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RS1-a has always intensively sporulated in culture, and has already been selected as a potential 

BCA31, while GYER was characterized by poor and only occasional sporulation in culture. This 

may indicate that ATMT could be used to transform phylogenetically and physiologically diverse 

Ampelomyces strains. Such transformations may target functional genomics analyses of genes 

involved in mycoparasitism. A transcriptome analysis in Ampelomyces35 has already provided a 

useful database for such studies. Therefore, the present work, in addition to shedding light on 

largely unknown aspects of the life cycle of a widespread mycoparasite, has also established the 

framework for a molecular genetic toolbox to be used in future studies on Ampelomyces. 

 

 

Data availability: All data generated or analysed during this study are included in this 

manuscript (and its Supplementary Tables). Newly determined DNA sequences were deposited in 

NCBI GenBank under accession numbers MH879020-MH879022. There are no restrictions on 

the availability of any data supporting this study. 
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Figure 1. Phylogenetic tree with the highest likelihood value based on a concatenated dataset 

consisting of nrDNA ITS and partial actin gene (act1) sequences of 103 Ampelomyces strains, 

including RS1-a and GYER (both in red), the two strains used in the transformation work 

reported here. A concatenated ITS and act1 sequence of Phoma herbarum strain CBS567.63 was 

used as outgroup. Numbers above the branches show bootstrap support values calculated from 

1,000 replications. Support values below 70% and in subclades are not shown. Bar indicates 0.02 

expected change per site per branch. Designations, place and date of collection, and GenBank 

accession numbers of both ITS and act1 sequences of the Ampelomyces strains that were included 

in the analysis, but not in the transformation work, were published in earlier studies39,41. 

 

 

 

Figure 2. Green fluorescence emitting hyphae and conidia of transformant B3 of Ampelomyces 

strain RS1-a two weeks after its first transfer to a plate without the selection agent. (a) Hyphae; 

bar = 5 μm. (b) Conidia; bar = 10 μm. 
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Figure 3. Box plot showing surface area sizes of four week old colonies of RS1-a and GYER 

transformants, and the respective wild types. Medians and second and third quartiles are shown 

as boxes; upper and lower whiskers represent the maximum and the minimum values of the 

dataset, respectively. Transformants exhibiting growth that was significantly different from the 

wild type were marked with asterisks (*; p<0.05). Triangles denote outliers. (a) Seven RS1-a 

transformants and the wild type strain. (b) Six GYER transformants and the wild type strain. 
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Figure 4. Mycoparasitism of GFP-expressing transformants of Ampelomyces strain RS1-a in five 

powdery mildew species, on their host plants, 10 days post inoculations. (a) A young pycnidium of 

transformant J1 developing in the second cell of a conidiophore of Podosphaera xanthii on 

cucumber. Note also intracellular hyphae colonizing all the other cells of the conidiophore. Left: 

micrograph with DIC optics; right: fluorescence microscopy. Bar = 20 μm. (b) A mature pycnidium 

of transformant G4 developed in a conidiophore of P. xanthii releasing conidia following rupture of 

the intracellular pycnidial wall. Note also intracellular hyphae in other parts of the mycelium. Left: 

DIC optics; right: fluorescence microscopy. Bar = 50 μm. (c) A mature pycnidium of transformant 

B3 developed in P. xanthii and releasing conidia. Left: DIC optics; right: fluorescence microscopy. 

Bar = 50 μm. (d) A close-up of hyphae of transformant G4 in conidia of P. xanthii. White arrows 

point to Ampelomyces conidia, outside of P. xanthii conidia. Left to right: DIC optics, fluorescence 

microscopy, and overlap of these two images. Bar = 10 μm. (e) A pycnidium of transformant B3 

developed in a conidiophore of Erysiphe necator on grape and releasing conidia. Left: bright field 

optics; right: fluorescence microscopy. Bar = xxx. (f) Two conidiophores of Pseudoidium 

neolycopersici on tomato parasitized by transformant G4. A young pycnidium is developing in the 

conidiophore on the left; this process is even less advanced in the conidiophore on the right, where 

intracellular hyphae started to anastomose in the second and third cell. Note also intracellular hyphae 

in other parts of the mycelium. Left: DIC optics; right: fluorescence microscopy. Bar = 20 μm. (g) 
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Hyphae of transformant G4 growing inside conidiophores and conidia of Leveillula taurica on 

pepper. Left: DIC optics; right: fluorescence microscopy. Bar = 20 μm. (h) Hyphae of transformant 

C10 growing inside a conidiophore of Blumeria graminis f. sp. hordei on barley. Note that the hypha 

grew out of the most distal PM conidium produced on this conidiophore (white arrow). Left: DIC 

optics; right: fluorescence microscopy. Bar = 20 μm. Micrographs in panels a, c and e-h were taken 

from samples made with cellotape that reduced DIC effects but did not influence the quality of 

images taken with fluorescence microscopy. 

 

 

Figure 5. Pycnidia of transformant J1 of Ampelomyces strain RS1-a developed inside conidiophores 

of Blumeria graminis f. sp. hordei on barley, 10 days post inoculations. Samples were observed with 

confocal laser scanning microscope (CLSM) and images of optical slices were used to prepare z-

stacked projections shown here. (a) A mature pycnidium produced in the foot-cell of a conidiophore 

and releasing conidia. Bar = 20 μm. (b) Two intracellular pycnidia; release of conidia was observed 

from the one on the left. Bar = 20 μm. (c) An intracellular pycnidium that has already released most 

of its conidia. Bar = 20 μm. All images show that the GFP signal is very weak, or cannot be detected, 

from the cells of the intracellular pycnidial walls, while GFP emission of conidia is always strong. 
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Figure 6. Box plot of mycoparasitic activities of seven RS1-a transformants and the wild type 

expressed as number of intracellular pycnidia developed in conidiophores of Podosphaera xanthii on 

cucumber per cm2 powdery mildew mycelium. Medians and second and third quartiles are shown as 

boxes; upper and lower whiskers represent the maximum and the minimum values of the dataset, 

respectively. No significant differences from RS1-a wild type were detected (p>0.1). Triangle 

denotes outlier. 

 

 

Figure 7. Intracellular hyphae and pycnidia of transformant B3 of Ampelomyces strain RS1-a 

developed in young, 10-day old colonies of Podosphaera xanthii on cucumber. Conidia of the 

transformant were sprayed on cucumber plants four days before the powdery mildew inoculum was 

dusted onto these. Left: bright field; right: fluorescence microscopy. Bar = 50 μm. 
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Figure 8. Hyphae of transformant B3 of Ampelomyces strain RS1-a in plates with autoclaved soil, 30 

days post inoculation. (a) Aerial hyphae of the transformant. Bar = 20 μm. (b) Hyphae attached to a 

soil particle. Bar = 20 μm. 
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SUPPLEMENTARY FIGURE 

 

Supplementary Figure S1. Conidia of transformant B3 of Ampelomyces strain RS1-a germinated on 

powdery mildew-free cucumber leaves. The micrograph was taken ten days after inoculation. Bar = 

10 μm. 
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SUPPLEMENTARY TABLES 

Supplementary Table S1. Designations of the six selected transformants of Ampelomyces strain 

GYER, and seven selected transformants of strain RS1-a, and their characteristics in terms of T-DNA 

copy numbers, growth in culture, and mycoparasitic activity in Podosphaera xanthii on cucumber. 

Transformant 

designation 

T-DNA 

copy 

number 

Growth in culture compared to wild 

type, and corresponding p values 

Mycoparasitic activity in P. 

xanthii compared to wild type, 

and corresponding p values 

Strain GYER      

B9 2 No difference 1.000 ND* - 

L1 1 Faster 0.000001 ND - 

P1 ND Faster 0.0001 ND - 

Q7 1 Faster 0.000000004 ND - 

W6 1 No difference 0.132 ND - 

Y6 2 Faster 0.0002 ND - 

Strain RS1-a      

A2 1 No difference 0.746 No difference 0.228 

B3 3 Faster 0.004 No difference 0.988 

C10 1 No difference 0.978 No difference 0.999 

E2 1 No difference 0.423 No difference 0.999 

F13 1 No difference 0.984 No difference 0.999 

G4 2 No difference 0.120 No difference 1.000 

J1 2 No difference 0.994 No difference 0.196 

*ND = not determined 

 

 

Supplementary Table S2. List of transformants of Ampelomyces strain RS1-a used in the 

mycoparasitic tests carried out with five powdery mildew species on their respective host plants. 

Transformant Inoculated powdery mildew species 

A2 Podosphaera xanthii 

B3 Blumeria graminis, P. xanthii, Leveillula taurica, Erysiphe necator, 

Pseudoidium neolycopersici  

C10 B. graminis, P. xanthii 

E2 P. xanthii 

F13 P. xanthii 

G4 Ps. neolycopersici, L. taurica, P. xanthii 

J1 B. graminis, P. xanthii 
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Supplementary Table S3. Primers used in this work. 

Primer 

designation 

Orientation Sequence (5'3') Purpose Reference 

hph-F1 forward CGACGTCTGTCGAGAAGTTT 
Amplification and 

sequencing of hph  

This work 

 
hph-qR2  reverse ACGAGGTGCCGGACTTC 

Amplification of hph; 
qPCR amplification of hph 

to determine the T-DNA 

copy numbers 

GFPF forward ATGGTGAGCAAGGGCGAGG 
Amplification and 

sequencing of SGFP Sarrocco et 

al., 2006 
GFPR reverse TTCTGCTGGTAGTGGTCGGC amplification of SGFP 

niaD01F forward GTNTGYGCNGGNAA 
Amplification of euknr 

from the wild type strains 
RS1-a and GYER to be 

used in a nested reaction 

Gorfer et al., 
2011 

niaD04R reverse GTNGGRTGYTCRAA 

niaD15F forward GGNAAYMGNMGNAARGARCARAA 
Amplification and 
sequencing of euknr from 

wild type strains RS1-a and 

GYER in a nested PCR 

Gorfer et al., 

2011 
niaD12R reverse AACCANGGRTTRTTCATCATNCC 

trpCP02 forward GACAGAAGATGATATTGAAGGAGCAT 

Amplification of hph from 
pCBCT; preparation of 

hph_euknr fusion product 

for qPCR calibrator 
plasmid 

This work 

CB02 reverse GCCTGTATCGAGTGGTGATT 
Amplification of hph from 

pCBCT 

Gorfer et al., 

2007 

niaD31F forward CCGTCAGAAAGAGTAAAGGGTTT 
Direct amplification of 
euknr from the wild type 

strain RS1-a 

This work 

niaD31F-alt forward TCGTCCGGAAAAGCAAAGGGTTT 
Direct amplification of 
euknr from the wild type 

strain GYER 

niaD32R reverse CAATACACTCCAGTACATGTCACG 

Direct amplification of 

euknr from the wild type 

strains RS1-a and GYER; 

preparation of hph_euknr 

fusion product for qPCR 
calibrator plasmid 

hph-qF2 forward GCGCAGGCTCTCGATGA 

qPCR amplification of hph 

to determine the T-DNA 
copy numbers 

This work 

qNR-F2  forward GACAAGGGAAAGTCATGGCG 
qPCR amplification of 

euknr from transformants 
to be used as a single copy 

reference gene 

This work 

qNR-R2  reverse GAGTTCGGCAATAGCAATG 

Act-1 forward TGGGACGATATGGAIAAIATCTGGCA Amplification of a 
fragment of act1 in the 

wild type strain GYER 

Voigt & 
Wöstemeyer 

2000 
Act-5ra reverse TTAGAAGCACTTNCGGTG 
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Supplementary Table S4. Descriptive statistics, Levene's Test of Equality of Error Variances and Tests of Normality of the three datasets examined. 

Descriptive Statistics - Mycoparasitism Descriptive Statistics - GYER transformants' growth Descriptive Statistics - RS1-a transformants' growth 

Transformant Mean 
Std. 

Deviation 
N Transformant Mean Std. Deviation N Transformant Mean 

Std. 

Deviation 
N 

A2 917.108 89.714 9 Y6 468.320 45.941 7 A2 282.665 51.767 8 

B3 881.836 155.950 9 B9 299.831 31.521 8 B3 359.415 75.190 8 

C10 890.653 227.190 9 L1 435.372 26.719 8 C10 224.156 50.232 8 

E2 899.473 266.199 9 P1 438.591 42.280 8 E2 297.260 76.026 8 

F13 758.378 143.688 9 Q7 573.843 34.467 8 F13 225.435 74.868 8 

G4 864.200 165.740 9 W6 208.580 76.876 8 G4 171.675 32.152 8 

J1 723.105 62.042 9 
GYER wild 

type 
302.796 24.180 8 J1 228.953 61.183 8 

RS1-a wild 

type 
811.290 66.138 9 Total 388.188 123.872 55 

RS1-a wild 

type 
245.322 73.366 8 

Total 843.255 168.194 72 
    

Total 254.360 80.744 64 

Levene's Test of Equality of Error Variances Levene's Test of Equality of Error Variances Levene's Test of Equality of Error Variances 

F df1 df2 Sig. F df1 df2 Sig. F df1 df2 Sig. 

4.679 7 64 0.000 3.875 6 48 0.003 1.488 7 56 0.190 

Tests of Normality 
 

Tests of Normality 
 

Tests of Normality Skewness 

Kolmogorov-Smirnov 
 

Kolmogorov-Smirnov 
 

Kolmogorov-Smirnov 0.299 

Statistic df Sig. 
 

Statistic df Sig. 
 

Statistic df Sig. Kurtosis 

0.074 72 0.200* 
 

0.067 55 0.200* 
 

0.110 64 0.051 0.590 
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