SaH-

digested DNA had a PDA-hybridizing band at 2.2 and 19 kb which are diagnostic for 

PDAS (Maloney and VanEtten, 1994). 

A 3.2 kb XhollBaniHl PDA-hybridizing band is characteristic of PDAl (Miao et 

al., 1991b; Maloney and VanEtten, 1994) (Rgure 3.6a; 86-4-2, 308-2-2) and this size 

fragment was also found as the single band of a number of Pda"^ progeny of 34-18. DNA 

from Pda"^ backcross progeny that carried only the 3.2 kb PDA-hybridizing band was also 

digested with Pstl, fiiwRV and Soil as these enzymes will distinguish PDAl frcsn other 

PDA genes (Maloney and VanEtten, 1994) (Figure 3.6c). The restriction patterns of all 

three digests were the same as those found in 94-1-6, the PDAl isolate used in the allelism 

tests (Figure 3.6c). A strcmgly-hybridizing 1.4 kb band and a weaker-hybridizing band at 

4.2 kb were found in EcoRV-digested DNA, 3.5 and 1.6 kb bands were found in Pstl-

digested DNA, and a 2.2 kb strongly-hybridizing band and a weaker 12 kb hybridizing 

band were found in 5a/I-digested DNA from PDAl progeny of 34-18 and 94-1-6. Since 

the PDAl genes from 94-1-6 and 34-18 are fron different field isolate backgrounds 

(Kistler and VanEtten, 1984a; Chapter 2) they will be designated as PDAl-1 and PDAl-2, 

respectively, based on similarities in restriction patterns, although it is not known at this 

time whether the two genes are allelic. 



129 

The 6.2 kb PDA-hybridizing XhollBanH^ fragment in 34-18 represented a gene 

that was identifled as a single band in one backcross isolate, 308-3-3. Further restriction 

analyas of 306-3-3, using EcdRSl, Pstl, and Soil, the enzymes that were used to 

distinguished the PDA-hylndizing genes from 34-18, indicated that 306-3-3 carried a 

unique PDA gene (Hgure 3.6d), which has been designated as PDA9. The fboRV digest 

resulted in a strongly-hybridizing band at 1.4 kb, as observed with PDAl and PDAS. 

However, the 10 and 1.4 kb PsA bands and the 9 and 1.8 kb SdR. bands cleariy distinguish 

this gene from PDAl and PDAS as well as the other genetically characterized PDA genes 

(Maloney and VanEttra, 1994] Hirschi, 1994). 

b) Interpretation of the inheritance ofPda in the backcross series. 

1) The PDA genes of 34-18 can segregate independently. If two or more 

the PDA genes found in 34-18 segregated independently, tetrad ratios for Pda of 8:0 

(Pda''":Pda'), 6:2 and 4:4 could result It was clear that PDAJ-2, PDAS and PDA9 could 

segregate as they were found as sin^e genes in progeny 34-18 (see Hgure 3.6). But, in 

addition, the tetrad patterns predicted above were also found. For example, when 34-18 

(PDAl-2, PDAS, PDA9) was crossed with Pda~ isdates, if the genes did not segregate, 

only the parental types would be recovered, which would result in a 4:4 tetrad. If, for 

example, PDAS and WMP segregated from PDAl-2, as detennined by Southern analysis 

using the SacB probe on XAoI/fiamHI-digested genomic DNA from tetrad progeny, an 8:0 

tetrad could result (Rgure 3.7: 86-2-1, 86-2-2, 86-2-4, 86-2-6), If the genes recombine, 

and parental types {PDAl-2, PDAS, PDA9 and Pda") and non-parental types (i. e. PDAl-2 

and PDAS, PDA9) resulted from the progeny cS a tetrad, this would give a 6:2 tetrad ratio 

for Pda. Thus, independent segregation of two or more of the PDA genes of 34-18 could 

account for the tetrad ratios for Pda obtained in the backcross series. 

2) The PDA genes of 34-18 can be lost during meiosis. The genetic studies 

had shown that the Pda"*" phenaype, attributed to the PDA genes segregating in the 
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Figure 3.7: Independent segregation of PDA genes. Southern analysis of 

JifAoI/fiamHI-digested genomic DNA using SacB as a probe (see Materials smd Methods). 

86-2-1 (PDA5. PDA9), 86-2-2 (PDAl-2), 86-2-4 (PDAl-2), 86-2-6 (PDAS, PDA9)\ 86-

70 (PDAl-2, PDA9), 98-1-5 (PDAl-2. PDAS). 
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backcrosses, could unexpectedly be lost The most dramatic example was the loss of 

activity of all three PDA genes in two tetrads from cross 98, between 34-18 and 86-61 

(Pda"), in which only Pda" progeny resulted (Table 33). Three of the four products of 

meiosis from one of these tetrads (tetrad 6) were recovered from long-term storage and 

Southern analysis showed that there was no hybridization with SacB to the DNA from 

these progeny (Rgure 3.8a) indicating that all three genes, PDAl-2, PDAS and PDA9, had 

been lost from at least one of the products of meiosis. 

When Southern analysis was done on X/ioI/0amHI-digested genomic DNA from 

4:4 (Pda"*":Pda') tetrads from cross 166 and 308, in which one parent (34-18) carried all 

three PDA genes, the only 5acB-hybridizing band that was present was a 23 kb PDA-

hybridizing band, characteristic of PDAS, in Pda"*" progeny, indicating that PDAl-2 and 

PDA9 were lost in these tetrads (Rgure 3.8b). A screen of Pda"*" progeny from 9 tetrads 

from crosses 55 and 166, which yielded only 4:4 tetrads, showed that these progeny 

carried only PDAS (data not shown) again suggesting that PDAl-2 and PDA9 had been 

lost It appeared that PDAl-2 and PDA9 may have been lost at a high rate in some of these 

crosses, which would account for the 4:4 (Pda'̂ :Pda') tetrad ratios of crosses 55 and 166, 

and the 1:1 random ascospore ratios of crosses 86,98,308,309 and 310. 

3) Inheritance of Pda in crosses between PDAS isolates. To test the 

inheritance of Pda when both parents were Pda"*", crosses between Pda"*" backcross series 

isolates were performed. The parents in these crosses all contained PDAS as the 

inheritance of PDAS was of interest since it was known that PDAS was on a large 

chromosome (Miao, et al., 1991b; this woric), while PDAl-2 was on a relatively small 

chromosome similar in size to the dispensable chromosome containing PDA6-1 (Miao, et 

al., 1991a; this work) and the chromosomal location of PDA9 had yet to be confirmed. 

Additionally, there were numerous P£>A5-containing isolates available that were fertile, of 

either mating type and several that were MF. Progeny from 13 crosses were scored for 
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Figure 3.8: Soutfaem analysis of progeny in which loss of PDA genes is exhibited 

Southern analysis of X/ioI/fiamHI-digested genomic DNA which was probed witliSacB 

(see Material and Methods), a) Three of the four meiotic products (98-6-1, 98-6-2, 98-6-

3, 98-6-4, 98-6-6) from a 0:8 (Pda''":Pda") tetrad and parents 86-61 (Pda") and 34-18 

(PDAl-2, PDAS, PDA9). Prolonged exposure of hybridized membrane to film did not 

reveal any hytnidization in Pda" isdates (data not shown), b) Pda+ progeny from 4:4 

(Pda+:Pda") tetrads (166-18-5,308-4-2,308-4-5) and their Pda+ parent, 34-18. c) Pda" 

progeny from crosses between Pda"*", PDAS parents: 322-7, 335-19, 331-23, 325-3 and 

326-19. Controls: 166-18-8 (PDAS), 86-2-4 (PDAl-2), and 166-11-3 (Pda" isolate from 

backcross). 
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Pda and, out of 713 total progeny, 7 Pda" progeny were recovered from 6 different crosses 

(see Tables 3.1, 3.2 and 3.6a). There were also 5 crosses between Pda"*" parents that 

contained only PDAS, which yielded only Pda"*" progeny (104 total progeny), indicating 

that both parents carried active PDA genes at the same locus on homologous chromosomes 

(Table 3.6a). Southern analysis of genomic DNA from the seven Pda" progeny revealed 

that the Pda" isolates 316-32, 322-7 and 335-19 carried DNA that hybridized with SiacB, 

and 316-67,325-3, 326-19 and 331-25 did not have PDA-hybridizing DNA (Rgure 3.8c 

and data not shown), thus demonstrating that PDAS was lost in at least some of these 

crosses. The four Pda~ progeny that lacked PDA-hybridization had an additional 

morphological {Genotype. The parents in all of these crosses produced an abundance of 

conidia, thus giving them a "slimy" appearance when grown on media such as V8 juice 

agar or Ustilago genetics minimal agar (media M-29 and M-lOO, respectively; Stevens, 

1974). All of the Pda"*" progeny and those Pda" progeny ccHitaining PDA-hybridizing DNA 

had a morphology similar to that of the parents. When the Pda" isolates lacking PDA-

hybridization were grown on the same media they had a mycelial habit, giving them a 

"fluffy" appearance, and formed brown crenulations on the agar surface, which were not 

observed in the parents. When the radial growth rates of the isolates were measured, 

progeny that were Pda" but still maintained PDA-hybridizing bands, grew at a similar rate 

to their parents, while the Pda' progeny that had lost PDA-hybridizing DNA grew at similar 

rates to one another but significantly slower than their parents and slower than any other 

Pda" isolates from this study (Table 3.6b). That this loss of PDA-hybridizing DNA, 

alteration of morphology and reduced growth rate occurred in four different crosses with 

four different sets of parents in which each parent carried PDAS, suggested that a gene(s) 

involved in growth was consistently being lost along with PDAS. However, this altered 

morphology did not occur in progeny from backcross 98 tetrads in which all the isolates 

X 



a. Genetic analysis of PDAS 

Table 3.6: Analysis of PDAS 

Cross Number Parental Parental Progeny Pda Phenolype 
Parents PdaPhenotype PDA Genotype (Pda+iPda") 

314/335 180:1 
308-1-1 + PDAS 
86-2-1 + PDA5,PDA9 

316 66:2 
98-2-3 + PDAS 
34-18 + PDAJ-2,PDA5,PDA9 

320 18:1 
55-5-1 + PDAS 
55-4-5 + PDAS 

321/323 46:0 
55-5-1 + PDAS 
166-18-5 + PDAS 

322/337 205:1 
166-18-5 + PDAS 
308-3-1 + PDAS.PDA9 

324/325 41:1 
166-18-8 + PDAS 
86-2-6 + PDAS,PDA9 

326 15:1 
98-2-3 + PDAS 
55-4-5 + PDAS 

327 20:0 
308-1-1 + PDAS 
308-2-3 + PDAS 



Cross Number Parental Parental Progeny Pda Phenotype 
Parents Pda Phenotype PDA Genotype (Pda+:Pda-) 

330 19:0 
166-18-7 + PDAS 
308-2-3 + PDAS 

331/334 45:1 
98-2-3 + PDAS 
166-18-7 + PDAS 

Other Crosses® 117:0 

b. Biological and molecular characteristics of parents and Pda' progeny 

Isolate Pda Colony Colony Lesion PDA PDi4-hybridizing 
Number Phenotype Morphology Radius (mm)'̂  Length (mm)'' Genotype Chromosome (Mb) 

Parents 
34-18 + P 23.3 ± 0.3 20.1 ±4.9(11) PDA1-2,PDAS,PDA9 1.5,4.9 
55-4-5 + P 24.0 ±0.5 2.4 ± 1.4(11) PDAS 4.2 
86-2-1 + P 23.5 7.1 ±3.4(10) PDAS,PDA9 4.8 
86-2-6 + P 21.3 ±2.3 8.8 ±2.5 (11) PDA5,PDA9 4.9 
98-2-3 + P 23.0 ± 0.0 3.6± 1.8(11) PDAS 4.1 
166-18-5 + P 23.5 3.3 ± 1.5 (8) PDAS 4.2 
166-18-7 + P 23.5 ± 0.5 2.9± 1.5(11) PDAS 4.2 
166-18-8 + P 23.0 5.5 ±2.0® PDAS 3.5 
308-1-1 + P 24.0 3.6± 1.8(11) PDAS 3.9 
308-3-1 + P 23.5 3.3 ± 1.5(8) PDAS 4.2 



Isolate Pda Colony Colony Lesion PDA PD/4-hybridizing 
Number Phenotype Morphology'' Radius (mm)*^ Length (mm)*' Genotype Chromosome (Mb) 

Propenv 
316-32 - P 24 2.9±2.I(II) PdaS 4.1 
316-67 - NP 8.3 ± 0.3 3.0 ± 1.7(11) None None 
322-7 - P 21.5 2.6 ±1.4(11) PdaS 4.1 
325-3 - NP 9.3 ± 0.3 2.2 ± 1.0(11) None None 
326-19 - NP 8.3 ± 0.8 2.0±1.3(11) None None 
331-23 - NP 9.5 ±0.0 2.0 ± 1.2(10) None None 
335-19 - P 23 3.0 ±2.0 (11) Phdb 4.1 

Pda" Control 
86-61 - P 24.0 ±0.0 2.9 ±1.3 (11) None None 

"In these crosses, both parents carried PDAS and one or both parents carried PDA9. Data is from 5 different crosses. 
^Colony morphology of parents and progeny grown on V8 juice agar medium and Ustilago genetics minimal 

medium. Parental colony morphology (P) consisted of abundant conidiation, giving the culture a "slimy" appearance. Non-
parental (NI^ colony morphology was mycelial, giving it a "fluffy" appearance, and brown crenulations, which were not 
observed in cultures of parents, were formed on the culture surface. 

I^dial growth bioassays were done as described in Material and Methods. Measurements were made at 5 days after 
plates were inoculated. Number with standard deviations indicated were the average of two assays. Ail other measurements 
indicate that isolate was included in a single assay. 

''virulence on pea was determined in a "test tube assay." All isolates, except for 166-18-8, were tested together in a 
single assay. Number in perenthesis indicates the number of peas measure for a given isolate. ''Lesion length was 
determined in other assays and the number shown is the same as that from Table 3.1. 
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were Pda~ (data not shown). It is unknown at this time why loss of PDAS resulted in a 

non-parental morphology in four crosses (crosses 316,325,326 and 331) while loss of the 

same gene in another cross (cross 98) did not noticeably alter the growth habit of the Pda* 

progeny. But it is possible that, isolates that served as parents in the backcross series had 

chromosomes that were homologous to that carrying PDAS, but not necessarily containing 

PDAS, that were in an aneuploid ccHidition (i. e. in 34-18), thus, evCT the Pda~ progeny 

may have obtained a chromosome ccmtaining essential genes from this chromosome. 

However, backcross series progeny may have been closer to containing a haplcxd 

comfdement of essential diromoscxnes. When PDAS progeny were crossed, a loss of 

PDAS and essential genes linked to PDAS may not have been complemented by a 

homc^ogous chromosome, resulting in a morphological {rfienotype (see bdow and 

discussion). 

4) alleles of PDAS and PDA9 and instability of PDA9. Crosses 

between Pda"^ isolates that contained PDAS yielded Pda" progeny (316-32,322-7 and 33S 

19) that had the PZ>A5-like PDA-hybridizing XhoVBamHH restriction fragment of 23 kb. 

The DNA from these Pda" isolates were also digested with EooRV, Pstl and Sail. The 

Pda" isolates, 316-32 and 322-7, had /*Z>A5-like PDA-hybridization patterns (figure 3.9a; 

see Table 3.6b; data not shown), suggesting that the PDA-hybridizing genes of these 

isdates were null alleles of PDAS (designated as PdaS) resulting from pcnnt mutations. 

5a/I-digested DNA from the Pda" isolate, 335-19, had a restriction pattern unlike PDAS 

isolates and unlike those of its parents (figure 3.9b, data not shown). Since one of the 

parents of 335-19 carried PDA9, as well as PDAS, a recombination between PDAS and 

PDAP may have resulted in a ncm-functional PDA gene, which has been designated as 

Phdb (forfDA-iiybridizing DNA; Hirschi and VanEtten, 1996). 
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Figure 3.9: Southern analysis of new PDA-hybridization patterns found in progeny of 

34-18. Southern analysis of genomic DNA using SacB as a probe (see Materials and 

Methods), a) 316-32 (Pda5). b) 335-19 (Phdb). c) Restriction analysis of genomic 

DNA from eariy DNA isolations of 309-3-1 (Phdc). 5=BamHI; E = £coRV; P=Pstl\ 

S~Sa[l;X=Xhol. 
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PDA9 was identtfied as a single gene in only one Pda"^ isolate, 308-3-3, which had 

low virulence on pea. In part this may have been due to the original focus of this study, 

which was to examine traits of highly virulent isolates. If PDA9 was not associated with 

high virulence, then it may have been carried in other low virulence Pda"'" isolates, which 

were not further characterized. However, there were some indications that PDA9 was 

unstable during meiosis and mitosis and that non-functional alleles of PD^ could result 

Eighty-five tetrad progeny from all the backcrosses, except for cross 312, were randomly 

screened by Southern analysis for PDA genotype, without regard to Pda phenotype or 

virulence on pea. Forty-eight of these isolates carried PDAS (i. e. the 23 kb XhoHBamHl 

5acB-hybridizing band) which indicated that PDAS was segregating normdly in these 

crosses [48:37 {PDAS'^-.PDAS')-, x~ = 1-42). However, only 19 of these progeny 

contained PDA9 (i. e. the 6.2 kb XhollBamHl SacB-hybridizing band), suggesting a loss 

of PDA9 (19:66; = 25.99). Seventeen of these PDA9 progeny also contained PDAS, 

suggesting that the two genes were linked, while 31 of the PDAS progeny lack PDA9, 

which suggested that the two genes segregated independently. Additionally, it appeared 

that PDA9 could be inactivated and that these inactivated alleles were unstable in culture. 

Occasionally, a 6.2 kb PDA-hybridizing band (Phdc) was found in Pda" isolates such as in 

309-3-1 (Figure 3.9c), indicating that this band represented a non-functional PDA gene. 

However, when the culture was transferred and later DNA isolations were done, the band 

was absent This phenomenon was not observed when an isolate contained PDAl-2 zmd/or 

PDAS along with PDA9, suggesting that PDA9 and Phdc could be lost mitotically when 

other PDA genes were not present but were stable in the presence of other PDA genes. 

5) Linkage of PDA genes of 34-18 to virulence on pea. Progeny from the 

backcross series that had been screened for Pda and for virulence on pea were scored for 

their PDA genotypes by Southern analysis. Low virulence progeny, defined for purposes 

V 
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of this study as having mean lesion lengths less than 6 mm six days after inoculation in the 

virulence assay, included Pda"*" and Pda" isolates. Although nearly all Pda" backcross 

progeny assayed were low in virulence by this criterion (only three of 184 Pda" progeny 

had mean lesion lengths > 6 mm and they were < 8 mm) , a large number of Pda"*" isolates 

(152 of 286 Pda"^ progeny) were also low in virulence. Southern analysis, in which 

XAoI/flamHI-digested genomic DNA from progeny isolates was probed with 5acB, 

showed that the low virulence isolates could have no PDA-hybridizing bands or one, two 

of the PDA-hybridizing bands of 34-18 (PDAl-2, PDAS and/or PD^). One low 

virulence isolate, 309-3-2, had an intermediate Pda phenotype in four Pda vial assays (one 

with three repetitions), when compared with Pda"*" and Pda" controls, although it did not 

have a PDA-hybridizing gene. However, in a preliminary radial growth bioassay, it was at 

least as sensitive to pisatin as its Pda" parent (data not shown). Pda' progeny that had 

unique PDA-hybridizing genes, 316-32 (PdaS) and 335-19 (Phdb), and those that had 

carried the unstable PDA9-like band (Phdc) (i. e. 309-3-1) were also low in virulence. 

Pda phenotypes and PDA genotypes of representative low virulence isolates are shown in 

Table 3.7. 

Previous work had indicated an association between virulence on pea and Pda, 

since all highly virulent field isolates (VanEtten, 1978; VanEtten, et ai 1980) and cross 

progeny (Tegtmeier and VanEtten, 1982b; Kistler and VanEtten, 1984; Mackintosh, et al., 

1989) were Pda"*". Thirty-six progeny from this study were moderately virulent, defined as 

having lesion lengths from 8 to 12 mm six days following inoculation in the virulence 

assay, and 27 highly virulent progeny, defined in this study as having lesion lengths > 12 

mm, were identified, and all of these isolates were Pda"*". Eight of the moderately virulent 

progeny and 21 of the highly virulent progeny were scored for PDA genotype. One 

moderately virulent isolate (308-2-2) and one highly virulent isolate (312-2-5) carried a 

single PDA gene which was PDAl-1. This suggested that PDAl-2 was associated with 
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Table 3.7: Pda phenotypc and PDA genotype of progeny of 34-18 with 
low, moderate or high virulence on pea 

Isolate Pda phenotype Mean lesion lengtfi (mm)^ PDA genotype'' 

Representative progeny with low virulence on pea'^ 
55-3-1 1.0 ± 0.0 None 
309-3-1 1.6 ± 1.3 Phdc/None 
309-3-2 intennediate^ 1.8 ± 0.8 None 
308-3-3 + 2.4 ± 2.2 PDA9 
55-9-1 + 2.6 ± 1.1 PDAS 
316-32 2.9 ±2.1 PdaS 
308-1-1 + 3.1 ±1.5 PDAS, PDA9 
86-2-4 + 4.6 ± 2.6 PDAl-2 

Progeny moderately virulent on pea^ 
86-2-6 + 8.8 ± 4.8 PDAS, PDA9 
308-3-6 + 8.9 ± 3.7 PDAS, PDA9 
86-4-4 + 9.1 ±4.7 PDAS, PDA9 
308-1-8 + 9.4 ± 4.6 PDAl-2, PDA9 
308-2-2 + 9.6 ± 2.0 PDAl-2 
86-2-1 + 9.7 ± 3.5 PDAS, PDA9 
98-1-5 + 11.8 ±2.4 PDAl-2, PDAS 
309-1-6 + 11.8 ±7.3 PDAl-2, PDAS, PDA9 

Progeny highly virulent on pec^ 
86-70 + 13.5 ± 4.7 PDAl-2, PDA9 
308-3-2 + 13.7 ± 5.7 PDAS, PDA9 
86-95 + 13.9 ± 4.7 PDAl-2, PDAS 
309-2-4 + 13.9 ± 5.7 PDAl-2. PDAS. PDA9 
308-53 + 14.8 ± 6.7 PDAl-2, PDAS, PDA9 
312-4 + 15.0 ± 7.9 PDAl-2, PDAS 
86-64 + 15.3 ± 6.6 PDAl-2 PDAS, PDA9 
312-23 + 15.7 ±8.1 PDAl-2, PDAS, PDA9 
312-33 + 16.1 ±7.8 PDAl-2, PDAS. PDA9 
312-34 + 16.2 ± 8.7 PDAl-2, PDA9 
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Isdate Pda [dienotype Mean leaon length (mm)^ PDA genotype'' 

312-20 + 17.1 ± 6.4 PDAJ-Z PDAS, PDA9 
312-37 + 17.4 ± 7.3 PDAl-2, PDAS, PDA9 
308-58 + 17.7 ± 3.7 PDAl'2, PDAS 
312-36 + 18.7 ± 9.4 PDAl-2, PDA9 
308-34 + 193 ± 6.8 PDAl-2, PDAS. PDA9 
309-23 + 20.2 ± 5.5 PDAl-2. PDAS. PDA9 
312-1-4 + 21.2 ± 1.7 PDAl-2. PDAS 
312-2-5 + 22.9 ±6.1 PDAl-2 
312-1-3 + 22.6 ± 3.7 PDAl-2. PDAS 
312-2-2 + 24.5 ± 4.9 PDAl-2. PDA9 
312-1 + 25.5 ± 1.8 PDAl-2. PDAS 

^^ean lesion length was determined by the test tube assay. At least four peas were 
assayed for each isolate in a given assay and most progeny were tested in multif^e assays. 
Since progeny were tested in different assays, and omtrds vary from assay to assay, small 
differences between mean lesion lengths cannot be compared. 

^PDA genotype is indicated by XhoUBcarS^ restriction pattern as described in the 
results section. 

virulence is being deflned, for the purposes of this W(^ as mean lesion 
lengths less than 6 mm. Moderate vimloice is being defined, for the purposes of this 
woik, as mean lesion lengths from 8 to 12 mm. ^High virulence is being defined. fcM- the 
purposes of this work, as mean lesicn lengths greater than 12 mm. 

*^09-3-2 scored intermediate between Pda"'' and Pda" controls in 4 of 4 (cme with 
three repetitions) Pda vial assays. 
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high virulence on pea. All of the other other moderately to highly virulent iscdates carried 

two or three PDA genes. All but one of the highly virulent isdates had PDAl-2, and this 

isolate, 308-3-2, carried both PDAS and PDA9, suggesting that a combinatic»i of these two 

genes could be associated with high virulence on pea, although there were no PDA5-oaly 

isolates identified that were even moderately virulent and the CHily PDA9 isolate identified 

was low in virulence (Table 3.7). Most of the highly virulent isolates carried PDAl-2 and 

either or both PDAS and PDA9, suggesting that a combination of these genes could be 

involved in high virulence. However, since low virulence isolates containing all three 

genes were also obtained, anoth^ factor, that perhaps segregated from the PDA genes, was 

also required for virulence. The highest level of virulence attained was with cross 312 

progeny, which included isolates signiflcantly more virulent than 34-18, and this degree of 

virulence was not inherited by progeny from other crosses. 

c) Chromosomal locations of PDAl-2. PDAS, and PDA9 in 34-18 and loss of 

chromosomal elements in progeny. Hectrophoretic karyotype (CHEF) analysis showed 

that the chromosomes of the isolates used in this study ranged in size from approximately 

0.4 to 6.0 Mb and that there was a high degree of variability in chromosome sizes (Figure 

3.10a), as had been previously described in field isolates of this organism (Miao, et. al., 

1991b). The parents used to initiate the backcrosses (cross 55), 34-18 and 105-18, were 

from two different field isolate backgrounds (Tegtmeier and VanEtten, 1982a; Chapter 2) 

and each of their karyotypes are distinctly different (Figure 3.10a). Hgure 3.10b illustrates 

the segregation of the small chromosomes, including the /'ZMi-2-bearing chromosome, 

through the backcrosses. In some tetrads, each meiotic product within a tetrad had a 

distinctive karyotype (Figure 3.10c) and ascospore twins were readily distinguished 

(marked with letters in Figure 3.10c). However, the pdymorphic nature of the 

chromosomes made it difficult to identify homologous chromosomes without markers. 
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Figure 3.10: Chromosomal locations of PDAl-2, PDAS and PDA9. CHEF analysis of 

34-18 and progeny. Gels were blotted and membranes were hybridized with SacB (see 

Material and Methods), a) CHEF analysis of 34-18 and 105-18 (Pda~), the parents of the 

initial cross, b) CHEF analysis of the small chromosomes of 34-18, 105-18 (the Pda* 

parent from the initial cross) and backcross progeny: 55-8 (Pda"), 86-5-1 (PDAl-2), 55-4-

4 (Pda"), 166-18-4 (Pda"), 308-2-2 {PDAl-2). c) Electrophoretic karyotypes of progeny 

from tetrad 1 of cross 312. Ascospore twins are indicated by the same letter. Parents: 34-

18 and 166-22-1 (Pda"). Tetrad progeny 312-1-1 (Pda"), 312-1-3 (PDAl-2. PDAS), 312-

1-4 (PDAl-2, PDAS), 312-1-5 (not determined), 312-1-6 (Pda") aiKl PDAS isolate, 308-1, 

from cross 308. d) 34-18, 86-61 (Pda"), 98-6-2 (Pda'), 86-5-2 (PDAS, PDA9), 166-18-5 

(PDAS), 166-18-8 (PDAS), 309-3-5 (PDAS, PDA9), and 86-70 (PDA1.-2 PDA9). 
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Southern analysis of CHEF gels with chromosomes of 34-18 showed that 

hybridization with a PDA gene occurred with two chromosomes at 1.5 and 4.9 Mb (Hgure 

3.10a,c,d)- CHEF analysis of 34-18 progeny that canied <MiIy PDAl-2, as determined by 

Southern analysis of genomic DNA, showed that the only PDA-hybridizing chromosome 

in these isolates was a 1.5 Mb band (Rgure 3.10b: 86-5-1, 308-2-2). All PDAl-2 

progeny, as determined by Southern analysis of genomic DNA, contained a 1.5 Mb 

chrcnnosome in their karyotypes and this band hybridized with a PDA gene in Southern 

analysis of CHEF gels (i. e. 312-1-3, Figure 3.10c and 86-70, Figure 3. lOd). All isolates 

that lacked PDAi-2 also lacked the 1.5 Mb chromosome (e. g. Rgure 3.10b: 105-18 and 

Figure 3.10c: 308-1). Thus, PDAl-2 was located on the 1.5 Mb chromosome of 34-18. 

CHEF analysis of progeny from crosses that exhibited loss of PDAl-2, for 

example the Pda" progeny from 0:8 (Pda''":Pda") tetrads of cross 98 and the PDAS progeny 

from 4:4 tetrads of crosses 55 and 166 (Table 4) lacked a 1.5 Mb chromosome (e. g. 98-6-

6, 166-18-5 and 166-18-8, Figure 3.10d). CHEF analysis of the small chromosomes from 

three of the four meiotic products from a 0:8 (Pda''":Pda') tetrad of cross 98 (Figure 3.1 la), 

showed the absence of the 1.5 Mb chromosome in the Pda' progeny as well as in the Pda' 

parent. Southern analysis of CHEF gels such as this, using 5acB as the probe, showed 

that there was no hybridization with the chromosomes of the Pda" progeny and the Pda' 

parent, as expected from Southern analysis of genomic DNA, while hybridizaticMi occurred 

with the 1.5 Mb chromosome and unresolved chromosomes of 34-18 and of the PDAl-

2,PDA5,PDA9 progeny isolate of 34-18, 86-64 (Figure 3.11a). Therefore, the loss of 

PDAl-2 in these isolates is associated with the absence of the 1.5 Mb chromosome. 

Size polymorphisms among the larger chromosomes of these isolates became 

evident when the chromosomal locations of PDAS and PDA9 were examined All progeny 

of 34-18 that had both PDAS and PDA9, but not PDAl-2, had only one relatively large 

^acB-hybridizing chromosome, greater than or equal to 3.5 Mb (Figure 3.10d: 86-5-2, 
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Figure 3.11; CHEF analysis of progeny exhibiting loss of PDAl-2 and PDA5. CHEF 

gels were blotted and the membranes were hybridized with SacB (see Materials and 

Methods), a) Electrophoretic karyotypes of small chromosomes from three of the four 

meiotic products from a 0:8 (Pda"*":!^") tetrad (98-6-2, 98-6-3, 98-6-4, 98-6-6), the Pda" 

parent, 86-61, the Pda"^ parent, 34-18 (PDAl, PDAS, PDA9) and a Pda"^ progeny of 34-

18, 86-64 (PDAl, PDAS, PDA9). b) Electrophoretic karyotypes of three of the four 

meiotic products from a 0:8 (Pda"*": Pda") tetrad, the Pda" parent, 86-61 and Pda"^ progeny 

86-64, 86-70 (PDAl, PDA9), 98-2-3 (PDAS) and 86-5-1 (PDAl). c) Hectrophoretic 

karyotypes of Pda" progeny from crosses between PDAS parents: 316-32 (PdaS), 316-32, 

322-7 (PdaS), 325-3, 326-19,331-25,335-19 (Phdb). 166-18-8 is a Pda+, PDAS parent 

of 325-3. 
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166-18-5, 166-18-8,309-3-5). Progeny of 34-18 that lacked PDAS and PDA9 lacked the 

chromosome at 4.9 Mb that was present in 34-18 and there was no evident PDA-

hybridizing chromosome greater than or equal to 3.5 Mb (Rgure S.lOd: 86-61, 98-6-2). 

If only PDAS or PDA9 was absent in the isolate, a PDA-hybridizing chromosome less than 

4.9 Mb but greater than or equal to 3.5 Mb was apparent [Rgure 3.10d: 166-18-5, 166-

18-8 (PDAS)\. Progeny that had both PDAS and PDA9 could have a 4.9 Mb chromosome 

(Rgure3.10d: 86-5-2) or a smaller chromosome (Rgure 3.11b: 86-64), and one isolate 

had a much larger (5.7 Mb) chromosome (Rgure 3.10d: 309-3-5). Progeny that had all 

three genes always had two PDA-hybridizing chromosomes: the 1.5 Mb chromosome 

carrying PDAl-2 and one that was larger (greater than or equal to 3.5 Mb) (Rgure 3.1 lb: 

86-64). Therefore, Southern analysis of CHEF geis indicated that PDAS and PDAP were 

on the same chromosome. The size of the chromosome carrying these genes in 34-18 was 

4.9 Mb, but the size of this chromosome in progeny of 34-18 could vary from 3.5 to 5.7 

Mb. The variability in size of the PDAS,PDA9 chromosome may have been due to 

crossing over of chromosomes of unequal sizes, as described for the plant pathogenic 

fungi, Ustilago maydis (Kinscherf and Leong, 1988) and Leptosphaeria maculans 

(Plummer and Howlett, 1995) or to translocations, as described for the human pathogenic 

yeast Candida albicans, (Thrash-Bingham and Gorman, 1992). But the size reduction in 

some cases could be due to loss of at least part of the chromosome carrying PDAS and 

PDA9, since the DNA carrying PDAS and PDAP was lost as was evident from the genetic 

and molecular analysis of crosses such as cross 98. CHEF analysis of three of the four 

meiotic products of a 0:8 (Pda''':Pda") tetrad from cross 98 and the Pda" parent showed that 

the 4.9 Mb chromosome of 34-18 was absent in the Pda' isolates (Rgure 3.11b). Whether 

the loss of PDAS and PDAP was due to loss of just the DNA containing these genes, or to 

a significant portion of the chromosome, cannot be determined by this analysis because of 

the pxjiymorphic nature of the PDA5,PDA9 chromosome. In order to determine the extent 
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of loss, markers from the 4.9 Mb chromosome of 34-18, in particular, from the regions 

near the two genes, would need to be identified. 

When crosses between Pda"*" isolates carrying PDAS were begun, the polymorphic 

nature of the PDAS chromosome was not yet known. Therefore, many of the crosses 

involved parents that had PDAS chromosomes of unequal sizes (ranging from 3.5 to 4.9 

Mb) (Table 3.6b). However, it is likely that these chromosomes were homologous since 

some crosses (such as cross 320, Table 3.6a) between PDAS-ov\y parents, yielded only 

Pda"*" progeny. CHEF analysis of Pda" isolates obtained from other crosses between 

PDAS parents (Figure 3.11c; Table 3.6b) showed that 322-7 and 335-19, progeny that 

maintained hybridization with SacB, had a PDA-hybridizing chrcMnosome of a different 

size than that of both parents. In the case of 335-19, the PDA-hybridizing chromosome 

was intermediate in size between those of the parents, suggesting that the new chromosome 

size may have resulted from normal recombination events between chromosomes of 

unequal sizes. In the case of 322-7, the band was smaller than those of either parent (Table 

3.6b), suggesting that a partial deletion of the chromosome may have occurred. As 

expected with Southern analysis of genomic DNA, there was no hybridization with the 

chromosomes of the Pda" progeny, 316-67, 325-3, 326-19 and 331-25 (Figure 3.11c; 

Table 3.7b), the Pda' isolates that had lost PDAS. Whether this was due to loss of all or 

only part of the chromosome could not be determined without markers for the PDAS,PDA9 

chromosome of 34-18. However, 325-3 appeared to lack chromosomes of the sizes of the 

PDA-hybridizing chromosomes of either parent (5.0 and 3.5 Mb; Figure 3.11c, Table 

3.6b) suggesting that an event that altered the size of the chromosome may have also 

resulted in the deletion of the PDAS gene. 

DNA from the 1.5 Mb chromosome of 34-18 was extracted from CHEF gels and 

used as a {M-obe to blots of CHEF gels. The chromosome hybridized with itself (Rgure 

3.12a) but not to other chromosomes of 34-18, including the 4.9 Mb PDAS,PDA9 
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Figure 3.12: Loss of the PDAl-2 chromosome. CHEF gels were blotted and the 

membranes were hybridized with a probe made from DNA from the 1.5 Mb chromosome 

of 34-18. a) Membrane from Figure 3.10c was stripped and hybridized with the 1.5 Mb 

chromosome probe, b) Pda" progeny (98-6-1, 98-6-2, 98-6-3, and 98-6-6) from a 0:8 

(Pda+:Pda-) tetrad, parents 86-61 (Pda") and 34-18 (PDAl-2, PDAS, PDA9) and other 

Pda+ controls, 166-18-8 (PDA5) and 86-95 (PDAl-2, PDAS). 
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chromosome. It speared that, although both chromosomes contained at least some 

sequences that were similar (i. e. the PDA genes), not enough overall homology existed 

between the two chromosomes so that when the relatively large 4.9 Mb chromosome was 

hybridized with the 1.5 Mb chromosomal probe, there was no detectable signal. Even 

when the membranes hybridized with the 1.5 Mb chromosome were allowed to be 

overexposed, although non-specific hybridization to regions of the gels with or without 

chromosome bands were noticeable, no distinctive hybridization with the 4.9 Mb 

chromosome was apparent (data not shown). The 1.5 Mb chromosome hybridized with 

the 1.5 Mb chromosome of PDAl-2 progeny of 34-18 and to no other chromosomes in 

these isolates (e. g. Figure 3.12a; 312-1-3; Rgure 3.12b: 86-95). There was no selective 

hybridization with the chromosomes of Pda" isolates and to those of Pda"*" progeny that had 

PDAS and PDA9 or had only PDAS (Figure 3.12a: 166-22-1, 308-1; Figure 3.12b: 86-

61). No hybridization was apparent between the 1.5 Mb chromosomal probe and the 

chromosomes of isolates from crosses that exhibited loss of PDAl-2 (i. e. Figure 3.12b: 

98-6-1 and 166-18-8). No deletion derivatives or translocations of the 1.5 Mb PDAl-2 

chromosome were detected in this analysis of progeny of 34-18. This indicated that the 

entire 1.5 Mb /'DAi-2-bearing chromosome was dispensable and that it was completely 

lost in 34-18 crosses exhibiting loss of PDAl-2. 

DNA from the 4.9 Mb chromosome was also extracted from CHEF gels and used 

as a probe, but because of a great deal of background hybridization, the results (not shown) 

were inconsistent and difficult to interpret However, Pda" progeny had a 3.5 Mb band 

that hybridized with the 4.9 Mb chromosome, which was also the size of the smallest 

PDA5, PDA9-bearing chromosome. My preliminary conclusion was that isolates lacking 

PDAS and PDA9 had a portion of the chromosome that carried PDAS and PDA9 in 34-18. 

Since most of the highly virulent progeny had PDAl-2, they probably also had the 

1.5 Mb chromosome (e. g. 312-1-5, Figure 3.10c; 86-70, Figure 3.10d). Additionally, all 
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but one of the highly virulent progeny had either or both PDAS and PDA9, but an entire 

4.9 Mb chromosome was not a requirement for virulence, as highly virulent progeny could 

have a PDA5,PDA9-beanng chromosome as small as 3.7 Mb (e, g. 312-1-5). 

d) Origin of PDA-hybridizing genes of 34-18. Three Pda"*" field isolates were in 

the genetic background of 34-18: pea isolates, TIO and T63, and the mulberry isolate, T7 

(Chapter 2). Southern analysis of genomic DNA of these isolates using SacB as a probe 

showed that TIO and T63 had hybridization patterns consistent with the presence of PDAI, 

and T7 had hybridization patterns consistent with the presence of PDAS (Figure 3.13a). 

The pattern of hybridization indicated that T7 and T63 each may also have had PDA9 

genes. 

Since the only field isolate in the genetic background of 34-18 that had a RFLP 

pattern of PDAS was T7, it was likely that 34-18 inherited PDAS, through breeding, from 

T7 (Chapter 2). RH-P analysis also showed that the PDA9 gene of 34-18 was similar to 

the PDA9 gene of T7 (Hgure 3.13a; see also Figure 3.6d). Additionally, CHEF analysis 

showed that T7 and a progeny of T7 in the line of 34-18 (see Chapter 2, Figure 2.1 and 

Table 2.1) had a single PZM-hybridizing chromosome of 4.9 Mb, the same size as the 

PDAS,PDA9 chromosome of 34-18 (Figure 3.13b). Therefore, it is likely that 34-18 

inherited the 4.9 Mb chromosome, carrying PDAS and PDA9, through breeding from the 

field isolate progenitor strain, T7. 

Since molecular analysis revealed that the PDAI-2 gene of 34-18 was similar to the 

PDAl-1 gene previously characterized from a different genetic background (Kistler and 

VanEtten, 1984a), then PDAl-2 could have been derived either from TIO or from T63, 

since these also carried PDA genes similar to PDAl-1. CHEF analysis showed that T63 

had two PDA-hybridizing chromosomes of 1.3 and 3.5 Mb (Figure 3.13c), although it is 

unknown which carried the PDAI gene, while TIO had a single PDA-hybridizing 

chromosome of 1.5 Mb, the same size as the PDAl-2 chromosome of 34-18 (Figure 
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Figure 3.13: Southern and CHEF analyses of progenitor isolates in the genetic 

background of 34-18. a) Restriction analysis of field isolates (T7, TIO and T63) in the 

background of 34-18. Membrane was hybridized with 5acB as described in the Materials 

and Methods. E = EcoRV; P=Pst[\ S=Sall\ X=Xho[. b) CHEF analysis of 

34-18 progenitor isolates T63, 6-94 and TIO. Gel was first probed with a PDA gene, 

stripped then reprobed with DNA from the 1.5 Mb chromosome of 34-18 (see Materials 

and Methods). 
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3.13b), suggesting that 34-18 inherited PDAl-2 from TIO, through the breeding project 

This was confirmed when DNA from the 1.5 Mb chromosome of 34-18 was used to 

reprobe the membrane shown in Hgure 3.13b and no hybridization was detected for either 

of the PDA-hybridizing chromosomes of T63 (Figure 3.13b). If the PDA!-2 gene from 

34-18 originated from T63, it appeared that the rest of the 1.5 Mb chromosome carrying 

PDAl-2 in 34-18 would have had to have come from a difTerent source, such as from TIO. 

As this seems unlikely, the PDAl gene from TIO is probably PDAl-2 and the PDAl gene 

from T63 was tentatively designated as PDAl-3. 

Discussion 

The PDA genes of the highly virulent, Pda"*" recurrent parent of the backcross series 

(34-18) were characterized genetically and molecularly. It was found that 34-18 had three 

PDA genes: a homologue of PDAl, designated as PDAl-2, which was found on a 1.5 Mb 

chromosome in 34-18 and its progeny, and PDAS and PDA9 which were linked OT a 4.9 

Mb chromosome in 34-18. Based on genetic segregation and RFLP analyses, these genes 

were distinct from one another. 

The data in this chapter cleariy indicated that PDAl-2, PDAS and PDA9 were not 

essential for the viability of MPVI: they all could be lost during meiosis, they were not 

present in Pda" isolates such as 105-18, and non-functional alleles of two of the genes 

(PDAS and PDA9) were identified (PdaS, Phdb and Phdc) and one of these non-functional 

genes (Phdc) appeared to be lost mitotically. In addition, it was clear that the chromosome 

bearing PDAl-2 was also not essential for growth of MPVI, and ^parently the regions 

containing PDAS and PDA9 were also not essential since the absence of one of these genes 

from the chromosome resulted in a reduction in the size of the chromosome. 
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Southern hybridization and eiectiophoretic karyotyping have greatly facilitated the 

analysis of genetic crosses with filamentous fungi (Mills and McCluskey, 1990), including 

N. haematococca (Miao, et al. 1991a,b). Using these techniques, the genomic variability 

in field isdates of N. haematococca was made evident (\/fiao, et al., 1991b; Hirschi, 

1994). However, during the breeding of 34-18 and the initial backcrosses, the possibility 

of extensive chromosome polymorphisms in the isolates involved in these crosses was not 

yet known. In the present work, CHEF analysis of the Pda"^ field isolates and other 

isolates involved in the breeding project and in initiating the backcross series also revealed 

extensive chromosome length polymorphisms. 

Chromosome polymorphisms in karyotypes of backcross progeny were evident in 

this study. The parents that initiated the cross series had quite different karyotypes. The 

small chromosomes (i. e. < 1.5 Mb) appeared to segregate through the cross series, 

although it was not known whether they contained essential genes. Polymorphisms in 

larger chromosomes were also evident when the karyotypes of isolates carrying PDA5 

and/or PDA9 were hybridized with SacB. Although a 4.9 Mb band hybridized in 34-18 

and its PDA5,PDA9 predecessors, progeny carrying PDAS and/or PDA9 could have a 4.9 

5acB-hybridizing chromosome but most had chromosomes of different sizes in the range 

of 3.5 to 5.7 Mb. If an isolate carried one or the other gene, the band was always smaller 

than 4.9 Mb. Only those isolates carrying both genes could have a band of 4.9 Mb or 

greater, although isolates carrying both could also have a smaller band. Such 

polymorphisms of the PDA5,PDA9 chromosome may have resulted from crossing-over 

between homologous chromosomes of different sizes. In genetic studies with the plant 

pathogenic ascomycete, Leptosphaeria maculans, parents with homologous chromosomes 

of different sizes could yield tetrads with the four meiotic products having different-sized 

homologous chromosomes, two parental- and two novel-sized chromosomes, indicating 

that recombination between homologous chromosomes of unequal sizes could result in 



170 

recombinant chromosomes of unique sizes (Plummer and Howlett, 1993, 1995). Such a 

possibility in crosses with N. haematococca was suggested in cross 335 in which the 

PDA5 parents had PDA5-bearing chromosomes of different sizes (4.8 and 3.9 Mb) and the 

progeny isolate 335-19 had a PDA-hybridizing chromosome of a unique, intermediate size 

(4.1 Mb). In the backcross series, all die Pda' parents lacked a chromosomal band at the 

size of 4.9 Mb, the chromosome that carried PDAS and PDA9 in 34-18. Whether a 

chromosome homologous to the 4.9 Mb chromosome existed in Pda~ isolates is uncertain 

at this time due to the high degree of size polymorphisms amcmg the large chromosomes in 

these isolates, and the lack of additional markers. However, if it did exist, it must be of a 

different size(s) than that found in 34-18. 

Another possible explanation for the polymorphic PDA5,PDA9 chromosome in 

progeny from crosses with 34-18 is deletion or unequal crossing-over between regions of 

repetitive DNA. Dispersed repetitive DNA has been prqx)sed to be involved in the 

formation of non-parental chromosome sizes in Magnaporthe grisea (Skinner, et al., 1993) 

and in the basidiomycete, Coprinus cinereus (Zolan, et al., 1994). Repetitive elements had 

been identified in N. haematococca that were linked with the PDAl-1 gene (which was 

derived from a different field isolate than PDAl-2) (Kim, etal., 1995) and with the PDA6-

1 gene (Schut and VanEtten, unpublished; S. F. Covert, personal communication). 

Whether repetitive elements existed in 34-18, is unknown at this time but frequent unequal 

recombination between dispersed repeated sequences, inter- or intrachromosomally, might 

explain the generation of polymorphic chromosomes. Recombination between dispersed 

repeats on non-homologous chromosomes had been proposed to result in major 

chromosomal rearrangements in yeast (Lichten, etal., 1987), and such a mechanism could 

cause observable alterations in chromosome sizes of N. haematococca cross progeny, such 

as the generation of the 5.7 Mb PDA5,PDA9 chromosome. Polymorphic PDA5-bearing 

chromosomes may also have resulted from deletions of parts of the genome, occurring 
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meioticaily. That at least part of the/'DAJ./'DAP chromosome was deleted was shown by 

loss of PDA5 and PDA9 in crosses, particularly PDA9 which seems especially unstable. 

Unique PZM-hybridizing DNA had also been identifled in progeny from these 

crosses. Three of the Pda" progeny from crosses between PDAS isolates maintained SacB-

hybridizing bands. Further restriction analysis of two isolates, 316-32 and 322-7, showed 

that it had fecB-hybridization patterns similar to isolates carrying PDAS, suggesting that 

the SacB-hybridizing gene was a null allele of PDAS. Another Pda" isolate with a SacB-

hybridizing gene, 335-19, had a unique PDA-hybridizaticm pattem. One parent of 335-19 

had a PDA9 gene as well as PDAS. It is possible that recombination between PDAS and 

PDA9 may have generated new SacB-hybridizing genes with unique restriction patterns. 

Genetic analysis of Saccharomyces cerevisiae isolates with regions containing 

tandem repeats of the CUPF gene, which provided resistance to high levels of copper, has 

allowed for the development of a model for inter- and intrachromosomal recombination 

between non-allelic copies of genes to explain loss of copies of the gene from tetrads, by 

looping out of DNA during pairing (Welch, et al., 1991, 1992). The possibility of 

intrachromosomal exchange in yeast was first described by Klein and Petes (1981) but it 

was suggested that such recombination between repeats could result in loss of unique 

sequences. However, if the sequences were non-essential, or there was no selection 

pressure to retain the sequences, as under low copper conditions in yeast, such sequences 

could be lost without immediately affecting the organism. Inter- and intrachromosomal 

exchange between non-allelic sequences (i.e. between PDA genes) might also be used to 

explain loss of PDAS and/or PDA9, as well as other PDA genes, or the generation of 

unique 5acB-hybridizing genes. 

Many of the backcross progeny that carried PDAS were hermaphroditic, produced 

fertile crosses and were of either mating type which readily allowed genetic analysis of 

PDAS. This confirmed the loss of Pda as a result of loss of PDAS, which had been 
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previously indicated by 0:8 (Pda'̂ rPda") tetrads from backcross 98 involving 34-18 and a 

Pda" isolate. Loss of Pda in crosses between PDAS parents occurred at approximately 1% 

and loss of the PDAS gene occurred at approximately 0.6%. Loss of PDAS in these 

crosses was less frequent than loss of PDAl-2 in the backcross series (i. e. in tetrads from 

crosses 55 and 166). This may have been due to the pairing of large homologous 

chromosomes in meiosis. However, by conventional standards, this mutation frequency at 

a single gene was high and may have been due to PDAS being carried on a dispensable 

portion of the 4.9 Mb chromosome in 34-18. That this element was associated with 

essential genes (defined as genes required for normal growth on minimal medium) was 

suggested by the aberrant morphology and slow growth rates of isolates that had lost 

PDAS. This morphology occurred in all four of these isolates, and each isolate was from a 

different cross. The altered morphology and reduced growth rate was not observed in Pda" 

isolates from Cetrads of cross 98 that exhibited loss of PDAl-2, PDAS and PDA9. When 

blots of CHEF gels were hybridized with DNA from the 4.9 Mb chromosome, in a 

preliminary test, a Pda' isolate from one of these tetrads exhibited hybridization with this 

chromosome at a 3.5 Mb chromosome, suggesting that these isolates may not have lost the 

non-dispensable portion of the 4.9 Mb chromosome. 

CHEF analysis of the small chromosomes of field isolates and their progeny, have 

shown that chromosomes present in the field isolates appear to be absent in the progeny 

(Miao, Schut, and VanEtten, unpublished; Chapter 4). Although N. haematococca is a 

hJ^loid organism, aneuploidy is also a possibility. A high degree of tolerance for 

aneuploidy has been described in S. cerevisiae (Parry and Cox, 1970) and was known to 

be prevalent in "untamed" industrial strains (Bakalinsky and Snow, 1990). Tolmsoff 

(1983) proposed aneuploidy as a major source of variability among fungi. Pulsed field gel 

electrophoresis has been used to provide evidence for aneuploidy in the dimorphic 

industrial yeast, Yarrowia lipolytica (Naumova, et al., 1992) and for the filamentous plant 
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pathogens, TiUetia caries (Russell and Mills, 1992) and Fusarium oxysporum f. sp. 

cubense (Boehm, etal., 1994; Kistler, etai, 1995). N. haematococca isolate, 34-18, was 

selected for high virulence on pea and this may have resulted in selection for multiple 

copies of certain genes, such as PDA genes or other genes involved in pathogenicity and 

one way to have multiple cofxes of any gene is to have multiple copies of chromosomes or 

parts of chromosomes, containing the selected genes. That pea can select for highly 

virulent isolates of N. haematococca was shown in Chapter 2. Additionally, genomic 

duplication was demonstrated in the closely related species, F. oxysporum f. sp. cubense 

(Kistler, et al., 1995). However, isolates of B. cinerea generated by mutagenesis, that 

differed in ploidy level, had similar virulence on grape, the host of the wild type isolate. In 

the case of N. haematococca, selection based on other criteria (i. e. the presence of a PDAS 

gene) rather than on high virulence may have allowed for the selection of isolates closer to 

being haploid. If these isolates were then crossed, loss of a portion or all of the 4.9 Mb 

chromosome may have had a detrimental affect on the progeny. Therefore, loss of PDA5 

in cross 98 was relatively common (two out of three tetrads) while, in crosses between 

backcross progeny, it may have been less tolerated, resulting in progeny with aberrant 

morphologies and, if the whole chromosome was lost, it may have been lethal. 

That dispensable elements existed in 34-18 was suggested by the Pda ratios in 

backcrosses. Although the results from these crosses were puzzling at first. Southern 

analysis showed that the ratios were explained by loss of one or more of the PDA genes. 

In particular, PDAl-2 was lost at a high rate and 71% of the analyzed tetrads exhibited loss 

of this gene (Table 33 and data not shown). This may be due to the fact that the Pda" 

parents involved in the backcrosses all lacked the 1.5 Mb 5acB-hybridizing chromosome of 

34-18 and its PDAl-2 progeny, which was made evident when membranes of CHEF gels 

were hybridized with DNA from this chromosome. Additionally, Pda" progeny and 

progeny from tetrads that exhibited loss of PDAl-2 also lacked the 1.5 Mb chromosomal 
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band and hybridization with DNA from this chromosome. Since high virulence on pea is 

associated with PDAl-2, and all highly virulent PDAl-2 isolates tested had the 1.5 Mb 

chromosome, loss of this chromosome could explain loss of virulence in many of the 

backcross series progeny. Additionally, since moderate to high virulence was associated 

with a combination of both PDAS and PDA9, in the absence of PDAl-2, a loss of a portion 

of this chromosome might also result in a loss of virulence, in the absence of the 1.5 Mb 

chromosome: moderately virulent PDA5,PDAP isolates, 86-2-1 and 86-2-6, had relatively 

large SacB-hybridizing chromosomes (4.8 and 4.9 Mb, respectively; data not shown), 

similar in size to the PDA5,PDA9-containing chromosome of 34-18. 

Transformation-mediated gene disruption of PDAl-1 in a highly virulent isolate 

resulted in only a modest reduction in virulence on pea (Wasmann and VanEtten, 1996). 

Although these results were at first surprising, it was clear that one or more genes (called 

pathogenicity gene or PEP) were linked to PDA on the dispensable chromosome which 

was also impx)rtant for virulence (VanEtten, et. al., 1994; Wasmaim and VanEtten, 1996). 

It is, therefore, conceivable that PEP genes were linked with PDAl-2 on the 1.5 Mb 

chromosome of 34-18, and a loss of this chromosOTie could have resulted in a loss of 

virulence in the progeny. However, there were PDA5,PDA9 isolates that did not have 

PDAl-2, nor the 1.5 Mb chromosome, that were at least moderately virulent, suggesting 

that there were other virulence genes elsewhere in the genome of this organism. PDAS and 

PDA9 were likely to have been inherited from the highly fertile fidd isolate, T7, a mulberry 

pathogen with low to moderate virulence on pea (VanEtten, 1978; Chapter 2). Whether T7 

had general pathogenicity genes that allowed it to infect pea, or it was from a population 

that had evolved to be pathogenic on more than one host, is unknown. There was at least 

one PDAl-2 isolate (86-2-4; data not shown) that had the 1.5 Mb chromosome, which was 

low in virulence. Either a factor necessary for pathogenicity was unlinked to PDAl-2 and 

segregated from PDAl-2 and the PEP genes, as has been proposed by VanEtten et al. 
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(1994), or a PEP gene linked with PDAl-2 may have been rendered non-functional, as has 

been observed with PDAS in these crosses. 

In these crosses, three PDA genes that were associated with virulence on pea 

exhibited several meiotic behaviors: they segreated independently, they were lost and this 

loss was associated with loss of at least part of a chromosome, and two of the genes 

(PDAS and PDA9) could be mutated to non-functional allelic forms. The same 

mechanisms that resulted in loss of Pda in progeny could have also affected the expression 

of the high virulence trait It is possible that genes for virulence on pea were on 

dispensable chromosomes or dispensable portions of chromosomes and that the same 

mechanisms were affecting these genes meioticaliy. Therefore, a normal segregation of 

unlinked pathogenicity genes, deletion of part or all of a dispensable chromosome carrying 

such genes or small mutations in genes necessary for virulence on pea could explain the 

loss of virulence observed in progeny from most of the crosses in this study. The 

identification of these dispensable chromosomes and dispensable portions of chromosomes 

in this study could lead to the identification of genes, other than PDA genes, that are 

invdved in the ability of N. haematococca to be pathogenic on pea. 
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Chapter 4 

The pisatin demethylase genes of Nectria haematococca are on dispensable 

chromosomes and evidence that genes for pathogenicity on other hosts are 

on other chromosomes 

Abstract 

The plant pathogenic fungus, Nectria haematococca Mating Population VI, has a 

wide host range but its pathogenicity on garden pea has been most extensively studied. 

Through analyses of field isolates and laboratory cross progeny, an association between 

high virulence on pea and the ability to detoxify the pea antimicrobial compound, pisatin, 

was indicated. Using genetic analysis, nine genes (PDAl-1, PDAl-2, PDA2, PDAS, 

PDA4, PDAS, PDA6-1, PDA6-2 and PDA9) that confer this detoxifying ability were 

identified and PDAl-1, PDAl-2, PDA4, PDAS and PDA9 were associated with virulence 

on pea. Most of the genes were shown to be carried on relatively small chromosomes of 

proximately the same size (1.6 Megabases), except for PDAS and PDA9 which were 

shown to be on much larger chromosomes. PDA6-1, PDAl-2, PDAS and PDA9 were 

previously demonstrated to reside on dispensable chromosomes or dispensable portions of 

chromosomes. In the present study, DNA from the PDAl-1, PDAl-2 and PDA6-1 

chromosomes were used as probes to Hots of electrophoretic karyotypes of field isolates 

carrying the genetically characterized genes and their Pda"*" and Pda" progeny. Most of the 

chromosomes carrying the genetically characterized genes hybridized with the three 

chromosomal probes, the only exception being the large PDAS and PDA9 chromosomes. 

This indicated that most of the fDA-bearing chromosomes shared significant homology. 
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However, electrophoretic karyotypes of Pda' progeny from crosses involving PDAl-1, 

PDA2, PDAS, PDA4 and PDA6-2 lacked the ca. 1.6 Mb chromosome that contained these 

PDA genes in Pda"*" parents and progeny. When blots of these gels were probed with DNA 

from the three chromosomes, no hybridization was observed, indicating that the entire PDA 

chromosome was absent in Pda" isolates and that the chromosomes carrying the other five 

PDA genes (PDAl-1, PDA2, PDAS, PDA4 and PDA6-2) were also dispensable. To 

determine the role of these chromosomes in pathogenicity on other hosts, Pda"^ isolates 

carrying different PDA genes and related Pda" isolates were tested for vinilence on carrot 

and on ripe tomato. MPVI isolates were pathogenic on both hosts and there was no 

significant difference in lesion sizes produced by Pda^ and Pda" isolates, suggesting that 

genes for pathogenicity on these hosts were on chromosomes other than the PDA-bearing 

chromosomes. Several Pda" progeny from the same genetic background were tested for 

virulence on ripe tomato and two low virulence isolates were identified, suggesting that 

different alleles for these pathogenicity genes exist in N. haetnalococca MPVI. These 

results support the hypothesis that the chromosomes carrying PDA genes are dispensable 

and carry host-specific virulence genes while other chromosomes carry genes for 

pathogenicity on other hosts. It is proposed that the dispensable PDA chromosomes are 

analogous to plasmids in bacteria such as Agrobacterium tumefaciens and Rhizobium sp. 

that carry genes that are involved in determining host-range. 

Introduction 

Many plants produce antimicrobial compounds, called phytoalexins, in response to 

potential infection by microorganisms. Riytoalexins may present a potential barrier to 

infection by a pathogen on its host Field isolates of the ascomycete Nectria haermtococca 
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Berk & Br. Mating Population (MP) VI (anamorph Fusarium solani) pathogenic on pea 

have the ability to detoxify the pea phytoalexin, pisatin, (VanEtten, et al., 1980), a trait 

called, fisatin demethylating ability (Pda). N. haematococca MPVI has been also found in 

other habitats and different fieid isolates that are pathogenic on nine plant species, 

monocots as well as dicots, have been identified (VanEtten and Kistler, 1988). 

Crosses involving field isolates pathogenic on pea can yield cross progeny with 

varying degrees of virulence on pea (Tegtmeier and VanEtten, 1982b; Kistler and 

VanEtten, 1984b; Mackintosh etai, 1989; Chapter 2). In crosses between highly virulent 

Pda"*" isolates and low virulence Pda' isolates, all highly virulent progeny are Pda"^ while 

all Pda" progeny are low in virulence (Tegtmeier and VanEtten, 1982b; Kistler and 

VanEtten, 1984b; Mackintosh, etal., 1989; Chapter 3). Using genetic analysis nine PDA 

genes were identified: PDAl-1, PDAl-2, PDA2, PDA3, PDA4, PDAS, PDA6-J, PDA6-2 

juid PDA9 (Kistler and VanEtten, 1984a; Mackintosh, et al., 1989; Miao and VanEtten, 

1992a; Chapter 3). Genetic analysis showed that PDAl-1, PDAl-2, PDA4, PDAS and 

PDA9 were associated with virulence on pea, while field isolates and laboratory cross 

progeny that contained PDA2, PDA3, PDA6-1 and/or PDA6-2 or were Pda", had low 

virulence on pea (Kistler and VanEtten, 1984b; Mackintosh, et al., 1989; Hirschi, 1994; 

Chapters). The whole cell enzymatic activity encoded by PDAl, PDA4, and PDAS was 

quickly induced and substantial amoimts of pisatin demethylase activity was induced 

(VanEtten, et al., 1989). This phenotype is called Pda^ and preliminary analysis of PDA9 

indicated that it was likely to also encode a Pda^ phenotype (Funnell and VanEtten, 

unpublished). PDAl, PDA3, PDA6-1 and PDA6-2 encode a low level of enzymatic 

activity on pisatin (Pda^ (Kistler and VanEtten, 1984b; Mackintosh, et al., 1989; 

VanEtten, et al., 1989). All field isolates and laboratory cross progeny that are highly 

virulent on pea contain at least one Pda^ gene (Kistler and VanEtten, 1984b; Mackintosh, 

etal. 1989; Hirschi, 1994; Chapter 3). 
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A Pda^ gene (PDAT9) was cloned from a field isolate pathogenic on pea (T9) 

(Weltring, et al., 1988). PDAT9 encodes a cytochrome P450, as determined by 

biochemical analysis of isolate T9 (Matthews and VanEtten, 1983) and by sequence 

analysis of the cloned gene (Maloney and VanEtten, 1994). The sequence of PDAT9 

indicated that it was unique from other known cytochrome P450 genes and, therefore, 

defmed a new cytochrome P450 family (CYP57) (Maloney and VanEtten, 1994). PDAT9 

hybridizes under stringent conditions to the nine genetically characterized PDA genes which 

allowed for molecular characterization of each gene (Miao, et al,, 1991b; Maloney and 

VanEtten, 1994; Hirschi, 1994; Chapter 3). Southern analysis of electrophoretic 

karyotypes (CHEF analysis) showed that PDAl-1, PDAl-2, PDA2, PDAS, PDA4, PDA6-

1, PDA6-2 were on relatively small chromosomes of similar size [ca. 1.6 Megabases (Mb)] 

(Miao, et al., 1991b; Chapter 3) although genetic analysis had only been able to establish 

that PDA6-1 and PDA6-2 were allelic (Kistler and VanEtten, 1984a; Mackintosh, et al. 

1989; Miao and VanEtten, 1992a; Chapter 3). PDAS and PDA9 were linked on relatively 

large but variably-sized chromosomes from 3.5 to 5.7 Mb (Miao, et al., 1991b; Chapter 3). 

During genetic crosses involving Pda"^ isolates, aberrant tetrad and random 

ascospore ratios for Pda were occasionally observed, suggesting non-Mendelian 

segregation of the Pda phenotype (Tegtmeier and VanEtten, 1982a,b; Kistler and VanEtten, 

1984a; Mackintosh, et al., 1989; Miao, et al., 1991a; Miao and VanEtten, 1992a; Chapter 

3). The basis for this anomaly was resolved by Miao, et al. (1991a) in studies with PDA6-

1. In crosses between parents that each contained PDA6-1, Pda" progeny were 

unexpectedly obtained. CHEF analysis showed that the 1.6 Mb chromosome carried the 

PDA6-1 gene and that it was present in Pda"^ progeny but absent in Pda" progeny (Miao, 

et. al., 1991a). Loss of the entire PDA6-I chromosome from the genomes of some of the 

Pda" progeny was confirmed when membranes of CHEF gels were hybridized with DNA 
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from the 1.6 Mb chromosome. This chromosome, which was present in some N. 

haematococca isolates pathogenic on chickpea (Miao and VanEtten, 1992b), also contained 

one of four genes {MAK genes) that confeired the ability to detoxify the chickpea 

phytoalexin, maackiain (Miao and VanEtten, 1992a; Covert, et cd„ 1996). Similar 

analyses of crosses involving PDAl-2, PDAS and PDA9, associated with at least moderate 

virulence on pea, showed that the 1.5 Mb chromosome carrying PDAl-2 was also lost and 

indicated that at least a portion of the large chromosome carrying PDAS and PDA9 was lost 

(Chapter 3). The 1.6 Mb chromosome carrying PDAl-1, was shown to be absent from 

karyotypes of Pda" mutant isolates generated as a result of transformation (Wasmarm and 

VanEtten, 1996) and following chemical treatment (Jorgensen and VanEtten, unpublished). 

Using transformation-mediated gene disruption, a Pda~ mutant that maintained the 

PDA-bearing chromosome, was generated from a PDAl-1 isolate highly virulent on pea 

(Wasmann and VanEtten, 1996). Although significantly reduced in virulence on pea, this 

mutant was not as low in virulence as Pda" field isolates or cross progeny Pda" (Wasmarm 

and VanEtten, 1996), indicating that, although Pda had a role in virulence, at least one 

other gene {PEP for pea pathogenicity) necessary for virulence on pea was also on this 

chromosome (VanEtten, et al., 1994). Therefore, the association of PDAl-1, PDAl-2, 

PDA4, PDAS and PDA9 with virulence on pea, seen in field isolates and laboratory cross 

progeny, may have been due to the presence of a chromosome in these isolates that carried 

the PDA gene and other PEP genes and to the absence of this chromosome in low 

virulence, Pda" isolates. Thus, what was segregating in crosses between Pda"*" and Pda" 

isolates may not simply be the PDA gene but an entire chromosome (VanEtten, et al., 

1994). 

In this chapter, I have reexamined isolates in which the previous genetic analyses 

revealed aberrant segregation for Pda or the inheritance of a Pda" phenotype could be 
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reinterpreted as a loss of ail or a portion of the PDA-containing chromosome, rather than as 

a segregation of PDA genes or alleles of PDA genes, as previously assumed. My z^iproach 

was to determine whether the PDA-beaiing chromosomes present in Pda"*" field isolates 

were absent in Pda" progeny thus indicating that these chromosomes were dispensable. In 

addition, I have shown that the PDA-bearing chromosomes from genetically-characterized 

isolates cross-hybridized with three different PDA-bearing chromosomes, except for the 

large chromosome carrying PDAS and PDA9 and a third PDAi-bearing chromosome 

(PDAl-3) from a highly virulent field isolate. Held isolates and cross progeny virulent on 

pea were also shown to be virulent on two other hosts: carrot and ripe tomato fruit 

However, field isolates and most cross progeny low in virulence on pea (e. g. those that 

contained PDA2, PDAS, PDA6-1 or PDA6-2 or were Pda") were as virulent on tomato and 

carrot as the pea pathogenic isolates, suggesting that these isolates had genes for 

pathogenicity on these other hosts, while the chromosomes containing the high activity 

PDA genes carried genes that were specific for pathogenicity on pea. 

Materials and Methods 

Fungi. N. haematococca MPVI isolates used in this study were parents and 

progeny from crosses used to genetically characterize the eight PDA genes (Table 4.1). 

PDAl-1, PDA2 and PDAS were characterized by Kistler and VanEtten (1984a), PDA4 and 

PDA6-1 (formerly known as PDAS-2) by Mackintosh, et aL (1989), PDA6-1 and PDA6-2 

by Miao and VanEtten (1992a), and PDAI-2, PDAS and PDA9 in Chapter 3. In two cases 

(with PDAl-1 and PDA2 and with PDAS and PDAP) the source of the genes were field 

V 



Table 4.1: Description of Pda"*" progenitor isolates, progeny containing single PDA genes and Pda' progeny 

used in study 

Lesion Length(min) 

Isolate PDA Genloype Habitat Pea^ Chickpea'' Source 

T2 PDAl-I,PDA2^ f>ea 17.9 ± 5.4 (35) 4.9 VanEtten (1978) 

T219 PDA3^ soil 4.4 ± 1.7(15) 3.7 Fusarium Research Center (S544) 

77-13-7 PDAl-1'^ 15.2 ±6.9 (13) Kistler and VanEtten, 1984a 

96-17 PDA2!^^ 5.6 ± 1.5(7) Kistler and VanEtten, 1984a 

62-22 PDA3f^ 4.7 ± 1.5(15) Kistler and VanEtten, 1984a 

44-100 None 4.7 ± 1.6(19) Kistler and VanEtten, 1984a 

T23 PDA4, Phd^^^ pea 19.8 ± 6.6 (42) 3.6 P. E. Nelson (SlOl) 

T161 PDA6-1 unknown 3.4 ±2.0 (16) 5.9 Fusarium Research Center (S554) 

196-10-7 PDA^^ 7.7 ±2.1 (15) Mackintosh, et. ai, 1989 

179-1 None 5.0 ± 0.6 (8) Mackintosh, et. ai, 1989 

179-5 None 3.9 ± 1.8(15) Mackintosh, et. al., 1989 

77 PDAS, PDA9^ mulberry 11.5 ±5.2 (63) 1.7 T. Matuo (SUHI-7) 

TIO PDAl-2, Phd^S pea 9.4 ±5.6 (35) 2.5 VanEtten, 1978 

T63 PDAl-3, Phd^^ pea 14.0 ±4.5 (40) 6.8 G. E. Harmon (T-51) 

34-18 PDAl-2, PDAS. 

PDA9^ 

18.5 ±7.6 (51) Chapter 3 

86-2-1 PDAS, PDA9S 10.6 ±4.6 (27) Chapter 3 

55-5-1 PDAS^^ 3.4 ±2.0 (31) Chapter 3 



Lesion Length (mm) 

Isolate PDA Genotype Habitat Pea® Chickpea'' Source 

98-2-3 PDA5^ 4.1 ±2.4(31) Chapter 3 

166-18-7 PDA5^ 5.8 dt 2.3 (23) Chapter 3 

98-6-2 None 5.8 ± 1.4 (20) Chapter 3 

T161 PDA6-I^ unknown 3.4 ±2.0 (16) 5.9 Fusarium Research Center (S554) 

T200 PDA6-2^ red clover 4.8 ± 1.4(16) 10.3 Fusarium Research Center (U2642) 

156-30-6 PDA6-n 4.9 ± 1.7(16) 11.31 Miao and VanEtten, 1992a 

241-1-1 PDA6-2^ 4.5 ± 1.7(16) 8.6'̂  Miao and VanEtten, 1992a 

241-36-2 PDA6-2^ 4.7 ± 1.8(16) 4.2^ Miao and VanEtten, 1992a 

241-21-4 None 4.7 ± 1.8(16) Miao and VanEtten, 1992a 

^Lesion lengths on pea measured six days following inoculation (see Materials and Methods). Isolates were 
tested in two or more assays, except for %-17 and 179-1 which were tested in one. The number of individual 
plants used in calculating the mean lesion length are indicated in parentheses. ^Lesion lengths on chick pea were 
reported in Lucy, et. al. (1988), unless otherwise indicated: Jlesion length reported in Miao and VanEtten 
(1992b); '̂ V. Miao (unpublished). 

PDA genotypes determined genetically by ^Kistler and VanEtten (1984a), '̂ Macintosh, et. al. (1989), ''Funnell, 
et. al. (199-b), 'Miao and VanEtten (1992a) and by Southern analysis by '̂ Miao, et. al. (1991b), Bpunnell, et. al. 
(199-b). 

^Phd (PDi4-hybridizing DNA) is presumably a non-functional PDA gene. 
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isolates that carried more than one gene. It is presumed that isolates from different cross 

series were unrelated as the PDA genes originated from different field isolates, except for 

the two cross series that characterized PDA6-1, which both involved field isolate, T161 

(Mackintosh, et al., 1989; Miao and VanEtten, 1992a). PDAl-3 was characterized using 

molecular techniques and has been identified, thus far, only in field isolate, T63 (Hirschi, 

1994; Chapters). 

Cultures were maintained as previously described (VanEtten, 1978). Some isolates 

were retrieved from stocks of mycelium and spores stored in 50% glycerol (Maniatis, et 

al., 1982) and single-spored as previously described (Chapter 2). All isolates were N. 

haematococca MPVI except for T488, a field isolate pathogenic on cucurbits and belonging 

to MPI. Isolate numbers designated with a T" were field isolates. All other isolates were 

cross progeny. 

Preparation of chromosomal DNA and pulsed field gel 

electrophoresis (CHEF)- Preparation of chromosomal DNA and resolution of 

chromosomes from 1.1 to 6.0 Mb in CHEF gels was as described in Chapter 3. 

Southern analysis of CHEF gels. DNA in CHEF gels was transferred to 

membranes, as previously described in Chapters. A 1.35 kb Sstl fragment of the PDAT9 

gene ("5acB"; see Hgure 1.2) was used as a PDA gene probe, as it was specific to PDA 

genes and lacked the highly conserved cytochrome P450 heme-binding region (Weltring, et 

al., 1988; Maloney and VanEtten, 1994). DNA from the 1.6 Mb PDAi-i-bearing 

chromosome of isolate 77-13-7 {PDAl-1 chr.), the 1.5 Mb PDAl-2~\xaimg chromosome 

of isolate 34-18 {PDAl-2 chr.) and the 1.6 Mb PDA5-/-bearing chromosome from isolate 

156-30-6 (PDA6-1 chr.) were extracted from 0.7% low melting point (LMP) agarose 

(ultraPURE, BRL)/0.5 TBE (TBE is 89 Mm Tris-borate Ph 83, 25 Mm EDTA) CHEF 

gels as previously described (Miao, et al., 1991a; Chz^ster 3). Labeling of DNA and 

hybridization of membranes was performed as described in Chapters 2 and 3. 



185 

Virulence Assays. Pea virulence assays were done using a "test tube assay" as 

previously described (VanEtten, et al., 1980; Chapter 2) except lesions were measured 6 

days following inoculation. 

Tomato and carrot virulence assays were done using "Trust" variety tomatoes, 

which were vine-ripened and hydroponically-grown (Eurofresh, Wilcox, AZ) and 

organically-grown carrots (Grimway Farms, Bakersfield, CA; variety Flame) purchased 

from a local supermarket (Reay's Ranch Market, Tucson, AZ). The tomatoes and carrots 

were washed with water, placed in a laminar-flow hood to dry, then sprayed with 95% 

ethanol and again allowed to dry, twice. The epidermis of tcxnatoes was pricked with a 25 

gauge needle, then a 4 mm diameter agar plug cut from an inoculum plate was placed, 

myceliiun-side against the wound. Carrots were inoculated without wounding. The 

inoculum plates were prepared as follows. A spore suspension from a stock culture grown 

cm Ustilago genetics minimal agar medium (M-lOO; Stevens, 1974) was spread onto M-

100 agar plates which were incubated for 2 days in the dark at 27° C. For assay #2, 

inoculum for two isolates (34-18 and 166-18-5) was prepared by spreading a suspension 

of ungerminated conidia onto M-lOO plates and immediately cutting agar plugs and 

inoculating tomatoes and carrots, without pre-incubation of the plates. Up to six isolates 

could be inoculated onto each tomato and up to seven on each carrot In each assay a 

negative control isolate, T488, which is a fungal species not reported to be pathogenic on 

carrot and ripe tomato, was included. From eight to eleven replicates for each isolate were 

included in each experiment and isolates were assayed in one to four experiments. A given 

isolate was inoculated only once on the same tomato and at most twice on the same cairot 

The order of the inoculations was varied and to coimteract possible positional effects on 

carrots, each isolate was inoculated at least once at each of seven positions along the length 

of the carrot Inoculated tomatoes and carrots were incubated at room temperature in 

autoclaved plastic (Sterilite) boxes (24.5 x 39 x 15 cm). Wet paper towels were placed in 
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the bottom of each box and tomatoes and cairots were placed on a wire rack, constructed so 

that they did not contact the bottom of the box. Lesions were measured five or six days 

following inoculation. Since some of the lesions were not circular, two measurements at 

right angles were made of each lesion and both measurements were used in calculating the 

mean lesion size. 

Statistical analyses of tomato and carrot virulence assays. For 

statistical comparisons, isolates were grouped as Pda'*' or Pda~. Differences between these 

groups were tested using SAS procedure GLM (SAS Institute Inc., Gary, NC) both with 

and without T488 included as a group. Analysis of variance was also used to test for 

differences among isolates within groups. Mean lesion lengths of all isolates were 

compared using both the Duncan and the Waller methods for multiple comparison of means 

(SAS procedure GLM). 

Radial growth bioassays. Radial growth measurements were done as 

described in Chapters using 60 X 15 mm petri plates containing 8 ml of peptone-glucose 

agar medium (Martin, 1950). Growth was measiued after 5 days. 

Results 

I. Location of PDA genes in source isolates of these genes and in isolates 

containing a single PDA gene. 

a) PDAl-l. PDA2 and PDAS. PDAl-1, PDA2 and PDAS were genetically 

characterized in a set of crosses that were initiated by a cross between T2, a field isolate 

obtained from infected pea and T219, a field isolate isolated from SCMI, (Table 4.1) (Kistler 

and VanEtten, 1984a). PDAl-1 and PDA2 encoded for a Pda^ and a Pda^ phenotype, 

repectively, segregated independently and, through a series of backcrosses with T2, were 
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shown to have originated from T2, while PDAS, which also encoded for a Pda^ 

phenotype, originated from T219 (Kistler and VanEtten, 1984a). The genetic study 

indicated that these three genes were unlinked (Kistler and VanEtten, 1984a). CHEF 

analysis of progeny containing a single PDA gene showed that the three genes were on 

chromosomes of 1.6 Mb in each isolate (Miao, et al., 1991b; Figure 4.1a,b; 77-13-7, 96-

17,62-22). Since only a single 1.6 Mb chromosomal band in T2 hytnidized with the PDA 

gene probe ("5acB") (Miao, et al., 1991b; Figures 4.1a,b and 4.2a,b), presumably the 

PDAl-1 and PDA2 chromosomes are comigrating in this gel. Genetic and CHEF analyses 

suggested that the three chromosomes containing PDAl-1, PDA2 and PDAS were each 1.6 

Mb but they segregated independently. 

b) PDA4 and PDA6-1. PDA4 and PDA6-1 (formerly known as PDAS-2) were 

genetically characterized in crosses which were initiated with a cross between T23, a field 

isolate obtained from pea, and T161, a field isolate of unknown origin, that is of low 

virulence on pea, (Table 4.1) (Mackintosh, et al., 1989). T23 exhibited the Pda^ 

phenotype and T161 exhibited the Pda^ phenotype and it was found that each contained a 

single PDA gene, PDA4 and PDA6-1 respectively, which segregated independently 

(Mackintosh, et al., 1989). Allelism tests showed that PDA4 segregated independently 

from PDAl-1, PDA2 and PDAS (Mackintosh, et al., 1989). Allelism tests with PDA6-1 

showed that it segregated independently from PDAl-1 and PDA2 but one set of tests 

suggested it was allelic with PDAS (Mackintosh, et al., 1989) while another set of tests 

suggested it segregated independently from PDAS (Miao and VanEtten, 1992a). CHEF 

analysis of progeny of T23 and T161 that carried a single gene showed that PDA4 was on a 

1.5 Mb chromosome and PDA6-1 was on a 1.6 Mb chromosome (Miao, et al., 1991a,b; 

Figure 4.1a,b: 196-10-7; Figure 4.2a,b; 196-10-7 and 156-30-6). 
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Figure 4.1: CHEF analysis of Pda"*" progenitor isolates, progeny carrying single PDA 

genes and Pda" progeny using chromosomal DNA and 5acB probes. CHEF gel (a) was 

blotted to a membrane which was hybridized with the PDAl-1 chr. (c), stripped and 

reprobed with the PDA6-1 chr. (d) and stripped and reprobed with SacB (a). 
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Figure 4.2: CHEF analysis of Pda+ progenitor isolates, progeny carrying single PDA 

genes and Pda* progeny using chromosomal DNA and SacB probes. Same as Figure 4.1. 
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c) PDA6-2. PDA6-2 was genetically characterized in a set of crosses that involved 

T161 andT200, (isolated from red clover) (Table 4.1). The Pda phenotype of T200 was 

Pda^ Alldism tests showed that PDA6-2 was non-allelic with PDAl-1, PDA2, PDAS and 

PDA4 but allelic with PDA6-1 (Miao and VanEtten, 1992a). CHEF analysis of T200 and 

Pda"^ progeny of T200 showed that PDA6-2 was on a 1.7 Mb chromosome (Miao, et al., 

1991b; Figure 2a,b: T200). 

d) PDAl-2. PDA5 and PDA9. PDAS was genetically characterized in a set of 

crosses involving TIO, a field isolate from pea and another field isolate, T7, which was 

isolated from diseased mulberry branches (Chapters 2 and 3; Table 4.1). Allelism tests 

showed that PDAS was non-allelic with PDAl-1, PDA2, PDA3, PDA4 and PDA6 (Miao 

and VanEtten, 1992a; Chapter 3; Mackintosh, Matthews and VanEtten, unpublished). 

Genetic and molecular analysis of progeny from these crosses showed that PDAl-2, PDAS 

and PDA9, which were all Pda^ genes, were able to segregate from one another (Chapter 

3). Molecular analysis of progeny carrying only PDAl-2 showed that it was similar to or 

homologous with PDAl-1 (Chapter 3). CHEF analysis showed that PDAl-2 was on a 1.5 

Mb chromosome and PDAS and PDA9 were on a 4.9 Mb chromosome in T7 but on 

variably-sized chromosomes, in the range of 3.5 to 5.7 Mb, in progeny carrying one or 

both genes (Chapter 3). 

II. Pda" progeny of Pda"*" field isolates. Previous CHEF analysis of progeny 

from crosses involving PDA6-1 (Miao, et al., 1991a) and PDAl-2, PDAS and PDA9 

(Chapter 3) showed that Pda* progeny lacked the chromosomal band present in Pda"*" 

isolates from the same cross and lacked SacB-hybridizing chromosomes. 1 wished to 

determine if Pda" progeny from crosses involving the other PDA genes were also lacking 

the PDA-containing chromosomes. 
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For analysis of progeny from crosses involving PDAl-1, PDA2 and PDAS, the 

Pda' isolate 44-100 was selected as it was a progeny of the initial cross between T2 

(PDAl-I and PDA2) and T219 (PDAS) (Kistler and VanEtten, 1984a), therefore, all three 

genes were absent from this isolate. Since it was a random ascospore isolate, its Pda' 

phenotype could have been the result of independent segregation of the three genes. 

However, an alternative interpretation is that loss of one or more of the chromosomes 

containing the PDA genes could also have occurred. For analysis of progeny from crosses 

involving PDA4, the Pda" isolates 179-1 and 179-5 were selected as they resulted from a 

cross between T23 (PDA4) and T161 (PDA6-1) (Mackintosh, et al., 1989) and again, 

absence of both of these genes could be due to independent segregation and/or to loss of 

one or both chromosomes. For analysis of progeny of PDA6-2, the Pda' isolate, 241-21-4 

was selected as it is from a tetrad which exhibited unexpected loss of the Pda"^ phenotype 

(Miao and VanEtten, 1992b). The parents of 241-21-4 were T200 (PDA6-1) and a Pda' 

isolate and all eight tetrad progeny were Pda", indicating loss of the PDA6-2 gene. 

CHEF analysis of these Pda" progeny showed that the chromosomal band carrying 

the PDA gene in Pda"^ field isolate parents and progeny was absent in Pda' progeny and the 

progeny lacked chromosomes that hybridized with 5acB (Figure 4.1a,b: 44-100, 179-1, 

179-5; Figure 4.2a,b: 44-100, 179-5, 241-21-4). This was what had been previously 

observed in Pda' progeny of PDA6-1, PDAl-2, PDAS and PDA9 which exhibited loss of 

the Pda"*" phenotype (Miao, etal, 1991a; Chapter 3). For example, the Pda" isolate, 98-6-

2, was from a tetrad in which all the tetrad progeny were Pda', that resulted from a cross 

between 34-18, a Pda"*" isolate that carried PDAl-2, PDAS and PDA9, and a Pda" isolate 

(Chapter 3). Isolate 98-6-2 lacks the chromosomes at the size of those that hybridize with 

SacB in 34-18 (1.5 and 4.9 Mb) and lacks 5acB-hybridizing chromosomes (Table 4.2; 

Figure 4.2a,b: 98-6-2; Figure 4.1a,b: 34-18; see also Figure 3.10d). Previous results 

showed that the 1.5 Mb chromosome that carried PDAl-2 in 34-18 was absent in 98-6-2, 
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and indicated that at least port of the 4.9 Mb chiomosome that canied PDAS and PDA9 in 

34-18 was absent in 98-6-2 (Chapter 3). The current results indicated that the same 

phenomenon was occurring in Pda~ progeny from other crosses, in that the chromosomes 

containing PDAl-1, PDA2, PDAS, PDA4, or PDA6-2 were absent in these progeny. 

III. Hybridization of DNA from FDA*bearing ciiromosomes with 

electrophoretic karyotypes of representative isolates carrying genetically 

characterized PDA genes and Pda' cross progeny. 

a) Hybridization of chromosomal probes to Pda'*'field isolates and Pda^ progeny. 

DNA from the PDAl-1 chromosome (chr.), PDAl-2 chr. and PDA6-1 chr. was extracted 

from LMP agarose CHEF gels and used as probes to membranes from CHEF gels that 

contained Pda"*" field isolates and progeny that carried one or more genetically characterized 

PDA gene and Pda" progeny. The PDAl-1 and PDA6-1 chrs. hybridized with the PDA-

bearing chromosomes containing PDAl-1, PDAl-2, PDA2, PDAS, PDA4, PDA6-1 and 

PDA6-2 (Figures 4.1b,c and 4.2b,c; Table 4.2). The PDAl-2 chromosome was used as a 

probe to karyotypes of isolates containing PDAl-1, PDAl-2, PDA4, PDA6-1 and PDA6-2 

and it hybridized with the chromosomes containing these genes (Hgure 4.3a,b; Table 4.2). 

No hybridization occurred with the three chromosome probes to the relatively large 

chromosomes containing PDAS and PDA9 frcMn T7 or 34-18 (which also contained PDAl-

2 on a 1.5 Mb chromosome that hybridized with the three chromosomal probes) or with the 

larger chromosomes carrying PDAS and/or PDAP in progeny of 34-18 (Chapter 3) 

(Figures 4.2b,c and 4.3b, Table 4.2). No hybridization occurred with the chromosomal 

probes to the two PDA-hybridizing chromosomes of T63 which carried PDAl-3 and Phd 

(PDA-hybridizing DNA), a SacB-hybridizing gene of unknown function (Chapter 3; data 
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Table 4.2: Electrophoretic karyotypes of representative PDA 
isolates and Pda' progeny 

Chromosomes (Mb) hybridizing with: 

Isolate PDA gene PDAJ-J chr. PDAJ-2 chr. PDA6-1 chr. 

T2 1.6^ 1.3,1.6,1.8 ntb 1.3,1.6,1.8 

T219 1.6^ 1.6 nt 1.6 

77-13-7 1.6 1.6 1.6 1.6 

96-17 1.6^ 1.6 nt 1.6 

62-22 1.6^ 1.6 nt 1.6 

44-100 None None None None 

T23 1.5 1.5 nt nt 

196-10-7 1.5a 1.5 nt 1.5 

179-1 None None None None 

179-5 None None None None 

T7 4.9C None None None 

TIO 1.5. 3.1^ nt 1.5^^ nt 

T63 1.3, 3.1'̂  None None^ nt 

34-18 1.5, 4.9^ 1.5 1.5^ 1.5 

98-2-3 4.2^ nt None nt 

166-18-7 4.2^^ None None^ nt 

98-6-1 None^ None None^ None 

98-6-2 None'̂  None None^ None 

T161 1.6^ 1.6 1.6 1.6 

T200 1.7a 1.7 1.7 1.7 

156-30-6 1.6^ 1.6 1.6 1.6a 

241-1-1 1.7 1.7 1.7 nt 

241-36-2 1.7 1.7 1.7 nt 

241-21-4 None None None None 

^Originally reported in Miao, et al., 1991b. '̂ Originally reported in Miao, et 
al., 1991b and Chapter 3, ^Originally reported in Chsqjter 3. 

^nt = not tested. 
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Figure 4.3; CHEF analysis of Pda+ progenitor isolates, progeny carrying single PDA 

genes and Pda" progeny using DNA from the PDAl-2 chromosome. CHEF gel (a) was 

blotted and the membrane was hybridized with DNA frcan the PDAl-2 chr. (b). 

Hybridization with the PDAl-1 chr. gave identical results (data not shown). 
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not shown). Additionally, there was no hybridization to the 3.1 Mb chromosome that 

carried a Phd gene in field isolate TIO (Table 4.2). 

Under stringent conditions, there was no distinct and consistent hybridization of the 

chromosomal probes with non-PDA-hybridizing chromosomes in most of the karyotypes 

of Pda"^ isolates and progeny (Figures 4. lc,d, 4.2c,d and 4.3b, Table 4.2). An exception 

were two small chromosomes of T2 of approximately 1.8 and 13 Mb which consistently 

hybridized with the chromosomal probes, but to a lesser degree than the strongly-

hybridizing band at 1.6 Mb band (Figures 4.1a,c,d and 4.2a,c,d), which contained the 

chromosome(s) that carried the PDAl-1 and PDA2 genes. Hybridization with the 1.3 and 

1.8 Mb chromosomes of T2 was particularly noticeable when probing with the PDA6-1 

chromosome, which is known to contain repetitive sequences that hybridize with non-

PDA-bearing chromosomes (S. F. Covert, personal commimication) (Figures 4. id, 4.2d). 

Additionally, a randomly-cloned repetitive sequence from T2 (Nrsl-2 for Nectria repetitive 

sequence) hybridized with the 1.3 and 1.8 Mb, as well as the 1.6 Mb 5acB-hybridizing 

chromosome(s) of T2 (Kim, et al., 1995). Progeny of crosses involving T2 used in this 

study (44-100,62-22, Tl-Yi-l and 96-17) all lacked the 1.3 and 1.8 Mb bands, and only 

the 1.6 Mb PDA-bearing chromosomes of 77-13-7, 62-22 and 96-17 hybridized with the 

chromosomal probes. Therefore, the 1.3 and 1.8 Mb chromosomes of T2 may be 

dispensable chromosomes that were not inherited by these progeny isolates from the T2 

cross series. 

b) Hybridization of chromosomal probes to Pda' progeny of field isolates. 

Consistent with what had been observed with some Pda" progeny of crosses involving 

PDA6-1 (Miao, etal., 1991a) and Pda" progeny of crosses involving PDAl-2, PDAS and 

PDA9 (i. e. 98-6-2) (Chapter 3) no consistent hybridization of chromosomal probes with 

the chromosomes of Pda" isolates 44-100, 179-1, 179-5 and 241-21-4 was observed, 

showing that the chromosomes containing PDAl-2, PDA2 and PDAS (44-100), PDA4 



201 

(179-1 and 179-5) and PDA6-2 (241-21-4) were absent in these pmgeny (Figures 4.1c,d, 

4.2c,d and 4.3b; Table 4.2). Chromosomal probes did, presumably non-specifically, 

hybridize with high concentrations of DNA such as to unrescdved DNA, to DNA caught in 

wells or to degraded DNA at the bottoms of gels, in karyotypes of both Pda"*" and Pda" 

isolates. However, this phenomenon was also periodically observed when single-copy 

probes, such as 5acB, were used. 

c) Cross-hybridization of PDA-bearing chromosomes. As indicated above, the 

PDAl-I, PDAl-2 and PDA6-1 chrs. cross-hybridized with one another. Additionally, the 

PDAl-1 and PDA6-1 chrs. were used as probes to karyotypes of isolates carrying PDA2, 

PDA3, PDA4 and PDA6-1 and the PDAl-2 chr. was used as a probe to karyotypes of 

isolates carrying PDA6-2 and hybridization occurred in all cases with the PDA-bearing 

chromosome (Figures 4. lc,d, 4.2c,d and 4.3b; Table 4.2). This indicated that these PDA-

bearing chromosomes shared significant homology. However, hybridization with 

chromosomal probes appeared to be differential. Both chromosomes that contained Pda^ 

genes, PDAl-1 and PDAl-2, seemed to hybridize with the PDA2, PDA3, PDA4 and 

PDA6-2 chromosomes with similar intensity but hybridization with the 1.6 Mb PDA6-1 

chromosome of T161 and 156-30-6 seemed relatively weak (Figure 4.2c). However, 

when the PDA6-1 chromosome, which contains a Pda^ gene, was used as a probe, strong 

hybridization with the 1.6 Mb chromosomal band of T2 (which presimiably contained the 

PDAl-1 and PDA2 chromosomes), and with the chromosomes containing Pda^ genes: 

PDA2 (96-17), PDA3 (62-22, T219), PDA6-1 and PDA6-2 (241-1-1, 241-36-2). 

However, hybridization with the chromosomes containing the Pda^ genes, PDAl-1 {T7-

13-7) and PDA4 (196-10-7) was relatively weak. Therefore it appeared that the 

chromosomes that carry Pda^ genes were more similar to one another than to those that 

carried the Pda^ genes, PDAl-1, PDAl-2 and PDA4. Although the chromosomes that 

carried the Pda^ genes may share extensive homologies, neither of the chromosome 
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probes that carried Pda^ genes hybridized with the chromosomes that carried the other 

Pda^ genes, PDAl-3 (from T63) or PDAS and PD/19 (from 17). 

IV. Virulence of N. haematococca MPVI isolates on carrot and ripe tomato. 

Representative MPVI field isolates and progeny carrying each PDA gene, and Pda" 

progeny from each genetic background, were tested for virulence on carrot and ripe tomato 

fruit Although MPVI is not routinely isolated as a pathogens of these tissues (VanEtten 

and Kistler, 1988), previous studies had indicated that MPVI isolates will cause lesions on 

ripe tomato (Ddfago and Kern, 1983) and carrot (J. Strandbourg, personal 

communication). An MPI isolate (T488), which was pathogenic on cucurbits (data not 

shown), its normal host, but non-pathogenic on carrots and ripe tomatoes (Table 4.3; 

Rgure 4.4a,b) was used as a control. On tomatoes, MPVI isolates made lesions that 

exhibited a spherical collapse and splitting of the tissue, with mycelium visible at the cracks 

(Figure 4.4a). On carrots, inoculation with MPVI isolates resulted in collapsed tissue that 

was soft and brown and the lesions tended to extend around the girth of the carrots (Rgure 

4.4b). Occasionally, a brown, odoriferous liquid exuded from the lesion. When tomatoes 

were inoculated with T488, in most cases, there was no noticeable effect on the tomato 

(Figure 4.4a: the black mark was made prior to inoculation to designate the location for 

wounding; the agar plugs were removed to check for small lesions). Occasionally, a slight 

depression, or rarely, a beige hypersensitive-like response or a small, MPVI-Uke lesion 

resulted. In most cases inoculation of carrots by T488 resulted in no reaction, but 

occasionally, there was a depression in the carrot that was not discolored and in one case, a 

small MPVI-like lesion resulted. 

Most MPVI isolates produced large lesions on tomato and carrot (Table 4.3). 

However, the relative sizes of the lesions produced by the different isolates varied and two 



Table 4.9: Virulences of representatives isolates with different PDA containing 

chromosomes on tomato and carrot^ 

Tomato Carrot 

PDA 

Isolate Chromosomes Assay #1 Assay #2 Assay #1 Assay W1 

T2 PDAl-I, PDA2 14.6 ± 6.7 (9) 9.7 ±6.1 (10) 

T219 PDA3 16.1 ±8.3 (10) 8.1 ±5.8(10) 
77-13-7 PDAI-1 9.6 ± 7.7 (6) 19.4 ± 8.2 (9) 11.5 ±5.6 (9) 7.5 ±5.4 (11) 

96-17 PDA2 11.9 ±^3.0 (9) 3.6 ± 3.0 (9)*'> 

62-22 PDAS 11.9 ±3.5 (8) 8.4 ± 5.0 (9) 

44-100 None 4.2 ±2.3 (6)* 15.2 ± 10.3 (10) 6.4 ±1.6(8) 8.1 ±3.6(11) 

T23 PDA4 16.9 ± 4.3 (7) 10.3 ± 4.8 (8) 
179-5 None 11.0 ±3.6 (6) 6.5 ±4.2 (10) 

34-18 PDAl-2 15.8 ± 3.6 (6) 14.6 ± 5.8 (9)C 9.2 ±5.6 (8) 7.2±4.2(10)C 

PDA5/PDA9 

86-2-1 PDA5/PDA9 25.7 ± 7.6 (9) 10.6 ±4.1 (11) 

98-2-3 PDAS 17.4 ± 4.7 (7) 12.7 ± 5.2 (9) 
166-18-7 PDAS 17.5 ± 5.6 (9)C 7.9±4.0(10)C 
98-6-2 None 12.6 ± 4.6 (8) 16.0 ± 7.7 (9) 8.3 ±5.3 (8) 8.2 ±4.6 (10) 

156-30-6 PDA6-1 8.5 ±5.1 (6) 6.3 ± 3.6 (9) 

241-36-2 PDA6-2 9.4 ± 4.6 (8) 9.5 ± 8.3 (8) 
241-21-4 PDA6-2 12.9 ± 5.8 (8) 8.4 ± 5.3 (8) 

T488 0.2 ±1.0 (17)* 2.1 ±4.1(16)* 0.9 ±2.8 (16)* 1.2 ±1.6 (14)* 
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tomato and canot virulence assays were performed as described in Materials and 
Methods. Tomato and carrot assays #1 were measure five days following inoculation 
while assays Itl were measure six days following inoculation. The number in parentheses 
indicates the number of lesions measured for each isolate. Two measurements, at right 
angles were made of each lesion. Due to variability between assays, means from different 
assays cannot be directly compared. 

^ean lesion lengths marked with were not significantly different from the 
negative control T488 in the Waller and Duncan pairwise tests. Those not marked with 
asterisks are significantly different than that of the negative control by both tests. When the 
mean lesion lengths of Pda+ isolates and of Pda" isolates were compared with that of T488, 
the analysis was statistically significant in assays #1 and #2 by the GLM procedure (P < 
0.05) (SAS Institute, Inc.) 

^Jngerminated spores were used as inoculum. 
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Figure 4.4: Virulence assays on lipe tomato and on carrot, a) Lesions produced by 

MPVI isolates, 77-13-7 (PDAl-l), 98-6-2 (Pda") and 44-100 (Pda*). The site of 

wounding for inoculation by the negative control, T488, (MP!) was marked with black ink 

and the agar plug was removed to check for small lesions. The four isolates were 

inoculated onto the same tomato, b) Lesions produced by MPVI isolates 77-13-7, 98-6-2, 

44-100, 86-2-1 (PDAS, PDA9h T219 (PDAS) and T2 fPDAi and PDA2) and the negative 

control isolate, T488. Two carrots, with isolates inoculated in different positions, are 

shown, c) Lesions produced by Pda" MPVI isolates 75-7, 94-8-3 and 166-22-1 and the 

Pda+ isolate 34-18 (PDAl-2, PDAS and PDA9). For 75-7 and 94-8-3, the black mark 

identifies the site of wounding and the agar plugs have been removed. 
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Table4j4|^ViruleMeofPdaMsola^esMpM 

Pea^ Tomato-Lesion Size (mm)^ 

Isolate Lesion Length (nun) Assay #3 Assay #4 

44-36 2.3 ± 0.5 (9) 17.4 ±5.1 (8) 

44-46 4.2 ± 0.5 (7) 15.3 ± 4.5 (8) 

44-64 4.0 ± 0.8 (8) 18.3 ± 4.0 (7) 

75-7 2.0 ± 0.5 (3) 4.5 ± 6.4 (9)*c 2.8 ± 2.4 (9)* 

94-1-3 5.3 ± 2.6 (8) 19.0 ±3.9 (8) 

94-2-1 3.9 ± 1.4 (8) 13.3 ± 6.6 (8) 

94-3-3 1.1 ±0.4(10) 19.4 ± 6.2 (7) 

94-4-5 2.9 ± 0.5 (9) 17.9 ± 4.0 (8) 

94-S3 3.4 ± 1.5(10) 16.8 ± 4.6 (6) 

94-6-1 3.2 ± 1.2 (9) 17.8 ± 4.6 (8) 

94-7-4 2.6 ± 1.0(10) 20.9 ± 5.8 (9) 

94-8-3 2.1 ± 1.6(10) 5.9 ± 4.6 (7)* 8.9 ±4.1 (9)d 

166-22-1 3.5 ± 1.9® 23.5 ± 5.3 (9) 

Controls: 

44-100 2.2 ± 0.9 (5) 17.8 ± 4.6 (9) 19.5 ±5.7 (10) 

34-18 16.3 ± 7.9 (9) 22.7 ± 6.5 (8) 23.0 ±4.1 (9) 

77-13-7 16.4 ± 6.2 (5) 15.2 ± 8.4 (7) 22.1 ±4.3 (9) 

166-18-7 4.7 ±2.1 (8) 23.0 ± 5.3 (8) 

T488 1.7 ± 2.5 (25)* 1.0 ± 1.8(11)* 
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^Mean lesion lengths were from a single assay. Numbers in parentheses indicate 
the number of peas measured. 

^Assays were done as described in Materials and Methods and in Table 4.3. 
Lesions were measured six days following inoculation. Number in parentheses indicates 
the number of lesions measured for each isolate. 

^ean lesion lengths marked with were not significantly different from the 
negative control T4S8 in the Waller and Dimcan pairwise tests. Those not marked with 
asterisks are significantly different than that of the negative control by both tests. When the 
mean lesion lengths of Pda+ isolates and of Pda" isolates were compared with that of T488, 
the analysis was statistically significant in assay #3 by the GLM jwocedure (P < 0.05) 
(SAS Institute, Inc.) 

^The mean lesion length of 94-8-3 in assay #4 was statistically significant from 
those of 166-22-1, 44-100, 34-18 and 77-13-7 by the Waller and the Duncan pairwise 
tests. 

^Virulence on pea determined in separate assays that included 34-18 and 166-18-7 
which had mean lesion lengths of 19.0 ± 6.6 (20) and 7.4 ± 0.7 (7) mm, respectively. 
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isolates (96-17 on canot and 44-l(X) in assay #1 on tomato) only produced small lesions 

that were not significandy different than those produced by T488. Thus, MPVI isolates 

can vary in their virulence on carrot and ripe tomato. However, when the mean lesion size 

dispensable PDA-bearing chromosomes, were not a requirement for virulence on tomato or 

carrot 

The Waller and Duncan pairwise tests allowed comparisons of the mean lesion sizes 

formed by isolates from the same cross. For example, 77-13-7 (PDAl-1) was significantly 

more virulent on tomato than the related isolates, 44-100 (Pda") and 96-17 (PDA2), in 

assay #1 while there was no significant difference between the mean lesion sizes of 77-13-

7 and 62-22 (PDAS) on both tomato and carrot (Table 4.3): 44-100,62-22 and 96-17 were 

similarly low in virulence on pea, while 77-13-7 is highly virulent on pea (see Table 4.2). 

When 77-13-7 and 44-l(X) were repeated in assays #2 and #4, there was no statistical 

significance between the mean lesion sizes of the two isolates on tomato and carrot (Tables 

43 and 4.4; Figure 4.4a). This showed that isolates from the same genetic background, 

and with different virulences on pea, could be equally pathogenic on carrot and ripe tomato 

suggesting that genes involved in pathogenicity on these vegetables segregated 

independently from genes required for virulence on pea. However, genetically related 

isolates could vary significantly in their virulence to these vegetaWes, suggesting that genes 

needed for pathogenicity on these other hosts may segregate in genetic crosses. 

V. Virulence of Pda* progeny of T2 and T219 on ripe tomato. 1 wished to 

examine further whether there were genes controlling pathogenicity on tomato and carrot 

that segregated from one another, and independently from virulence genes on the 

dispensable PDA chromosome. In the assay #1 (Table 43), 44-100 (Pda") and 96-17 

(PDA2) appeared less virulent on tomato and carrot, respectively, than the related isolates, 

77-13-7 (PDAl-1) and 62-22 (PDAS). Therefore, I chose to assay more Pda" isolates 
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frc»n the crosses involving the field isolate progenitCMrs of these isolates, T2 and T219 (see 

Table 4.1 and Kistler and VanEtten, 1984a) on pea [some were originally tested on pea by 

Kistler, (1983)] and ripe tomato, as well as a Pda~ isolate (166-22-1) that had different field 

isolate progenitors (T7, TIO and T63). Pda" isolates were chosen to disregard possible 

virulence genes that may have been linked with PDA genes and tomato was selected as 

larger and more consistent lesions were obtained than those on carrot. All the Pda" isolates 

were low in virulence on pea, as expected and previously reported (Kistler, 1983; Kistler 

and VanEtten, 1984b) when compared with isolates known to be highly virulent (77-13-7 

and 34-18) or low in virulence (44-100, 166-18-7 and 166-22-1) on pea (Table 4.4). The 

four MPVI control isolates had similar lesion sizes on tomato and most of the Pda" progeny 

of T2 and T219 were similarly virulent on tomato (Table 4.4). However, 2 isolates, 75-7 

and 94-8-3, were significantly less virulent than the other MPVI isolates tested and their 

mean lesion sizes were not significantly different than that of T488 (Table 4.4). When the 

assay was repeated with these two isolates and control isolates (Table 4.4, Figure 4.4c), 

15-1 and 94-8-3 were both significantly less virulent than the MPVI isolates 34-18, 77-13-

7 (Pda"*"), 44-l(X) and 166-22-1 (Pda") by the Waller and Duncan Tests. The mean lesion 

size produced by 75-7 was not significantly different from that of T488 by both tests. In 

assay #4, 94-8-3 resulted in a mean lesion size that was significantly different from those 

of 75-7 and T488 and from those of the 3 MPVI control isolates, 44-l(X), 34-28 and 77-

13-7. Isolate 75-7 produced either no lesion, a small depression approximately the size of 

the agar plug, an HR-like response or in one case (out of 18) an MPVI-like lesion. 

Inoculation by 94-8-3 resulted in either no lesion, a slight depression the same size or 

larger than the agar plug, or on 6 of 16 tomatoes, MPVI-like lesions that were smaller than 

lesions produced by other MPVI isolates on tomato. 

To test whether 75-7 and 94-8-3 were generally affected in growth, the radial 

growth rates of these isolates were compared with those of their parents. The colony radii 
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after 5 days for 75-7 and 94-8-3 (23 and 21.5 mm, respectively) was essentially the same 

as those of their parents, T2 (Pda"*" parent of 75-7), 44-100 (Pda" parent of both isolates) 

and the PDAl-1 iscdate 77-2-3 (Pda"*" parent of 94-8-3) (21, 23.5 and 23 mm, 

respectively). This suggested that the low pathogenicity on tomato was not due to a general 

lack of vitality in these isolates. 

Discussion 

The chromosomes carrying the genetically-characterized PDA genes, PDAl-1, 

PDAl-2, PDA2, PDA3, PDA4, PDA6-1 and PDA6-2, have been shown to be of similar 

sizes ca. 1.6 Mb (Miao, et al., 1991b; Chapter 3) and the present study has indicated that 

these chromosomes shared significant DNA homology with sequences other than PDA 

genes. PDAS and PDA9 were found on larger chromosomes: 4.9 Mb in the field isolate 

progenitor strain, T7, and chromosomes in the range of 3.5 to 5.7 Mb in progeny isolates 

(Miao, et al„ 1991b; Chapter 3). The PDAl-1 and PDA6-1 chrs. did not hybridize with 

PDA5IPDA9 chromosomes and a previous study had shown that the PDAl-2 chr. also did 

not hybridize with the PDA5/PDA9 chromosomes (Chapter 3). Additionally, when the 4.9 

Mb chromosome containing PDAS and PDA9 was used as a probe to blots of CHEF gels 

in preliminary experiments, although it hybridized with itself and with PDA5-bearing 

chromosomes, there was no hybridization, above background, with the PDAl-2 

chromosome (Chapter 3). This suggested that more homologous DNA segments, besides 

the PDA genes, were necessary for detectable and selective hybridization between these 

chromosomes. This was further supported when the PDA! chromosomes did not 

hybridize with the 1.3 and 3.1 Mb PDA-containing chromosomes of T63 (Chapter 3; this 

work). However, a cDNA that represents a gene closely linked with PDAl-1 (Liu and 
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VanEtten, unpublished) hybridized with the 3.1 Mb chromosome of T63 (Fumiell and 

VanEtten, unpublished), showing that this chromosome contains at least two genes 

homologous to genes on the PDAl-1 chr. It is unknown at this time how much homdogy 

and/or dissimilarity must exist between the chromosomes for differentiai hybridization to be 

detected. Nevertheless, the results of this study indicated that there was considerable DNA 

similarity between the chromosomes in the range of 1.5 to 1.7 Mb, containing the 

genetically-characterized PDA genes. 

Using CHEF analysis of field isolates, Miao, et al. (1991b) showed that many 

Pda"*" isolates had PDA-hybridizing chromosomes in the range of 1.1 to 2.0 Mb, while 

most Pda" isolates lacked chromoscMnes in this range. In genetic crosses with PDA6-1 

(Miao, et al., 1991a), PDAl-2, PDAS and PDA9 (Chapter 3), the chromosomal bands 

carrying the PDA genes in the Pda"*" parents were absent in Pda" progeny. The PDA6-1 

and PDAl-2 chromosomes were demonstrated to be lost in karyotypes of Pda' progeny by 

hybridizing membranes of CHEF gels with DNA from these chromosomes (Miao, et ai, 

1991a; Chapter 3). Thus these chromosomes were determined to be dispensable insofar as 

they were not required for growth in culture on minimal medium (VanEtten, et al., 1994). 

Unexpected tetrad ratios for Pda had been observed in other genetic crosses 

involving N. haematococca MPVI (Tegtmeier and VanEtten, 1982a,b; Kistler and 

VanEtten, 1984a; Mackintosh, et al., 1989; Miao and VanEtten, 1992a; Chapter 3). Other 

mechanisms, such as gene conversion or spore "killer" or "abortion" factors (reviewed in 

Turner and Perkins, 1991) had been proposed for such results. Although these 

mechanisms might also have been involved, since the work of Miao, et al. (1991a) the 

most straight-forward explanation for these results was loss of dispensable chromosomes, 

or dispensable portions of chromosomes, that contained the PDA genes. Loss of Pda was 

exhibited in tetrads from crosses involving PDA6-2 (Miao and VanEtten, 1992a). T200 

(PDA6-2) was crossed with a Pda" isolate and most of the tetrads contained only Pda" 
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progeny. Southern analysis of these progeny showed that they lacked PDA-hybridizing 

DNA (Miao, et al., 1991b). When electrophoretic karyotypes of Pda"*" progeny were 

hybridized with SacB (Miao, et al., 1991b) or with PDAl chrs., hybridization occurred 

with a 1.7 Mb chromosome. CHEF analysis of 241-21-4, a Pda" isolate from a tetrad 

exhibiting loss of Pda, showed that this isolate lacked the 1.7 Mb chromosome and there 

was no hybridization with the PDAl-1, PDAl-2 or PDA6-I chromosomal probes to 

chromosomes of this isolate. This indicated that loss of the PDA6-2 chromosome from 

241-21-4 had occurred and showed that the PDA6-2 chromosome was dispensable. 

The Pda" isolate, 44-100, resulted from crosses involving PDAl-1, PDA2, and 

PDAS (Kistler and VanEtten, 1984a) and the Pda" isolates 179-1 and 179-5 resulted from 

crosses involving PDA4 and PDA6-1. Although the Pda" phenotypes of these isolates 

could have resulted from segregation of the chromosomes containing these genes, a 

possible cause for this phenotype might have been meiotic loss of one or more of the PDA 

chromosomes. CHEF analysis of 44-100, 179-1 and 179-5 showed that they lacked the 

corresponding PDA-hybridizing chromosome present in their Pda"*" parents (T2, T219 and 

T161, T23; see Table 4.1). When membranes from CHEF gels with these Pda" isolates 

were hybridized with the PDAl-1, PDAI-2 and PDA6-1 chrs., no distinct signal was 

detected. By extension of what has been observed with the PDA6-1, PDAl-2 and PDA6-2 

chromosomes, it is likely that the chromosomes containing PDAl-1, PDA2, PDA3 and 

PDA4 were also dispensable. 

There was no distinct hybridization of the three PDA-bearing chromosomes with 

non-PDA-containing chromosomes, except for two small chromoscMnes (1.3 and 1.8 Mb) 

of T2 (PDAl-1, PDA2, PDAS), although hybridization with these chromosomes was 

relatively weak as compared with hybridization with other PDA-bearing chromosomes. 

These chromosomes may represent past non-disjunction events, translocations, 

duplications or other major genomic rearrangements. Interestingly, a cDNA that represents 
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a transcript of a gene closely linked with PDAl-1 (Liu and VanEtten, unpublished) also 

hybridized with the 1.3 Mb chromosome of T2 (Funnell and VanEtten, unpublished) 

further suggesting that at least a porticxi of the PDAl-1 chr. was duplicated or deleted, 

resulting in the 1.3 Mb chromosome. The 1.3 and 1.8 Mb chromosomes were not present 

in the progeny of T2 examined in this study, so homology with the chromosomal probes 

could not be confirmed in other isolates. Since the three chromosomal probes did not 

hybridize with PDA5/PDA9 chromosomes and the PDA-containing chromosomes of T63, 

one of which carried PDAl-3, at least two chromosomes carrying PDA genes that were 

associated with virulence on pea (Chapter 3) lacked strong homology with other PDA-

bearing chromosomes. Additionally, PDA-bearing chromosomes that were not associated 

with high virulence on pea (PDA2, PDAS, PDA6-1, and PDA6-2), and may be needed for 

virulence on other plants [i. e. pathogenicity oa chickpea (^fiao and VanEtten, 1992b; 

Covert, et al., 1996)] did cross-hybridize with the PDAI chrs. that carried genes needed 

for virulence on pea (VanEtten, et al., 1994; Wasmann and VanEtten, 1996; Chapter 3; 

Han and Kistler, unpublished). This suggested that different non-homologous dispensable 

chromosomes could carry genes involved in virulence on pea while homologous 

dispensable chromosomes could carry genes that allowed for pathogenicity on different 

plants. 

Restriction patterns (Maloney and VanEtten, 1994; Hirschi, 1994) and sequence 

analysis (Weltring, et al., 1988; Reimmann and VanEtten, 1994; Maloney and VanEtten, 

1994; Hirschi, 1994; McQuskey and VanEtten, unpublished) can be used to separate the 

PDA genes into two groups which correspond with the enzymatic activity of the genes: i. 

e. Pda^ v. s. Pdak When the chromosome containing PDA6-1 (a Pda^ gene) was used 

as a probe to membranes of CHEF gels, hybridization was strong to chromosomes 

containing other Pda^ genes (PDA2, PDAS and PDA6-I) but consistently less intense to 

chromosomes containing the Pda^ genes, PDAl-1, PDAl-2 and PDA4. In turn, the 
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PDAl chrs. hybridized with less intensity to the PDA6-1 chromosome than with the other 

small PDA-bearing chromosomes. Although the PDA chromosomes were from isolates 

pathogenic on two different hosts (pea and chickpea), they shared significant sequence 

homology, besides PDA genes, that was detectable by this relatively insensitive method. 

However, it is possible that chromosomes containing Pda^ genes, not associated with high 

vinilence on pea, may have been more similar to one another than to chromosomes that 

contained Pda^ genes and associated with pea virulence. This is supported by the work of 

Schut and VanEtten (unpublished) in which cosmid clones from a chromosome-specific 

library of the PDA6-2 chromosome (Covert, et al., 1996), identified by differential 

screening with a Pda" isolate of the same genetic background, were used in CHEF and 

restriction fragment length polymorphism (RFLP) analyses of field isolates and laboratory 

progeny carrying PDAl-1, PDAl, PDAS, PDA4, PDAS, PDA6-1 and PDA6-2. Some of 

the clones hybridized specifically with the small PDA-bearing chromosomes but not with 

other non-PDA-bearing chromosomes nor with the PDAS chromoscsne (Schut and 

VanEtten, unpublished). RFLP analysis showed that these clones hybridized most 

strongly with the genomic DNA from PDAl, PDAS, PDA6-1 and PDA6-2 isolates, and 

with similar patterns, while hybridization was much less with genomic DNA from the 

PDAl-1 and PDA4 representative isolates and there was little or no hybridization with 

DNA from PDAS isolates (Schut and VanEtten, unpublished). 

Genetic analysis showed an absolute correlation of high virulence and the presence 

of a Pda^ gene, although Pda"^ isolates could be low in virulence, suggesting the 

requirement of al least one other gene for high virulence (Kistler and VanEtten, 1984b; 

Mackintosh, et al, 1989; Chapter 3). To test this association, the PDAl-1 gene was 

disrupted in Tl-Xi-l (Wasmann and VanEtten, 1996). Although the Pda" transformants 

were significantly reduced in vinilence, they were more highly virulent than Pda" cross 

progeny and Pda" field isolates. Therefore, the linkage between virulence on pea and Pda 
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was broken, and the presence of cme or more other pea pathogenicity (PEP) genes was 

revealed (VanEtten, et cd., 1994; Wasmann and VanEtten, 1996). This led to the 

hypothesis that the PDA-bearing chromosomes were dispensable and carried genes 

necessary for host-specificity, including Pda^ genes, while genes required for 

pathogenicity in general were on the non-dispensable portions of the genome (VanEtten, et 

al., 1994). 

As one test of this hypothesis, we examined field isolates from different hosts, and 

their Pda"*" and Pda" progeny for virulence on carrot and on ripe tomato. Although MPVI 

is not a major pathogen of carrot and ripe tomato, the anamorph of N. haematococca, 

Fusarium solani, has been reported as a post-harvest disease of these hosts (Garg and 

Gupta, 1979; Mandal and Dasgupta, 1983) and, in vitro, has been used in studies of 

control of post harvest diseases of tomato (Beaulieu and Saltveit, 1995) and to inoculate 

carrot slices (Marinelli, et. al. 1990). In general, most of the N. haematococca MPVI 

isolates in this study were significantly more pathogenic on ripe tomato and on carrot than 

the control, a N. haematococca MPI isolate. When comparing all the Pda" MPVI isolates 

with all the Pda"*" MPVI isolates, the Pda" isolates were as pathogenic on the two hosts as 

the Pda"^ isolates, thus indicating that MPVI isolates could be pathogenic on tomato and 

carrot and Pda was not involved in this pathogenicity. Additionally, isolates that were low 

in virulence on pea (Pda*^ or Pda") could be as virulent on tomato or carrot as Pda"'" isolates 

that were highly virulent on pea. Pda" progeny that lacked one or more PZM-bearing 

chromosomes present in their Pda"^ parents [44-l(X) (lacks PDAl-1, PDA2 and PDAS), 

179-5 (lacks PDA4 and PDA6-1), 98-6-2 (lacks PDAl-2, PDAS and PDA9) and 241-21-4 

(lacks PDA6-2)] were nearly all as virulent on tomato and carrot as Pda"^ related isolates, 

except 179-5, which was statistically less virulent on tomato than T23. This suggested that 

genes involved in pathogenicity on ripe tomato and carrot were on chromosomes other than 

the dispensable PDA chromosomes, thus supporting the hypothesis that genes for 
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pathogenicity on other hosts were on the non-dispensable portions of the genome 

(VanEtten, ef a/., 1994). 

To determine whether these proposed pathogenicity genes also segregated in 

crosses, Pda" isolates, primarily from one genetic background, were also tested on tomzito 

and two isolates (75-7 and 94-8-3) had mean lesion sizes that were significantly less than 

the other Pda' isolates and the Pda"*" and Pda' positive controls and 75-7 was not 

significantly more virulent than the negative control isolate, T488, in two assays. In these 

two assays, there were two Pda" isolates, 94-6-1 and 166-22-1, in which other 

experimental data suggested that they contained general pathogenicity genes. 94-6-1 was 

used as the recipient strain for transformations with an intact PDA gene, and transformants 

significantly more virulent on pea than 94-6-1 were obtained (Ciufetti and VanEtten, 1996), 

suggesting that 94-6-1 had genes, other than the PDA gene, that were important for 

pathogenicity. Isolate 166-22-1, which was relatively low in vimlence on pea, was 

crossed with a highly virulent Pda"^ isolate and several progeny were obtained that were 

significantly more virulent on pea than the Pda"^ isolate (Chapter 3), suggesting that both 

parents contained genes that contributed to pathogenicity. 94-6-1 (virulence on pea: 3.2 

mm) was at least as virulent on tomato as the related Pda"^ isolate 77-13-7 (virulence on 

pea: 15.2 and 16.4 mm in this study) and 166-22-1 (virulence on pea: 3.5 mm) had a 

mean lesion size on tomato essentially the same as its highly pathogenic parent, 34-18 

(virulence on pea: 18.5 and 16.3 mm in this study). Therefore, these results lend further 

support to the hypothesis that genes for pathogenicity on other hosts were carried on 

chromosomes other than the dispensable PDA chromosomes, and that these genes 

segregated in genetic crosses. 

It had been p)reviously proposed (VanEtten, et al., 1994) that the dispensable PDA 

chromosomes of N. haemaiococca were analogous to the Ti plasmids of Agrobacterium 

tumefaciens (Loper and Kado, 1979; Thomashow, et al., 1980) or the sym plasmids of 
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Rhizobium sp. (Downie, etal., 1983; Kondorosi, et al., 1984), which were involved in 

detennining host-bacterium specificity. In the case of A. timefaciens, it was shown that 

there were many similarities between the Ti-plasmids from different strains and differences 

in host range may be due to a change in function of one or more genes on the plasmid 

(Yanofsky, et al., 1985). For R. leguminosarunt, R. trifolii and R. phaseoli, some genes 

necessary for infection, such as those involved in late steps of nodulation and those 

involved in overcoming plant defense mechanisms, were found on the chromosomes, 

which were highly homologous. Thus, when sym plasmids, which contained host-specific 

nodulation (hsn) genes, were transferred between species, this allowed for a change in host 

specificity in the transconjugants (reviewed in Ddnarid, et al., 1992). It was hypothesized 

that "allelic variants" of hsn genes on sym plasmids were present to explain differences in 

host range and specificity (Hombrecher, et al., 1984; Djordjevic, et at., 1985). The 

dispensable PDA chromosomes of N. haematococca share highly homologous PDA genes 

(Maloney and VanEtten, 1994; Reimmann and VanEtten, 1994; Hirschi, 1994; McQuskey 

and VanEtten, unpublished) and most may share at least one other gene (Funnell and 

VanEtten, unpublished). Expression of the Pda^ genes (PDAJ, PDA4 and PDAS) found 

in isolates virulent on pea, was highly induced by the substrate, pisatin, and on pea, while 

expression of the other PDA genes (PDA2, PDAS, and PDAS), which were not associated 

with pathogenicity on pea, was induced at low levels under the same conditions (Straney 

and VanEtten, 1994; Hirschi and VanEtten, 1996). Therefore, homologous "variants" 

were present on chromosomes that may have had different roles in determining habitat 

and/or pathogenicity in different isolates. There also appeared to be genes required for 

pathogenicity on other chromosomes, which may have little or no affect on host range as 

isolates from different habitats, including one that came from soil, were pathogenic on 

carrot and ripe tomato. Virulence of a given isolate on these hosts did not correlate with its 

virulence on pea or chickpea. Results from the present study suggested that pathogenicity 
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genes for hosts other than pea were on non-dispensable chromosomes in N. haematococca 

isolates from different habitats, that these genes were required for pathogenicity and that 

they segregated in genetic crosses. 
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Chapter 5 

Epilogue 

When I first came to Hans's lab, I was a tentative, nervous ex-school teacher. I 

knew conventional genetics. 1 knew what a fungus looked like! But that was about it I 

still am not quite sure why Hans took me in, but I am very glad that he did. 

I have had many opportunities in Hans's lab. I have had the rare privilege of 

taking-up, where Patty Matthews left off, on an incredible project with an immense amount 

of data that desperately needed looking at This project was begun on the cusp of genetic 

engineering, before such things were known to be possible in fungi. It was like having 

had the oppormnity to see the first Mercury launch and the first man walk on the moon in a 

single life-time. Reading Patty's notebooks was like watching scientific history unfold in 

front of me...like reading Nectria's personal diaries! As wonderful as this all sounds (and 

it was pretty wonderful) the most valuable opportunity I had in this lab was to earn, along 

with a F^d in plant pathology, a Phd in life. If I had known seven years ago, what a 

struggle it was going to be, I might not have done it But I did it 

So now I present to you (in my new form) my thoughts on Nectria haermtococca 

Mating Population (MP) VI, what it is doing out there in the real world, and why it does it 

the way it does it 

A question that I had often pondered about N. haematococca MPVI, is why so 

many field strains that were non-pathogenic on pea had functional PDA (^isatin 

demethylating ability) genes. There are all kinds of evolutionary and ecological reasons 

that can be thrown out and that was a pursuit of a former graduate student in this lab, 

Kendal Hirschi (1994). But I am going to address this question from the aspect of what I 
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have observed in The Nectria Diaiies and from my own research and that is with regards to 

sex, the inheritance of virulence and dispensable chromosomes. 

I think one of the most interesting field isolates I encounteted in lab was T7. It was 

a parent, very early on, in the breeding project (Chapter 2) as it was highly fertile and 

female fertile. It was unique because it was an isdate from a sexually reproducing 

population which was the only know observance of the sexual stage of N. haematococca 

MPVl in nature (Matuo and Snyder, 1972). And, although it was isolated from lesions on 

mulberry trees, it was Pda"*" and could be moderately virulent on pea. And finally, as 

Miao, etcU. (1991b) and I have observed, instead of carrying its two high activity (Pda^) 

PDA genes on one of those wimpy little 1.6 Mb chromosomes, it carried them on a 4.9 Mb 

chromosome (the largest chromosome in N. haematococca being around 6 Mb). 

So why are there so few observances of the sexual stage of N. haematococca in 

nature? Weil, those perithecia are {Mietty small and if the female parent has the white 

penthecial marker, they would be almost impossible to see on a casual hike in the woods. 

But even with alot of soft music and encouragement, it was difficult to get pea pathogenic 

field isolates to mate in the laboratory. Seventeen of the 18 highly virulent field isolates 

listed in Table 23 were screened for PDA genotype and they all had a Pda  ̂gene (PDAl 

PDA4 or PDA7) (Miao, et al., 1991b; Hirschi, 1994) and CHEF analysis of six of those 

isolates showed they had PDA-hybridizing chromosomes in the range of 1.2 to 1.7 Mb 

(Miao, et al., 1991b; Chapter 3). An absolute corrdation between high virulence and the 

presence of a Pda^ gene was established in field isolates and cross progeny (VanEtten and 

Matthews, 1984; Kistler and VanEtten, 1984; Mackintosh, et al., 1989; Miao, et al., 

1991b; Hirschi, 1994; this study). Miao et al. (1991a) and this study showed that at least 

some of the PDA-bearing chromosomes of about 1.6 Mb are meiotically unstable and 

dispensable. If a pea pathogenic field isolate wants its offspring to grow up to be pea. 

pathogens, too, it would be best to reproduce asexually rather than sexually. 

X 



224 

There would be several ways to prevent sexual reproduction if you were a fungus: 

be low in fertility, be female sterile, or primarily hang-out with other isolates of the same 

mating type. N. haematococca MPVI field isolates pathogenic on pea more or less did all 

three. A similar phenomenon was observed in rice pathogenic field isolates and with 

crosses involving highly virulent isolates of Magnaporthe grisea: highly virulent progeny 

were female sterile, of one mating type (MATA) and low in fertility (Valent, et al., 1986, 

1991; Kolmer and Ellingboe, 1988). If one or more suppressors of fertility or of perithecia 

production were also segregating in crosses, and these suppressors were also virulence 

factors, this would be likely to affect the mating phenotypes of the progeny. In the case of 

N. haematococca MPVI, these suppressors/virulence factors might be carried on the 1.6 

Mb chromosome along with Pda^ genes and other important virulence factors. 

Which brings me back to T7, a Held isolate for all seasons. It can have sex! It can 

give birth to genetic recombinants! It can do notable damage to mulberry branches and to 

peas! So how did 77 manage to do all these wonderful things without losing track of its 

PDA genes? Well, T7 has two PDA genes (PDAS and PDA9) that are linked on a 4.9 Mb 

chromosome. I think somewhere along the way, TTs ancestors took their little PDA 

chromosome and stuck it onto a big chromosome, one with essential genes so it would be 

sure not to get lost It may have even duplicated its PDA gene somehow because, if one 

looked at the PDA genotypes of highly virulent field isolates (Miao, et al., 1991a; Hirschi, 

1994) or cross progeny (Chapter 3), it seemed that two PDA genes were better than one 

and three were even better. Interestingly, when I probed membranes from CHEF gels with 

the 4.9 Mb chromosome, although the results were UGLY there was consistent 

hybridization with a 3.5 Mb chromosome in Pda' progeny. And using a little math, 

(without a calculator) that leaves 1.4 Mb for PDA genes, which is within the range of small 

PDA-bearing chromosomes, with even a little room for some duplications. We can even 

go from the realm of speculation to outright crazy and say that along the way it even lost all 
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those nasty sex and fertility suppressors that we previously proposed might be on the small 

Pda^ chromosomes. It took alot of work and rearranging, but T7 was a fulfilled fungus. 

However, it seemed that the ancient small PDA chromosome could not forget its history 

(who of us can?) and occasicmally, all or part of it detached itself from the 4.9 Mb 

chromosome, and tiled to make it on its own (as did its ancestors): progeny could be 

missing either or both PDA genes and in some disasterous cases, might lose something that 

it probably should have kept, after all. But these lapses were not common and for the most 

part T7 and its descendants did well. 

So getting back to the original question and making it more specific, why does T7 

have two Pda^ genes? If it was a mulberry pathogen, why would it need them? Matuo 

and Snyder (1972) observed that when Fusarium solani f. sp. pisi isolates from mulberry 

and pea were inoculated onto pea, mulberry isolates as a group were as virulent as pea 

isolates considered as a group. A reasonable explanation was that the mulberry isolates 

were pea pathogens in their recent pasts, or might even have been moonlighting as pea 

pathogens. This brings into question the hypothesis proposed by VanEttei et al. (1994) 

which addressed the possible distribution of virulence genes in the genome of N. 

haematococca MPVI: the dispensable PDA-bearing chromosomes carried genes for host 

specificity (pea pathogenicity or PEP genes) with the PdaH genes being genes specific for 

viurlence on pea, while, the genes required for "general pathogenicity" (i. e. to be 

pathogenic on anything) were dispersed on non-dispensable chromosomes (Figure 5.1). 

While this wonderful hypothesis was taking shape, I only occasionally whispered, 

"Yeahbut, what about T7?" But since I was in my old form, I was not too terribly 

annoying, much to Hans's relief, I am sure. 

So I would like to propose a revision of the idea of "host-specific" chromosome. 

And this stems from an observation that I made when I, in my new form, rushed in where 

angels fear to tread. An aggressive search, by the Kistler and VanEtten labs, had begun for 

X 



Figure 5.1: Model for the location of pathogenicity genes in the 
genome of Nectria haematococca MPVI 

a) Isolates highly virulent on pea b) Isolates highly virulent on chick pea 
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other PEP genes from the 1.6 Mb chromosome that carried the Pda^ gene, PDAl-l. With 

the permission erf" Xiaoguang Liu, I used his cDNA clone from a proposed PEP gene to 

probe some old CHEF blots and much to my amazement, it did not hybridize with all of the 

chromosomes canying Pda^ genes (in particular, the chromosomes carrying PDAS and 

PDA9) but it did hybridize with all those carrying Pda^ genes and it also hybridized to a 

few chromosomes that did not cany PDA genes at all, in some fleld isolates. 

At this time, I would like to digress and talk a bit about the infamous 1.6 Mb 

PDA6-1 chromosome of Vivian Miao (1991a) which, in my mind was the cause of all this 

mess. We now know that this chromosome contains three genes, PDA6-1 (Miao, et al., 

1991a), MAKl, which confers the abiUty to detoxify the chick pea phytoalexin, maackiain 

(Covert, etcd., 1996) and "cDNAl" (Futmell and VanEtten, unpublished) although it is not 

yet known whether the "cDNAl" gene on this chrcHnosome is functional. Interestingly, 

genetic analysis indicated that there were no other PDA-bearing chromosomes carrying 

MAKl genes (Miao and VanEtten, 1992a) and MAKl is non-homologous with three other 

genetically-identified MAK genes (Covert, etal, 1996). The PDA6-1, MAKl chromosome 

is present in isolates highly virulent on chickpea but the few of these isolates tested on pea 

(Ch^ter 4) were low in virulence on pea. The above hypothesis would propose that this 

chromosome was a "chickpea-specific" chromosome (Figure 5. lb). But why does it carry 

two other genes {PDA6-1 and "cDNAl") homologous with those on "pea-specific" 

chromosomes? 

Well, I have an idea. There may very well be factors that are required specifically 

only for pea pathogenicity and the Pda^ genes may represent one but I think tightly linked 

to these PDA genes are all kinds of stuff (as suggested by the work of Han and Kistler, 

unpublished and Liu and VanEtten, unpublished), some may be genes specifically for pea 

pathogenicity but some may "boost" pathogenicity in general, whether they are specific for 
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pea or not I think that is why the ancestors of T7 hung onto this chromosome, made sure 

it was stable by attaching it to a large chrcHnosc»ne, and maybe even doubled-up some of 

the genes closely linked with the PDA genes as this gave it an advantage on mulberry 

(Hgure 5.1a). If there were genes with small additive effects on pathogenicity, multiple 

copies of these genes might confer greater advantages as a pathogen. This might explain 

the fact that 17 of the 18 highly virulent field isolates (Miao, et al., 1991a; Hirschi, 1994) 

and 20 of 21 highly virulent cross progeny (Ch^ter 3) screened for PDA genotype had 

more than one PDA gene. The PDA genes and/or genes linked with PDA genes may have 

had an additive effect on the level of virulence. 

Why are PDA genes (i. e. Pda^ genes) retained in field isolates that are non

pathogenic on pea? Well the Pda^ gene, PDA6-1, is easy as it is linked with MAKl and 

MAKl may be a virulence factor for chickpea (Rgure 5.1b). But why is it still functional 

and what are the other Pda''̂  genes that are not linked to MAKl doing? Well, my guess is 

that PDA genes, or other genes on the PDA chromosomes, are not necessarily involved in 

pea virulence but in survival on lesion tissue. Freeman and Rodriguez (1992, 1993) 

identified a mutant isolate (path-1) of the wide-host-range pathogen, Colletotrichum magna, 

that could grow systemically in watermelon seedlings, as did the wild type isolate, but did 

not produce disease symptoms (Freeman and Rodriguez, 1993). Microscopic analysis 

showed that the infection structures produced by path-1 were morphologically and 

functionally indistinct from those produced by the wild type strain (Freeman and 

Rodriguez, 1993). It appears that in this case that some traits, such as growth within the 

host, are distinct from others that are involved in the disease response, i. e. virulence 

factors. When using in planta selection to isolate highly virulent N. haematococca MPVl 

recombinants, I found a strong bias for the Pda phenotype and I recovered some Pda+ 

isolates that were very low in virulence (Figure 2.7). They may have been "along for the 

ride" on the rotting pea tissue produced by the highly virulent isolates. But I think that they 
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were able to compete with the highly vinilent isolates, grow in the lesion tissue and 

sporulate at a significant enough level so that they could be readily recovered and either 

Pda, or a gene linked with a PDA gene, may have been involved in this competitive/growth 

advantage. 

VanEtten, et al. (1994) suggested that the dispensable PDA-bearing chromosomes 

were analogous to plasmids in bacteria that contain genes involved in determining host 

range, such as the Ti plasmids of Agrobacterium tum^aciens. Ti plasmids fall into two 

groups according to carbon source utilization: octopine and nopaline. In addition to genes 

(i. e. VirA and VirG) that are involved in host recognition, the Ti plasmids contain 

numerous other virulence genes (vir) that are necessary for transfer of the T-DNA to the 

nucleus of the plant cell (reviewed in Winans, et. al., 1994). Additionally, there are 

chromosomal genes that are involved in the induction of the vir genes (reviewed in Winans, 

etcU., 1994). Southern analysis and electron microscopic analysis comparing an octopine 

with a nopaline Ti plasmid showed that they shared homologous regions but there were 

non-homologous sequences as well, suggesting that they were composed of blocks of 

DNA, some conserved, while others may have been from different sources (Engler, et al., 

1981; Otten, era/., 1992). 

The PDA-bearing chromosomes of N. haematococca MPVI clearly share significant 

homologies, as shown by the relatively insensitive method of CHEF analysis using 

chromosomal DNA (Chapter 4), although some appear to be involved differentially in 

determining host-specificity. Evidence was also presented to indicate that genes involved 

in pathogenicity on other hosts were not on the dispensable PDA chromosomes but on 

other chromosomes. It is conceivable, in a maimer similar to that illustrated by A. 

tumefaciens, that the PDA-bearing chromosomes carry genes that are involved in host 

specificity, as well as genes involved in more general aspects of infection. Additionally, 
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the one PDA chromosome (PDA6-1) oxitained a unique gene (MAKl) not present on the 

other PDA chromosomes. Perhaps MAKl was derived from another source, either by 

interchrcHnosomai recombination with another N. haematococca MPVI chromosome 

canying a MAK gene, or by horizontal transfer of the gene from another microorganism. 

Although it would be fun to continue with this, I am getting tired of writing and I 

want to get up to Vancouver someday. But I have learned many lessons from Nectria 

including to expect the unexpected. And that you might not behave just as someone has 

decided you should behave but that is okay, too, because that can be very exciting. And 

finally, there is a story there, somewhere. You might never know all of it or even quite 

understand what you do know. But it is there and that is the way it is. 
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Appendix A 

Progenitor isolates of 34-18 

Details and discussion of isolates and methods are in text Abln^viations used in 

this appendix and in others are as follows: 

Pda = pisatin demethylating ability. 

PDA = PDA gene carried by isolate as determined by genetic and/or Southern 

analysis using the restriction enzymes XhoHBamVl and the SacB probe (see Figure 1.2). 

Number of PDA gene is given. "P" indicates Phd (for PDA-hybridizing DNA) which was 

determined to be an inactive PDA gene or has a restriction pattern similar to that of an 

inactive PDA gene. In the case of T63, it has three SacB-hybridizing XhollBamHl 

fragments, one similar in size to that of PDAl-1, one similar in size to that of Phd and a 

third band of approximately 3.6 kb (see Figure 3.13). 

Sex is determined by crosses with tester isolates 6-36 and 6-94 (see Ch^ter 2), or 

with other isolates previously determined to belonging to Mating Population (MP) VI. "M" 

indicates that the isolate acted as a male in crosses and "P indicates that it acted as a female 

(i. e. produced fertile perithecia) in crosses. 

MAT = mating type gene carried by isolate as determined by crosses with tester 

isolates, 6-36 and 6-94, or with other isolates previously determined to belonging to MP 

VI. 

Vir = lesion length (mm) produced by isolate on pea in test tube assay, six days 

following inoculation. 

PDA chrs. = chromosomal bands (Mb) that hybridize with 5acB in CHEF analysis. 



Vir PDA chrs. 

Isolate Pda PDA Sex MAT (mm) 

T7 + 5,9 MF 1 10.5 4.9 

TIO + 1-2,P M 2 8.7 1.5,3.1 

T© + I-3,PJ M J 15.9 1.3,3.1 

6-94 + nd MF 2 10.7 4.9 

23-40 + 5.9 MF J 11.0 
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Appendix B 

Characteristics of backcross series parents 

Details and discussion of isolates and methods are in text Abbreviations are as in 

appendix A. 

Table B.l: Characteristics of backcross series parents 

Vir PDA 

Isolate Pda PDA Sex MAT (mm) chrs. 

34-18 + 1-1,5,9 M 1 17.5 1.5, 4.9 

55-4-4 None MF 2 4.5 None 

55-8 None MF 2 3.6 None 

86-61 None MF 2 3.3 None 

105-18 None MF 2 2.8 None 

166-11-3 None MF 2 3.7 None 

166-1&^ None MF 2 4.0 None 

166-22-1 None MF 2 4.4 None 
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Appendix C 

Backcross series summary 

Details and discussion of crosses, isolates and methods are in text Abbreviations 

are as in appendix A. The Pda ratios (Pda'̂ 'rPda") for random ascospores and for 

individual tetrads are given. 

Table C.l: Summary of crosses between 94-18 and Pda* 

progeny 

Cross Pda" Parent 

Elandom 

Ascospores 

(Pda"^:Pda") 

Tetrads 

(Pda'̂ :Pda") 

55 

86 

98 

166 

308 

309 

310 

312 

313 

105-18 

55-8 

86-61 

55-4-4 

166-18-4 

55-8 

86-61 

166-22-1 

166-11-3 

9:30 

48:47 

56:47 

32:34 

43:45 

58:66 

69:5 

58:14 

4:4(6) 

8:0(2) 
5:3 

0:8(2) 
4:4(6) 

6:2(2) 
4:4 

4:4 

4:4 
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Appendix D 

Characteristics of original backcross progeny (crosses 55, 86, 98 and 166) 

Details and discussion of isolates and methods are in text Abbreviations are as 

described in ^pendix A. Crosses and analysis of Pda, sex, mating type and virulence of 

progeny were originally done by Patty Matthews. Only isolates that were further analyzed 

in this dissertation research are listed below. 

Virulences (Vir) in parentheses were determined by Matthews. All other numbers 

were determined by myself. 

Table D.l: Characteristics of original backcross progeny 

further analyzed in this study (Crosses 55, 86, 98 and 166) 

Vir PDA 

Isolate Pda PDA Sex MAT (mm) chrs. 

Cross 55 

55-2-2 + MF 2 1.8 

55-2-3 + M 2 3.3 

55-2-4 - None MF 1 (2.5) 

55-2-5 + M 2 5.3 

55-3-1 - None M 2 (1-0) 

55-3-2 + MF 1 1.8 

55-3-4 - None MF 2 4.3 

55-4-3 - None MF 2 (1.7) 

55-4-4 - None MF 2 4.5 None 

55-4-5 + 5 M 1 3.6 4.2 

55-5-1 + 5 MF 2 3.1 4.4 

55-5-5 + 5 MF 1 6.6 

55-6-1 - M 2 1.8 
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55-6-2 + MF 1 2.1 

55-6-3 - None M 2 3.6 

55-6-4 + MF 1 3.6 

55-6-6 + MF 1 5.0 

55-7-1 - None M 2 2.1 

55-7-2 + 5 MF 1 2.9 

55-7-6 + 5 M 2 5.8 

55-S-l - M 2 3.9 

55-8-2 -1- M 2 4.1 

55-8-3 -t- 5 MF 1 5.5 

55-8-6 - None MF 1 3.0 

55-9-1 + 5 MF 1 2.6 

55-9-3 - None MF 1 4.5 

55-9-5 - None M 2 1.3 

55-9-6 + M 2 3.5 

55-9-7 - None MF 1 4.2 

55-9-8 - None M 2 3.0 

55-10-2 + 5 M 2 5.0 

55-8 - None MF 2 3.6 Nor 

55-39 -1- MF 1 3.6 

Cross 86 

86-1-1 - MF 2 2.5 

86-1-2 +• M 1 9.8 

86-1-4 - M 1 7.4 

86-2-1 + 5.9 MF 2 9.7 4.8 

86-2-2 1-2 M 1 7.1 

86-2-3 -t- MF 1 7.9 

86-2-4 4- 1-2 MF 2 4.6 1.5 

86-2-6 + 5,9 MF 1 8.8 4.9 

86-4-1 -1- 1-2 M 2 7.1 

86-4-2 -1- 1-2,5 M 1 7.1 

86-4-3 + M 1 2.5 

86-4-4 + 5.9 MF 2 9.1 



86-4-5 + MF 2 4.5 

86-5-1 + 1-2 M 1 7.0 1.5 

86-5-2 + 5,9 MF 2 6.4 4.8 

86-8 + 1-2,5 M 2 8.8 

86-43 - None MF 2 2.9 

86-61 - None MF 2 3.3 None 

86-64 4- 1-2,5, 9 M 1 15.3 4.6,1.5 

86-70 + 1-2,9 M 1 13.5 4.5,1.5 

86-95 + 1-2,5 M 1 13.9 3.5,1.5 

Cross 98 

98-1-2 + M 1 4.8 

98-1-3 + MF 2 8.4 

98-1-5 -f 1-2,5 M 1 11.8 

98-2-1 - None M 1 3.0 

98-2-2 - None M 1 4.9 

98-2-3 -»• 5 MF 2 5.5 4.1 

98-3-5 - None MF 2 3.2 

98-6-1 - None M 1 (3.8) None 

98-6-2 - None M 1 4.8 None 

98-6-3 - None M 1 5.8 None 

98-6-4 - None MF 1 4.4 None 

98-6-6 - None M 2 3.5 None 

98-7-5 - MF 1 4.9 



Cross 166 

166-1-2 + 5 MF 1 (6) 

166-11-2 -t- 5 MF 1 

166-11-3 - None MF 2 3.7 None 

166-18^ - None MF 2 4.0 None 

166-18-5 + 5 MF 1 4.8 4.2 

166-18-7 + 5 MF 1 6.4 4.2 

166-18-8 + 5 MF 2 5.5 3.5 

166-22-1 - None MF 2 4.4 

166-22-2 + 5 F 1 (4.6) 

166-22-3 + 5 F 1 
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Appendix E 

Characteristics of progeny from repeated backcrosses, new backcrosses and 

crosses between backcross series isolates 

Details and discussion of isolates and methods are in text Abbreviations are as in 

appendix A. 

All tetrad progeny are listed. Only random ascospore progeny that were analyzed 

beyond Pda and sex and mating type, or those of particular interest, are listed. 

Pda phenotypes listed as "int" indicate that the isolate produced a result intermediate 

between the Pda"^ and Pda" controls in multiple assays. 

The asterisk following a PDA gene indicates that there was a faintly-hybridizing 

band similar in size to that of the gene indicated. 

Table E.l: Characteristics of progeny from crosses 308, 309, 310, 316 and 

333 

Isolate Pda PDA genes Sex MAT Vir (mm) PDA 

Cross 308 

308-1-1 + 5,9/5 MF 1 3.5 3.9 

308-1-2 - None M 2 1.9 

308-1-3 + 1-2,5 M 1 7.9 

308-1-5 + M 2 8.6 

308-1-6 + 5 MF 2 

308-1-7 - None M 2 3.7 

308-1-8 + 1-2,5 M 1 9.7 

308-2-1 + 1-2 M 2 9.2 1.5 

308-2-2 + 1-2 M 2 9.6 1.5 

308-2-3 •f 5 M 2 6.8 4.5 



308-2-4 - None MF 1 3.0 

308-2-5 + 5 MF 2 5.6 4.5 

308-2-6 + 1-2,9 MF 2 10.4 4.5,1.5 

308-2-7 + 1-2,5 7.2 4.4,1.5 

308-2-8 - None 2.3 None 

308-3-1 + 5,9 MF 2 4.2 4.7 

308-3-2 + 5,9 MF 2 14.1 

308-3-3 + 9 MF 1 2.4 48 

308-3-4 + 5,9 M 2 4.9 

308-3-5 + 5,9 MF 1 3.1 

308-3-6 + 5,9 M 2 9.1 

308-4-1 + 5 4.5 

308-4-2 + 5 6.9 

308-4-3 - None 3.9 

308-4-4 - None 3.8 

308-4-5 + 5 8.7 

308-4-6 -

308-4-7 - 3.5 

308-4-8 + 5 

308-1 + MF 2 2.6 4.3 

308-2 - None MF 2 

308-3 + M 2 5.3 

308-8 + MF 1 3.3 

308-13 + 5 MF 2 7.6 

308-18 + 3.0 

308-20 + 2.8 

308-24 + 6.1 

308-28 + M 2 5.5 

308-30 + M 1 3.0 

308-31 + 4.0 

308-32 + 2.7 

308-33 + M 2 5.8 

308-34 + 1-2,5,9 M 1 17.9 

308-41 + M 2 4.7 



308-42 + M 1 5.8 

308-45 + M 1 7.2 

308-49 + M 2 3-2 

308-50 + M 2 4.9 

308-52 + M 2 4.9 

308-53 + 1-2,5,9 M 2 14.8 

308-54 + 9.9 

308-56 + 4.9 

308-58 + 1-2,5 17.2 

308-62 + MF 1 5.3 

Cross 309 

Perithecium A: 

309-1-1 + 5 8.3 

309-1-2 - None 5 

309-1-3 - None 6.2 

309-1-4 + 5,9 8.1 

309-1-5 + 1-2,5 3.9 

309-1-6 + 1-2,5,9 11.9 

309-2-1 + 5 5.8 

309-2-2 + 5 6.1 

309-2-3 + 5,9 4.1 

309-2-4 + 1-2,5,9 14.1 

309-2-6 + 5 2.9 

Perithecia A and B 

309-1 + 12.9 

309-3 + 7.4 

309-5 + 6.6 

309-6 + 9.0 
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Perithecium C 

(Note: the 9 random ascospore isolates from Perithecium C were all Pda") 

309-7 -

309-8 -

309-10 -

309-11 -

309-12 -

309-13 -

309-14 -

309-15 -

309-16 -

Perithecium D 

309-3-1 - PhdclNont 1.6 

309-3-2 int None 1.8 

309-3-3 + 5.9 7.1 

309-3-4 + 5.9 4.6 

309-3-5 + 5,9 9.8 

309-3-6 - None 2.4 

309-18 + 9.8 

309-20 + 10.4 

309-23 + 1-2,5,9 19.4 

309-25 + 5.4 

309-26 + 8.5 

Perithecium E 

309-4-1 + 2.1 

309-4-2 + 4.1 

309-4-3 + 2.6 

309-4-4 - None 2.1 

309-4-5 + 5 3.6 

309-29 + 6.4 

None 

None 

5.7 

None 

V 
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Perithecium F 

309-5-1 5 

309-5-2 + 9(7) 

309-54 + 5 

309-5-5 + 5 

Cross 310 

310-17 int 

310-18 + 4.5 

310-21 + 6.0 

310-22 + 2.9 

310-24 + 2.9 

Cross 312 

Perithecium A: 

312-1-1 - None 4.9 None 

312-1-2 - None 2.5 None 

312-1-3 + 1-2,5 22.6 3.7,1.5 

312-1-4 + 1-2,5 21.2 3.7,1.5 

312-1-5 + 3.7,1.5 

312-1-6 - None 5.4 None 

312-1-7 - None 5.4 None 

312-2-2 + 1-2,9 M 2 24.5 

312-2-3 + 

312-2-4 + 9.5 

312-2-5 + 1-2 22.9 

312-2-6 + 5 8.4 

312-2-7 + 9.8 

312-1 + 1-2,5 25.5 

312-2 - 2.8 

312-3 + 8.9 

312-4 + 1-2,5 15.0 

312-5 + 2.4 

312-6 -

312-7 + 3.3 
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312-8 - 3.5 

312-9 + 2.1 

312-10 + 

312-11 + 5.7 

312-12 + 7.0 

312-13 + 

312-14 - 2.9 

312-15 - 3.5 

312-16 + 

312-17 + 

312-19 + 

Fterithecium B: 

(Note: 1 the 57 random ascospore progeny from Perithecium B were Pda"*") 

312-20 + 1-2.5.9 17.1 

312-21 + 3.3 

312-22 + 10.8 

312-23 + 1-2.5.9 15.7 

312-24 + 5.5 

312-26 + 10.9 

312-27 + 2.9 

312-28 + 9.1 

312-29 + 6.4 

312-30 + 11.2 

312-31 + 7.0 

312-32 + 7.8 

312-33 + 1-2.5.9 16.1 

312-34 + 1-2.9 M 2 16.2 

312-35 + 7.9 

312-36 + 1-2,9 M 1 18.7 

312-37 + 1-2.5.9 17.4 

312-38 + 10.9 

312-39 + 6.4 

312-40 + 3.3 

V 



Cross 316 

316-1 + 6.7 

316-3 + 12.4 

316-4 + 22.5 

316-5 + 11.2 

316-8 + 6.4 

316-10 + 22.5 

316-11 + 23 

316-12 + 7.6 

316-14 + 9.1 

316-16 + 12.8 

316-17 + 8.0 

316-18 + 6.6 

316-19 + 22.1 

316-20 + 9.1 

316-21 + 5.5 

316-24 + 2.6 

316-26 + 3.5 

316-28 + 6.5 

316-29 + 9.5 

316-30 + 5.6 

316-31 + 5.2 

316-32 - 4.2 

316-33 + 4.5 

316-36 + 16.9 

316-37 + 7.1 

316-39 + 7.2 

316-67 - 7.9 
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Cross 333 

333-1 + 11.9 

333-2 + 8.2 

333-3 + 3.6 

333-4 + 5.3 

333-5 + 7.8 

333-6 + 2.7 

333-7 + 9.5 

333-8 + 10.8 

333-9 + 11.6 

333-10 + 11.2 

333-11 + 11.8 

333-12 + 6.6 

333-13 + 5.0 

333-14 + 6.8 

333-15 + 10.1 

333-16 + 10.7 

333-17 + 7.3 

333-18 + 4.3 

333-19 + 5,9 17.8 
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Appendix F 

Analysis of PDAS 

Details and discussion of crosses, isolates and methods are in text Abbreviations 

are as in appendix A. 

The first parent listed is the female (perithecial) parent of the cross or the first cross 

listed. The second parent is the male parent If two crosses are listed, the second cross is 

the reciprocal cross, with the second parent being the female parent 

"Parental Pda" is the Pda phenotype of the listed parent 

"Parental PDA" is the PDA genotype of the parent 

Progeny Pda phenotypes are listed as a ratio (Pda"'':Pda"). 

"Colony morph." indicates morphology of isolates grown on V-8 and M-lOO agar 

medium. "P" indicates parental phenotype (all parents grew similarly) and "MP" indicates a 

morphological mutant 

"Colony radius (mm)" was determined in radial growth bioassays. 

Virulence (mm) of parents, Pda" progeny and Pda" control (86-61) were determined 

in the same assay except for that of 166-18-8. 

PDA genotypes of Pda" isolates carrying SacB-hybridizing DNA are PdaS, which 

has a similar restriction pattern to that of PDAS, and Phdb, which has a unique (non-

parental) restriction pattern. 
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Parental Pda Parental Progeny 

Cross Parents PDA Pda''":Pda' 

314/335 308-1-1 + 5 180:1 

86-2-1 + 5,9 

316 98-2-3 + 5 66:2 

34-18 + 1-2,5,9 

320 55-5-1 + 5 18:1 

55^5 + 5 

321/323 55-5-1 + 5 46:0 

166-18-5 + 5 

322/337 166-18-5 + 5 205:1 

308-3-1 + 5.9 

3'2AI315 166-18-8 + 5 41:1 

86-2-6 + 5,9 

326 98-2-3 + 5 15:1 

55-4-5 + 5 

327 308-1-1 + 5 20:0 

308-2-3 + 5 

328/329 55-5-1 + 5 32:0 

86-2-6 + 5,9 

330 166-18-7 + 5 19:0 

308-2-3 + 5 

331/334 98-2-3 + 5 45:1 

166-18-7 + 5 

332 166-18-7 + 5 29:0 

308-3-1 + 5,9 

333 86-2-6 + 5,9 19:0 

86-4-4 + 5,9 

336 86-2-1 + 5,9 37:0 

166-18-5 + 5 
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Table F.2: Biological and molecular characteristics of parents and Pda' 

Progeny 

Colony Colony Radius Vir PDA chrs. 

Isolate Pda Morph. (mm) (mm) PDA 

Parents 

34-18 + P 23.3 20.1 1-2,5,9 1.5,4.9 

55-4-5 + P 24.0 2.4 5 4.2 

86-2-1 + P 23.5 7.1 5,9 4.8 

86-2-6 + P 21.3 8.8 5,9 4.9 

98-2-3 + P 23.0 3.6 5 4.1 

166-18-5 + P 23.5 3.3 5 4.2 

166-18-7 + P 23.5 2.9 5 4.2 

166-18-8 + P 23.0 5.5 5 3.5 

308-1-1 + P 23.5 3.3 5 4.2 

Progeny 

316-32 - P 24 2.9 Pda5 4.1 

316-67 - NP 8.3 3.0 None None 

322-7 - P 21.5 2.6 Pda5 4.1 

325-3 - NP 9.3 2.2 None None 

326-19 - NP 8.3 2.0 None None 

331-23 - NP 9.5 3.0 None None 

335-19 - P 23 3.0 Phdb 4.1 

Pda" Control 

86-61 P 24.0 0.0 2.9 None None 
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Appendix G 

Crosses in which in planta selection was utilized 

E)etails and discussion of crosses, isolates and methods are as in text 

Abbreviations are as in appendices A and F. 

In Table G.l, Pda phenotypes, PDA genotypes and virulences of parents are listed. 

Pda phenotypes of random ascospore progeny, and of conidia recovered from lesions 

produced by ascospore suspensions, are listed as a ratio (Pda'̂ rPda") in Table G.l. 

"(M)" indicates that the isolate is a mcnphologicai mutant 

Virulence ("Vir") is indicated by lesion length (mm). 

In planta-se\ected single-colony isolates were chosen for further screening on the 

basis that they were intermediate or minus in the first Pda assay. They were retested for 

Pda and tested for virulence. They are numbered in the following way: "H" denotes a 

large lesion and the lesion number. (1 corresponds to lesion A and 5 corresponds to lesion 

B.) "L" denotes a small lesion, 1 through 3. The number following the dash is the colony 

number. 
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Table G.l Summary of crosses 

Vir Ascospores Conidia 

Cross Parents Pda PDA (mm) Pda+:Pda- Pda''":Pda' 

321/323 55-5-1 + 5 3.1 45:0 14:0 

166-18-5 + 5 4.8 

352 86-4-4 + 5,9 9.1 15:4 324:8 

77-5-7 + 1-1 10.8 

Table G.2 Crosses 321/323 

Isolate Pda Vir (mm) 

321-A-l + 6.0 

321-A-2 + 9.8 

321-A-3 + 8.2 

321-A-4 + 8.3 

321-A-5 + 4.9 

323-A-l + 4.5 

323-A-2 + 5.1 

323-A-3 + 4.7 

323-A-4 + 4.0 

323-A-5 + 2.1 

323-B-l + 11.0 

323-B-2 + 10.1 

323-6-3 + 4.2 

323-B-4 + 8.3 

323-B-5 + 4.7 



Table G.3 Cross 352 

Isolate Pda PDA Vir(xnm) 

Random Ascospore Isolates 

352-1 - 2.7 

352-2 + 5.2 

352-3 + 6.2 

352-4 + 3.1 

352-5 + 1.9 

352-6 + 4.3 

352-7 + 4.0 

352-8 + 7.8 

352-9 + 6.1 

352-10 + 5.3 

352-11 - 1.8 

352-12 + 2.0 

352-13 + 5.6 

352-14 + 5.9 

352-15 + 5.8 

352-16 + 5.6 

352-17 + 5.6 

352-18 - 3.2 

352-19 - 2.9 

In Dlanta~se\ec\£d sinele conidial isolates 

352-A-l + 5.8 

352-A-2 + 1-1,5,9 13.4 

352-A-3 + 12.7 

352-A-4 + 4.0 

352-A-5 + 10.5 

352-A-6 + 10.0 

352-A-7 + 1-1,5,9 19.8 

352-A-8 + 1-1,5,9 10.5 

352-A-9 + 1-1,5,9 14.8 

352-A-lO + 6.3 



352-A-ll + 1-1.5.9 13.5 

352-A-12 + 12.2 

352-B-l + 1-1 14.5 

352-B-2 + 10.7 

352-B-3 + 6.5 

352-B-4 + 11.3 

352-B-5 + 1-1 13.1 

352-B-6 + 11.5 

352-B-7 + 10.2 

352-B-8 + 1-1 12.2 

352-B-9 + 1-1 12.7 

352-B-lO + 1-1 20.6 

352-B-ll + 1-1 16.2 

352-B-12 + 18.5 

352-C-l + 5.2 

352-C-2 + 12.9 

352-C-3 + 9.9 

352-C-4 + 9.6 

352-C-5 + 9.9 

352-C-6 + 1-1.5 15.4 

352-C-7 + 10.4 

352-C-9 + 1-1,5 12.7 

352-C-lO + 1-1.5 13.7 

352-C-ll + 1-1.5 16.0 

352-C-12 + 6.1 

352-D-1 + 7.0 

352-D-2 + 

352-D-3 + 11.8 

352-D-4 + 1-1.5.9 13.3 

352-D-5 + 5.2 

352-D-6 + 10.6 

352-D-7 + 8.5 

352-D-8 (M) + 5.4 

352-D-9 (M) + 5.5 



352-D-lO + 5.1 

352-D-11 + 3.0 

352-D-12 (M) + 4.7 

352-E-l -h 5 

352-E-3 + 10.7 

352-E-4 + 4.0 

352-E-5 + 2.0 

352-E-6 + 5.1 

352-E-7 + 6.6 

352-E-8 + 5.3 

352-E-9 + 7.5 

352-E-lO + 6.7 

352-E-l 1 + 4.6 

352-E-12 + 4.3 

In p/^a-selected single-colony isolates 

Ll-1 - 3.5 

L2-33 - 5.8 

L2-38 - 5.3 

L3-5 - 3.4 

L3-9 - 3.0 

L3-21 - 3.0 

H2-7 - 3.6 

H3-5 + 12.4 

H3-7 + 12.1 

H5-3 + 9.9 
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Addendix H 

Crosses between PDAI-I and PDAS parents 

During the research for this dissertation, a hypothesis was put forth that there were 

pea virulence genes associated with PDAI and with PDA5 and it was the combination of 

these genes in highly virulent isolates, such as 34-18, that resulted in the high virulence 

trait The original purpose of these crosses was to cross isolates carrying PDAl-1 with 

isolates carrying PDAS, PDA genes from different genetic backgrounds (see Chapter 4), 

then using in planta selection to identify highly virulent recombinant isolates. 

Abbreviations are as in appendices A and F. 

The expected Pda ratio for random ascospore progeny from these crosses is 3 Pda"*" 

to 1 Pda'. 

Chi-squared analyses that were significant (at P = 0.05) or highly significant (at P = 

0.001) are indicated with one or two asterisks, respectively. 
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Table H.l Summary of crosses between PDAl-I and PDAS parents 

Cross Parents 

Parental 

Pda 

(Cental 

PDA 

Progeny 

Pda+:Pda-

350 98-2-3 + 5 A6:21 5.60* 

77-5-7 + 1-1 

351 98-2-3 + 5 21:17 7.89** 

77-13-4 + 1-1 

352 86-4-4 + 5.9 15:4 0.12 

77-5-7 + 1-1 

353 86-4-4 + 5,9 17:0 5.31* 

77-13-5 + 1-1 
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