
 

62 

 

appeared within 4-7 days, and were transferred to PDA medium containing 450 µg/ml 

hygromycin B. 

 

Generation of molecular probes 

CAPS markers: Cleaved Amplified Polymorphic Sequences (CAPS) markers were 

generated by using a list of single-nucleotide polymorphisms (SNPs) differentiating PH-1 

and Gz3639 (Cuomo et al., 2007).  The list of SNPs was downloaded from 

(http://www.broadinstitute.org/annotation/genome/fusarium_graminearum/MultiDownloa

ds.html).  Four unlinked SNPS that spanned EcoRI and PstI restriction sites were 

identified, and a ~500 bp segment spanning each selected SNP site was amplified by 

using primer sets that were designed manually for each region (Table 3.1). PCR 

amplification reactions contained Phusion polymerase (Finnzymes F-530S) and other 

components according to the manufacturer's instructions. The thermocycling protocol 

consisted of initial denaturation for 1 min. 30 sec. at 94 C; followed by 35 cycles of 30 

sec denaturation at 94 C, 20 sec annealing at 68 C, and 45 sec extension at 72 C; and 

one extension cycle for 7 min. at 72 C. Three µL of each PCR amplicon was used for 

each restriction reaction. Restriction reactions used Invitrogen restriction enzymes EcoRI 

(Invitrogen Cat #15202-015) and PstI (Invitrogen Cat. # 15215-015) according to the 

manufacturer's instructions. Restriction reactions were separated on a 1% agarose gel for 

analysis. 

 

Telomere marker: A telomere probe was generated by using two oligomer primers 

(Table 3.1). The probe was synthesized by performing PCR without a template, resulting 

in generation and amplification of primer dimmers and very large increases in product 

size in the later cycles (Schechtman, 1990). Pfusion polymerase, which has proofreading 

ability, was used for the PCR. Twenty pmol of each primer was added to each PCR 

reaction mix with the manufacturer's recommended buffer. The thermocycling protocol 

consisted of 35 cycles of denaturation for 30 sec. at 94 C, annealing for 30 sec. at 50 C 

and extension for 60 sec at 72 C; followed by one 2-min. extension at 72 C. PCR 
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Figure 3.10: The initial screen of PXG progeny based on 7dpi FHB symptom severity on the susceptible winter wheat variety Pioneer 

2555. The parental strains PH-1 and Gz3639GFP are indicated with a green and a red bar, respectively, and the Gz3639 WT strain is 

indicted with a yellow bar. The fungal strains significantly different from both parental strains are denoted by black bars.  Each bar 

presents the average of three observations.
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Table 3.3: Recombination of molecular markers confirming the recombinant nature of 

the strains generated through PH-1 x Gz3639GFP cross. 

 

Strain Allele PH1 Gz3639GFP  Strain Allele PH1 Gz3639GFP  
P

x
G

1
5
1
7
 

REP192BA3k   + 

P
x
G

1
1
1
0
 

REP192BA3k +   

REP192BA0.8k +  REP192BA0.8k  + 

TELOSM650  + TELOSM650 +  

TELOSM800 +  TELOSM800 +  

TELOSM4500  + TELOSM4500  + 

TELOSM200 +  TELOSM200 +  

TELOBA1000 +  TELOBA1000 +  

TELOBA500  + TELOBA500 +  

EcoRI3  + EcoRI3 +  

PstI2   + PstI2 +   

P
x
G

1
1
2
2
 

REP192BA3k +  

P
x
G

1
5
2
0
 

REP192BA3k +  

REP192BA0.8k  + REP192BA0.8k  + 

TELOSM650 +  TELOSM650 +  

TELOSM800  + TELOSM800 +  

TELOSM4500 +  TELOSM4500 +  

TELOSM200  + TELOSM200  + 

TELOBA1000 +  TELOBA1000 +  

TELOBA500 +  TELOBA500 +  

EcoRI3 .  EcoRI3 +  

PstI2 .   PstI2 +   

P
x
G

1
6
2
1
 

REP192BA3k +  

P
x
G

1
5
2
1
 

REP192BA3k  + 

REP192BA0.8k  + REP192BA0.8k +  

TELOSM650 +  TELOSM650  + 

TELOSM800 +  TELOSM800  + 

TELOSM4500  + TELOSM4500  + 

TELOSM200 +  TELOSM200  + 

TELOBA1000 +  TELOBA1000  + 

TELOBA500 +  TELOBA500  + 

EcoRI3  + EcoRI3 +  

PstI2 

+   

PstI2 

  + 
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x
G

1
6
0
1
 

REP192BA3k  + 

P
x
G

1
1
0
6
 

REP192BA3k  + 

REP192BA0.8k +  REP192BA0.8k +  

TELOSM650  + TELOSM650  + 

TELOSM800 +  TELOSM800 +  

TELOSM4500  + TELOSM4500  + 

TELOSM200  + TELOSM200 +  

TELOBA1000  + TELOBA1000  + 

TELOBA500  + TELOBA500  + 

EcoRI3 +  EcoRI3  + 

PstI2   + PstI2   + 
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Figure 3.11: Comparison of ascospore  (blue bars) and macroconidia (red bars) 

production on carrot agar between transgressive progeny and parental strains.   

 

 

 

 

 

 



 

 

9
3 

Table 3.4: Table: LSD matrix of the pair-wise comparisons for the effect of fungal strain on sexual fecundity. The values in red 

indicate a statistical difference at the level of P≤0.05. 

 

i/j P
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G

1
6
2
1
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x
G

1
6
0
1

 

P
x
G

1
1
1
0

 

P
x
G

1
5
2
0

 

PH-1   0.0026 <.0001 0.008 0.0111 0.0004 0.1124 0.0073 0.0766 <.0001 0.0106 

PxG1521     0.0668 0.6762 0.5865 0.5149 0.1208 0.7004 0.172 0.0089 0.5994 

PxG1106       0.0263 0.0194 0.2277 0.0012 0.0284 0.0021 0.3946 0.0203 

Gz3639         0.8991 0.2874 0.2516 0.9738 0.3382 0.0029 0.914 

Gz3639GFP           0.2349 0.3066 0.8731 0.405 0.002 0.985 

PxG1517             0.0304 0.3023 0.0469 0.0432 0.2422 

PxG1122               0.2385 0.8473 <.0001 0.298 

PxG1621                 0.3221 0.0032 0.888 

PxG1601                   0.0002 0.3946 

PxG1110                     0.0021 

PxG1520                       
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Table 3.5: LSD matrix of the pair-wise comparisons for the effect of fungal strain on asexual fecundity. The values in red indicate 

statistical difference at the level of P≤0.05. 
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PH-1   0.8471 0.4105 0.7061 0.8256 0.0046 0.3034 0.0999 0.7143 0.1282 0.0003 

PxG1521     0.5274 0.5693 0.978 0.0077 0.2233 0.0675 0.5767 0.0881 0.0005 

PxG1106       0.2326 0.5454 0.0363 0.0679 0.0158 0.2368 0.0217 0.0029 

Gz3639         0.5509 0.0016 0.5114 0.1998 0.9912 0.2478 <.0001 

Gz3639GFP           0.0082 0.2133 0.0637 0.5582 0.0834 0.0005 

PxG1517             0.0002 <.0001 0.0016 <.0001 0.3242 

PxG1122               0.5256 0.5044 0.6131 <.0001 

PxG1621                 0.1961 0.8967 <.0001 

PxG1601                   0.2435 <.0001 

PxG1110                     <.0001 

PxG1520                       

 



 

95 

 

 
 

Figure 3.12A: Comparison of average aggressiveness among parental strains PH-1 and 

Gz3639GFP and transgressive progeny strains. Aggressiveness is expressed as the 

average number of FHB symptomatic spikelets per spike at 7 dpi.  
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Table 3.6: LSD matrix of the pair-wise comparisons for the effect of fungal strain on FHB aggressiveness (expressed as 7 dpi FHB 

symptom severity). The values in red indicate statistical difference at the level of  P≤0.05. 
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P
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1
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2
1

 

P
x
G

1
5
2
1

 

H20   0.8153 0.7263 0.8153 0.1872 0.1872 0.3544 <.0001 <.0001 0.0002 0.0002 0.7263 

PxG1520    0.907 0.99 0.2732 0.2732 0.4856 <.0001 <.0001 0.0003 0.0003 0.907 

PxG1106     0.907 0.3256 0.3256 0.5605 <.0001 <.0001 0.0004 0.0004 0.99 

PxG1110     0.2732 0.2732 0.4856 <.0001 <.0001 0.0003 0.0003 0.907 

PH-1       0.99 0.6831 <.0001 <.0001 0.0046 0.0046 0.3256 

Gz3639GFP       0.6831 <.0001 <.0001 0.0046 0.0046 0.3256 

Gz3639         <.0001 <.0001 0.0017 0.0017 0.5605 

PxG1517         0.4856 0.0053 0.0053 <.0001 

PxG1122           0.0267 0.0267 <.0001 

PxG1601           0.99 0.0004 

PxG1621             0.0004 

PxG1521              
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Figure 3.12B. Comparison of average DON production in planta among parental strains, 

PH-1 and Gz3639GFP, and transgressive progeny strains.  
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Table 3.7: Table: LSD matrix of the pair-wise comparisons for the effect of fungal strain on DON production in planta. The values in 

red indicate statistical difference at the level of P≤0.05. 
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2
1

 

P
x
G

1
5
2
1

 

H20   0.9916 0.9786 0.9923 0.8921 0.8938 0.9176 <.0001 0.0857 0.2916 0.0015 0.9993 

PxG1520   0.987 0.9993 0.9004 0.9021 0.9259 <.0001 0.0874 0.2963 0.0015 0.9924 

PxG1106     0.9863 0.9133 0.915 0.9388 <.0001 0.0902 0.3036 0.0016 0.9794 

PxG1110     0.8997 0.9014 0.9252 <.0001 0.0873 0.2959 0.0015 0.9931 

PH-1       0.9983 0.9743 <.0001 0.1109 0.356 0.0021 0.8928 

Gz3639GFP       0.9761 <.0001 0.1104 0.3549 0.0021 0.8945 

Gz3639         <.0001 0.1044 0.3399 0.0019 0.9183 

PxG1517         0.0018 0.0003 0.0969 <.0001 

PxG1122           0.482 0.0859 0.0858 

PxG1601           0.0194 0.292 

PxG1621             0.0015 

PxG1521              
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Figure 3.12C: Comparison of average DON production in medium (2% GYPD) among parental 

and transgressive strains.   
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Table 3.8: LSD matrix of the pair-wise comparisons for the effect of fungal strain on level of DON production in liquid medium (2% 

GYPD). The values highlighted in red indicate statistical difference at the level of P≤0.05. 

 

i/j 

H
2
O

 

P
H

-1
 

P
x
G

1
5
2
1

 

P
x
G

1
1
0
6

 

G
z3

6
3
9
 

G
z3

6
3
9
G

F
P

 

P
x
G

1
6
0
1

 

P
x
G

1
1
2
2

 

P
x
G

1
6
2
1

 

P
x
G

1
6
0
1

 

P
x
G
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P
x
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1
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2
0

 

H2O   0.7652 0.0149 0.3342 0.0207 0.0011 0.5097 0.2747 0.374 0.3128 0.8548 0.0108 

PH-1     0.032 0.5041 0.0431 0.0028 0.718 0.4266 0.5544 0.4765 0.9213 0.0239 

PxG1521       0.1364 0.9004 0.3837 0.0732 0.1728 0.1175 0.1483 0.0339 0.9063 

PxG1106         0.1721 0.0191 0.7586 0.8986 0.9386 0.9649 0.4662 0.1084 

Gz3639           0.3194 0.0951 0.2152 0.1494 0.1862 0.0448 0.8081 

Gz3639GFP             0.0083 0.0265 0.0156 0.0214 0.0036 0.451 

PxG1601               0.6638 0.8178 0.7253 0.6604 0.0565 

PxG1122                 0.838 0.9336 0.3962 0.139 

PxG1621                   0.9036 0.5117 0.0927 

PxG1601                     0.4412 0.1183 

PxG1110                       0.0258 

PxG1520                         
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Figure 3.13. Comparison of external FHB severity symptoms produced by mitotic 

progeny strains from parental strains PH-1 (b), and Gz3639GFP (c), and the transgressive 

segregant progeny strains PxG1517 (d) and PxG1110 (e) with the water control (a) point-

inoculated susceptible wheat variety Pioneer 2555. The inoculated floret is marked with a 

dot.
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Figure 3.14A: Mitotic Stability of the FHB agressiveness phenotype in the transgressive 

progeny strains PxG1517 and PxG1110. The letters indicate statistical differences 

between strains in the boxes at a  P-value= 0.05. The red, blue, and green boxes encase 

three mitotic isolates for positive transgressive segregant (PxG1517), parental strains 

(Gz3639GFP and PH-1), and negative transgressive segregant (PxG1110), respectively. 
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Table 3.9: LSD matrix of the pair-wise comparisons between the mitotic progenies of parental strains, and positive, and negative 

transgressive segregating strains testing the effect of fungal strain on FHB aggressiveness (expressed as 7 dpi FHB symptom severity). 

The values in red indicate statistical difference at the level of P≤0.05. 
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Gz3639GFPM1   0.7986 0.5314 0.0076 0.0183 0.0092 0.0098 0.0112 0.0162 0.0246 0.9445 0.4445 

Gz3639GFPM2     0.3788 0.0153 0.0346 0.0183 0.0047 0.0054 0.0081 0.0455 0.7454 0.3085 

Gz3639GFPM3       0.0011 0.0031 0.0014 0.048 0.0533 0.0425 0.0044 0.5779 0.8893 

PxG1110M1         0.7454 0.9445 <.0001 <.0001 <.0001 0.6595 0.0062 0.0007 

PxG1110M2           0.7986 <.0001 <.0001 <.0001 0.9076 0.0153 0.002 

PxG1110M3             <.0001 <.0001 <.0001 0.7105 0.0076 0.0009 

PxG1517M1               0.963 0.8528 <.0001 0.0119 0.0455 

PxG1517M2                 0.8893 <.0001 0.0135 0.0425 

PxG1517M3                   <.0001 0.0195 0.0469 

PH-1M1                     0.0206 0.0029 

PH-1M2                       0.4869 

PH-1M3                         
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Figure 3.14B: Mitotic Stability of the DON production in the transgressive progeny 

strains PxG1517 and PxG1110. The letters indicate statistical differences between strains 

in the boxes at the  P-value= 0.05. The red, blue, and green boxes encase three mitotic 

isolates for positive transgressive segregant (PxG1517), parental strains (Gz3639GFP and 

PH-1), and negative transgressive segregant (PxG1110), respectively.
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Table 3.10. LSD matrix of the pair-wise comparisons between the mitotic progenies of parental strains, and positive, and negative 

transgressive segregating strains testing the effect of fungal strain on DON production in planta. The values in red indicate statistical 

difference at the level of P≤0.05. 
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PH-1M1   0.3318 0.4964 0.1561 0.1487 0.0016 0.0003 0.0389 <.0001 0.9865 0.9555 0.9926 

PH-1M2     0.7706 0.6514 0.6327 0.0262 0.0066 0.2673 <.0001 0.3235 0.3602 0.3272 

PH-1M3       0.4576 0.442 0.0123 0.0028 0.1622 <.0001 0.4857 0.5322 0.4905 

Gz3639GFPM1         0.9792 0.0746 0.0224 0.5096 0.0003 0.1513 0.1728 0.1534 

Gz3639GFPM2           0.0789 0.0239 0.5264 0.0003 0.1441 0.1648 0.1462 

Gz3639GFPM3             0.6067 0.2576 0.0361 0.0015 0.002 0.0016 

PxG1517M1               0.1009 0.1013 0.0003 0.0003 0.0003 

PxG1517M2                 0.0021 0.0374 0.0443 0.0381 

PxG1517M3                   <.0001 <.0001 <.0001 

PxG1110M1                     0.942 0.9939 

PxG1110M2                       0.9481 

PxG1110M3                         
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Figure 3.15. Comparison of the aggressiveness phenotyppes betweemof progeny derived 

through mitosis (asexual) (a), and meiosis (sexual) (b). 
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CHAPTER 4 

Relative efficiency of a “split-marker” protocol for the production of deletion 

mutants in strain PH-1 of Fusarium graminearum 

 

4.1 Introduction 

  

The availability of whole-genome sequences for an increasing number of fungal species 

has prompted the development of more efficient technologies to utilize these data for 

functional genomics research (Vukmirovic and Tilghman 2000). Inactivation of a gene by 

deletion or interruption is an important way to study its function (Shafran et al. 2008). 

Gene deletion via double-crossover replacement with a selectable marker is usually more 

desirable than gene disruption, because it avoids the possibility of residual or restored 

gene function. Numerous polymerase chain reaction (PCR)-based protocols have been 

developed to facilitate the use of genome data for production of gene deletion constructs 

(e.g. Hamann et al. 2005; De Hoogt et al. 2000; ML Nielsen et al. 2006; Paz et al. 2011; 

Ray and Adholeya 2008; Shafran et al. 2008; Turgeon et al. 2010; Yu et al. 2004).  

Deletion constructs typically consist of varying amounts of sequence from the 5‟ and 3‟ 

flanks of the gene of interest fused to a selectable marker gene, and are referred to here as 

“intact-marker” (IM) replacement constructs.   

Successful gene deletion is limited by the efficiency of homologous recombination 

(Hynes 1996a). Non-homologous end joining (NHEJ) and homologous end joining (HEJ) 

are two ways in which fungi repair double-stranded breaks in their DNA (Cahill et al. 

2006; Kanaar et al. 1998). The yeast Saccharomyces cerevisae primarily uses HEJ, and 

generation of gene deletion mutants is very efficient in this organism (Hua et al. 1997).  

In contrast, a majority of filamentous fungi use the NHEJ mechanism for DNA repair, 

and homologous recombination occurs only rarely (with a frequency of less than 1%) 

(Kück and Hoff, 2010). This results in relatively few transformants in which the gene of 

interest has been replaced by a selectable marker, and more strains with the marker 

integrated at an ectopic location in the genome (Chaveroche et al. 2000). To increase the 

frequency of homologous recombination events, some researchers have used mutant 
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strains deficient in NHEJ as transformation recipients (De Boer et al. 2010; Carvalho et 

al. 2010; Catalano et al. 2011; Li et al. 2010; Pöggeler and Kück 2006; Snoek et al. 

2009). However, these strains have an elevated sensitivity to various mutagens, so 

transformants must usually be back-crossed to a wild-type strain before they can be used 

for experiments (Kück and Hoff, 2010).  

The split-marker (SM) protocol, first applied to yeast (Fairhead et al., 1996), is an 

alternative approach for increasing the relative frequency of homologous integration in 

wild-type strains of filamentous fungi (Catlett et al. 2003; De Hoogt et al. 2000; You et 

al. 2009). For this procedure, fungal protoplasts are transformed with a mixture of two 

DNA fragments, comprised of DNA flanking each end of the gene of interest fused to 

overlapping segments of a selectable marker gene. In order to reconstitute a functional 

selectable marker, the SM fragments must recombine homologously at three points, 

which hypothetically increases the probability of a gene replacement versus an ectopic 

integration among the resulting selectable transformants. However, this hypothesis has 

been tested experimentally in very few cases (e.g. Fu et al. 2006; You et al. 2009). The 

SM protocol has been recommended for production of gene deletions in Fusarium 

graminearum, an important fungal pathogen that causes head blight disease on wheat 

(Catlett et al. 2003).  The objective of the current study was to compare SM and IM 

protocols, and evaluate their relative efficiency for generating gene deletion mutant 

strains and appropriate control strains with ectopic integrations, in strain PH-1 of F. 

graminearum, which has an available high-quality (> 8X) annotated genome sequence.  

For this work, the well-defined mating-type locus of F. graminearum, which has a 

previously characterized deletion phenotype (Lee et al. 2003) was targeted. 

 

4.2. Materials and Methods 

Fungal strains and growth conditions: Fusarium graminearum strain PH-1 (NRRL 

31084) was used for all experiments. The cultures were stored as a silica stock (Tuite, 

1969, after Perkins, 1962), and were never sub-cultured more than once. For production 

of asexual spores (macroconidia), the fungus was cultured on mungbean agar (MBA) 

(Bai and Shaner 1996) for 7-10 days at 23 C under continuous fluorescent light 
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(Sylvania F032/741/ECO).  Spore suspensions were prepared by adding 2 ml of sterile 

water to the culture and gently rubbing the surface with a sterile plastic micro-pestle. 

Harvested spores were filtered through glass wool, washed twice with sterile water, and 

adjusted to the desired concentration. 

 

DNA extraction: For DNA extraction, 5 ml of YEPD medium (20 g dextrose, 20 g 

bacto-peptone, 10 g yeast extract) was inoculated with an 8-mm agar plug taken from the 

edge of an actively growing colony. Cultures were incubated at 25 C for 5-7 days at 250 

rpm.  Mycelia were harvested by decanting cultures onto sterile paper and blotting the 

excess liquid. Mycelia were flash-frozen in liquid nitrogen and stored at -80 C until 

extraction.  

Frozen mycelia were lyophilized and then pulverized in individual 2 ml Eppendorf tubes 

by using a mini-pestle, or in 96-deep well plates by using a 2000 GENO Grinder (Spex 

Cretiprep) (500 strokes/sec for 30 sec). One ml of warm lysis buffer (0.5 M NaCl, 1% 

SDS, 10 mM Tris HCl, Ph7.5, 10 mM EDTA) was added per 100-200 mg of pulverized 

fungal tissue, and the samples were incubated at 65 C for 30 min, vortexing once during 

the incubation. After incubation the samples were transferred into individual tubes 

containing 660 l PCI (25 parts phenol, 25 parts chloroform, 1 part iso-amyl-alcohol), 

mixed by inverting 4-6 times, then incubated at 65 C for an additional 30 min. The 

contents were mixed once again during incubation. The samples were centrifuged in a 

tabletop centrifuge for 20 min at maximum speed to separate the phases. DNA was 

precipitated from the aqueous phase by using 1 volume of isopropanol, and the pellet was 

washed twice with 70% ethanol. The pellet was resuspended in 100 l of TE, pH 7.9, and  

2 µl
 
of a 5-mg/ml concentration of RNase A, at 65° C for 1 h.  Between 1 and 5 g of 

each DNA sample was digested with appropriate restriction enzymes (RE) and used in 

Southern hybridizations (Southern, 1975) for evaluation of transformant and wild-type 

strains.  
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Plasmid Construction: The strategy for construction of plasmid templates and 

generation of SM and IM replacement fragments is shown in Figure 4.1.  For each of the 

genes of interest, 0.6-1.2 kb of each flank was amplified. The PCR primers are listed in 

Table 4.1, and the PCR parameters used are shown in Table 4.2. The primers were 

designed manually from the published F. graminearum genome (Cuomo et al. 2005).  

Primer P2 incorporated a 3‟ EcoRI recognition site, and primer P3 included a 5‟ BamHI 

recognition sequence.  These same restriction enzymes (REs) were used to isolate the 

hygromycin phosphotransferase (hph) selectable marker gene from the donor plasmid 

pBSHyg2 (pBluescript plasmid was digested with SmaI and hph resistance gene blunt 

ligated to form pBSHyg2).  

PCR amplicons and the restricted hph gene fragment were gel-purified with a gel 

extraction kit (QIAquick Gel Extraction Kit, Qiagen). PCR amplicons were digested with 

the appropriate RE and then gel-purified once more.  The restricted fragments were 

ligated in a 1:2:1 molar ratio with T4 ligase (Invitrogen) at 16 C overnight. The ligase 

was inactivated by incubating the reactions at 70 C for 20 min. The reactions were 

diluted 1000-fold and used as PCR templates with primers P1 and P4 to produce the 

intact-marker cassette amplicons. 

IM cassette amplicons were gel-purified and cloned into the pGEM T-easy plasmid. 

Before cloning, “A-tails” were added by incubating 15 l of each gel-purified amplicon 

with 0.4 l Taq polymerase, 2 l 10x PCR buffer, 0.6 l 50 mM MgCl2 and 2 l of 10 

mM dATP for 30 min at 72 C. The plasmids were introduced into electro-competent 

DH5 E. coli cells, and clones were confirmed by restriction digestion and sequencing, 

then stored as 15% glycerol stocks at -80 C. 

 

PCR amplification of split-marker fragments, and intact-marker replacement 

cassettes: The plasmids were used as templates for generation of SM fragments and IM 

replacement cassettes (Figure 4.1). PCR reactions consisted of a 25 l total reaction 

volume including 2.5 l of 10X Phusion PCR buffer, 2.5 l of 25 mM MgCl2, 2 l of 10 

mM dNTP mix, 1l of each primer (20 nM) and 1 l of template DNA (20-50 ng/l). 
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The thermocycling parameters were as follows: initial denaturation for 3 min at 94 C, 

followed by 35 cycles of denaturation at 94 C for 30 sec, annealing at 60 C for 20 sec, 

and extension at 72 C for 1 min/kb, with a final extension for 7 min at 72 C.  The PCR 

amplicons were gel-purified and eluted in 15 l sterile water to yield 1-3 g DNA.  

 

Preparation of fungal protoplasts: Protoplast isolation and transformation protocols 

were modified from methods used for transformation of Aspergillus parasiticus (Skory et 

al. 1990; F. Trail, personal communication). Macroconidia were harvested from 7 day-

old cultures, washed, and resuspended at a concentration of 1x10
6
 spores/ml. 100 ml of 

YEPD was inoculated with 2 ml of the spore solution. The culture was incubated for 10-

14 hours at 25 C with constant agitation (175 rpm). Mycelia were harvested by filtration, 

washed with sterile water, and treated with 20 ml of protoplasting buffer [500 mg 

driselase (Sigma Chemical Co., St. Louis); 100 mg lysing enzyme from Trichoderma 

harzianum L-1412 (Sigma Chemical Co., St. Louis); in 20 ml of 1.2 M KCl, filter 

sterilized].  Mycelium was incubated in the protoplasting buffer for 45-90 minutes at 37 

C with gentle agitation (50-80 rpm). When the majority of hyphae had released 

protoplasts, the solution was filtered through a 30 m Nitex nylon membrane into sterile 

50 ml centrifuge tubes. Protoplasts were pelleted by centrifugation (3000 rpm) at room 

temperature for 5 min, then gently resuspended in STC buffer (1.2 M sorbitol; 10 mM 

Tris-HCl, pH 8.0; 50 mM CaCl2).  Protoplasts were pelleted once more, and then they 

were resuspended in STC at a concentration of 1 x 10
8
 protoplasts/ml.  

 

Transformation of Fusarium graminearum: For each transformation, 100 l of freshly 

prepared protoplast suspension (1x10
8
 protoplast/ml) was mixed with 100 l STC buffer, 

50 l freshly prepared and filter-sterilized 30% PEG solution (8000 polyethylene glycol, 

Sigma, P2139) dissolved in a buffer (10 mM Tris-HCl, pH 8.0; 50 mM CaCl2) and 10 l 

of DNA (1-3 g). For SM fragments, 6 µl of each fragment was mixed together first, and 

then 10 µl of the mixture was added to the transformation.  The reaction was incubated at 

room temperature for 20 min.  Two ml of 30% PEG Solution was added, and incubation 
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continued for an additional 5 min. Four ml of STC buffer was added, and gently mixed 

by inversion. The transformation reaction was then added to 250 ml of cooled 

regeneration medium (RM)  (1.0 g yeast extract; 1.0 g N-Z-Amine AS (N4517 Sigma); 

7.44 g agar; and 271 g sucrose per liter). The medium was mixed gently and aliquoted 

into three 100 mm Petri plates. Protoplasts were allowed to regenerate for 12-15 hours, 

and then the plates were overlaid with 15 ml of RM amended with 150 µg/ml 

hygromycin B. Transformants usually appeared within 4-7 days, when they were 

transferred to potato dextrose agar (Difco
®

) containing 450 µg/ml hygromycin B. 

 

Analysis of transformants: Transformants were single-spored, and genomic DNA 

extracted from each strain was evaluated by using Southern hybridization analysis to 

characterize integration events. The fertility phenotypes of confirmed gene deletion 

mutants and ectopic controls were assessed by using the mycelial plug crossing method 

(Bowden and Leslie 1999). Briefly, 5 mm diameter plugs taken from the edges of 

actively growing colonies of the parental strains were placed on opposite halves of a 60 

mm diameter Petri plate containing carrot agar (400 g fresh, peeled and diced carrots 

were autoclaved in 400 ml H2O for 20 min and homogenized with a blender. After 

homogenization the volume was adjusted to 1 L and 20 g of Difco
®

 agar was added to the 

slurry. The media was autoclaved for additional 30 min, and poured into 60 mm Petri 

plates (Leslie and Summerell,  2006). The colonies were incubated for 4 days at 23 C 

with constant fluorescent light.  When the colonies met in the middle of the plate, 0.5-1.0 

ml of 2.5% Tween 60 was applied to the surface of the plate, and the mycelia were 

flattened by rubbing gently with a sterile glass rod to induce perithecial production. 

Presence and appearance of perithecia produced on the crossing plates, and presence of 

asci containing ascospores, were assessed 18 days post-induction. The segregation ratio 

of MAT1-1-1 and MAT1-2-1 specific markers among the progeny derived from a cross 

of a mat1-1-1 x a mat1-2-1 deletion strain was determined by Southern blot analysis.  
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4.3. Results  

Comparison of SM and IM approaches 

The mating type locus of F. graminearum, known as MAT1, is a complex locus that 

contains four open reading frames.  Two of these (MAT1-1-1 and MAT1-2-1) encode 

homeodomain proteins that interact to switch on mating-dependent development 

(Kronstad and Staben 1997). In this study, three sequences incorporating F. graminearum 

mating genes were targeted for deletion.  These included the entire MAT1 locus (6070 

bp), the MAT1-1-1 gene (1117 bp), and the MAT1-2-1 gene (978 bp). SM and IM 

constructs were produced for each sequence and used in transformation experiments.  

Each experiment generated between 50 and 70 hygromycin-resistant transformants within 

4-7 days, from which 20 - 25 individual transformants were randomly chosen for further 

analysis. There were no noticeable differences among the different constructs in the 

number or appearance on RM of the transformants they generated. 

Southern hybridization analysis revealed the presence of three different types of 

integrations among the recovered transformants, including double-point homologous 

recombination (HR) resulting in gene deletion; ectopic integration by non-homologous 

end joining (NHEJ); and a mixture of the two, consisting of a single point homologous 

recombination combined with non-homologous end joining (HR:NHEJ) (Figure 4.2a and 

4.2b). This last type of integration did not result in a gene deletion, but instead in the 

integration of the disruption construct directly adjacent to the target gene.  

Both types of constructs (SM and IM) generated gene deletion strains.  The gene deletion 

rate ranged from 25-75%.  The SM constructs appeared to be somewhat more efficient in 

generating deletion strains than the IM constructs for the large MAT1 locus, but the 

differences were less noticeable for the smaller MAT1-1-1, and IM constructs actually 

produced slightly more deletions of the smallest MAT1-2-1 fragment (Table 4.4). Among 

the strains with HR events resulting in gene deletions, approximately one-third had 

additional ectopic integrations of the DNA. Both approaches generated a similar 

proportion of strains with additional ectopic integrations (27% for SM, 30% for IM). In 

comparison with IM, SM generated very few transformants with single ectopic 

integrations. The SM produced only one transformant strain with a single ectopically 


