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Abstract Ascochyta blight is a serious disease of

cool-season grain legumes (chickpea, faba bean,

lentil and pea) caused by fungal species of the

anamorphic genus Ascochyta and related genera.

Despite extensive studies on the biology, ecology,

epidemiology and management of the disease,

little is known about the pathogenic determinants

of these pathogens. This research aims at using

Ascochyta rabiei as a model for the genus in

investigating genetic factors of pathogenicity,

with the ultimate goal of elucidating pathogenic

mechanisms. Three advances were made: (1)

insertional mutants with altered pathogenicity

were identified through in vivo screening, and

genomic regions adjacent to the insertion sites in

selected mutants were determined; (2) a phage

library of A. rabiei genomic DNA was con-

structed, and the library was estimated to provide

complete coverage of the A. rabiei genome. This

library was used successfully to recover clones

with DNA adjacent to insertional mutation sites

and to isolate specific genes; (3) DNA probes

specific for an acyl-CoA ligase (cps1) and a

polyketide synthase gene (pks1) were developed

and library clones containing the corresponding

genomic regions were identified from the phage

library. These advances provide the foundation

and necessary tools for experimentation of

ectopic complementation assays and targeted

mutagenesis to elucidate the genetic mechanisms

of pathogenicity of A. rabiei.

Keywords Agrobacterium-mediated

transformation � Gene disruption � Phage library

Introduction

Ascochyta blight is an important disease of cool-

season grain legume crops including chickpea,

faba bean, lentil, and pea. The pathogens are

often host-specific, each species causing the dis-

ease with economical significance only on specific

crops, e.g. Ascochyta rabiei on chickpea, A. fabae

on faba bean, A. lentis on lentil, and A. pisi

Mycosphaerella pinodes, and Phoma medicaginis

var. pinodella on pea (Peever 2007). Extensive

studies have been conducted on a number of the

species on pathogen ecology (Taylor and Ford

2007), epidemiology and management (Tivoli and
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Banniza 2007; Davidson and Kimber 2007).

However, research on pathogenic determinants

of Ascochyta spp. in general has received little

attention.

Ascochyta blight pathogens are all necrotroph-

ic, killing plant cells in advance of mycelial

development. Therefore, toxins and cell-wall

degrading enzymes are often presumed to be

important biochemical determinants of pathogen-

esis. Among the ascochyta pathogens, A. rabiei on

chickpea is probably the most intensively studied

pathosystem in terms of biochemical interactions

between the host and the pathogen. Ascochyta

rabiei, causal agent of chickpea ascochyta blight,

produces toxin solanopyrones through the poly-

ketide synthesis pathway (Alam et al. 1989; Hohl

et al. 1991), and hydrolytic or cell-wall degrading

enzymes (Tenhaken and Barz 1991; Tenhaken

et al. 1997). Several lines of evidence show the

roles of the phytotoxins in causing blight (Chen

and Strange 1991; Kaur 1995). The hydrolytic

enzymes are considered necessary for fungal

nutrition and to facilitate spatial spread of fungi

(Walton 1994). Ascochyta rabiei was first trans-

formed with the protoplast/PEG protocol with a

GUS reporter gene for observing the infection

process (Kohler et al. 1995), and later trans-

formed with Agrobacterium-mediated transfor-

mation (AMT) for studying pathogenicity factors

(White and Chen 2006; Morgensen et al. 2006).

However, little information is currently available

about the genetic determinants of pathogenicity

of the ascochyta pathogens. Knowledge of path-

ogenic determinants will allow us to develop a

better understanding of host-pathogen interac-

tions to devise novel or more effective measures

in managing the disease.

There are two approaches to investigate

pathogenic determinants of fungal pathogens.

One is targeted gene disruption to construct

mutants defective of a defined gene of interest.

In this instance, target genes could be previ-

ously-reported pathogenicity genes in other

pathosystems. The role of the gene in infection

can be assessed by comparing the pathogenicity

of the mutant with that of the wild-type. The

other approach is to generate random and

tagged mutations within the pathogen genome.

The modern technique in this approach is

through insertional mutagenesis of either restric-

tion-enzyme-mediated integration (Oliver and

Osbourn 1995; Kahmann and Basse 1999) or

AMT (Michielse et al. 2005). This approach does

not require a priori knowledge of gene function,

and it involves generation of a library of random

mutations, screening the library for altered

phenotypes or pathogenicity, and characteriza-

tion of disrupted genomic regions. This strategy

is powerful in the identification of previously

unknown pathogenicity factors.

There are a number of previously reported

conserved fungal virulence factors that could

be explored in A. rabiei. Lu et al. (2003)

described a general fungal virulence factor

(an acyl-CoA ligase cps1) in several plant-

pathogenic ascomycetes. Disruption of the cps1

homolog in several plant pathogens produced

no observable growth phenotype, but showed

reduced virulence. Production of melanin has

also been shown to be a virulence factor in

some pathogenic fungi (Henson et al. 1999;

Kawamura et al. 1999). Ascochyta rabiei pro-

duces melanin through the 1,8-dihydroxynaph-

thalene pathway via polyketide synthesis (Chen

et al. 2004b). Thus, polyketide synthases could

potentially be pathogenicity factors in A. rabiei

through their involvement in melanin biosyn-

thesis or in the synthesis of phytotoxin solan-

apyrones (Hohl et al. 1991).

The goal of our research is to use A. rabiei as a

model for the other ascochyta pathogens to open

the door for investigating pathogenic determi-

nants. Our research hypotheses are (1) insertional

mutagenesis can be applied to A. rabiei to

elucidate pathogenic determinants, and (2) some

of the previously-reported pathogenicity factors

from other plant pathogens could be identified

and isolated from A. rabiei. Here we report

successful identification and characterization of

tagged mutants with reduced or lost pathogenic-

ity, development of gene-specific probes, con-

struction of a phage library of the A. rabiei

genome, and the isolation of clones containing

potential pathogenicity factors through screening

the library. The research provides the foundation

and necessary tools for further assessing the roles

of the respective genes in causing ascochyta

blight.
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Materials and methods

Fungal strains, transformation, and

pathogenicity screening of transformants

The pathotype II strain AR628 (Chen et al.

2004a) of A. rabiei was used in transformation

experiments. The transformation was carried out

as previously described (White and Chen 2006).

Briefly, conidia of strain AR628 were co-cultured

with cells of Agrobacterium tumefaciens carrying

T-DNA. The co-cultivation was spread on a

membrane and incubated on medium containing

timentin and hygromycin to select against bacte-

ria and select for hygromycin-resistant transfor-

mants. Transformed conidia that grew on the

selective medium were further purified by single-

conidium isolation. After confirming resistance to

hygromycin, the transformants were screened for

altered pathogenicity before further characteriza-

tion.

The mini-dome bioassay (Chen et al. 2005) was

used to screen transformants for reduced patho-

genicity. The transformants were always com-

pared with wild-type strains AR19 (pathotype I)

and AR628 in the pathogenicity assays on chick-

pea cvs Dwelley and Spanish White (six plants in

three replicates of each cultivar per strain).

Disease severity was assessed according to the

1–9 rating scale (Chen et al. 2004a). The trans-

formants that showed reduced pathogenicity in

the first assay were tested again in a second assay.

Nine transformants that showed significantly

reduced pathogenicity in both assays were

selected for further study. In addition, two trans-

formants that lost ability to produce conidia were

also selected for further characterization.

Southern hybridization, inverse-PCR and

sequence analysis of transformants

Southern hybridization was used to determine the

number of insertions in transformants. Genomic

DNA from transformants and wild-type AR628

were digested with XhoI (New England Biolabs,

Ipswich, MA, USA), separated on an agarose gel,

and transferred to a nylon membrane. A DIG-

labelled DNA probe was synthesized from an

internal region of the hygromycin B gene using

PCR (White and Chen 2006). Probed membranes

were processed according to the manufacturer’s

instructions, and detected using the anti-DIG-

alkaline phosphatase conjugate antibody and the

chemiluminescent substrate CSPD (Roche) by

exposure to autoradiograph film to visualize

hybridized fragments.

To isolate DNA regions flanking the insertion

sites in the transformants, an inverse-PCR tech-

nique was used. Genomic DNA of selected

transformants was digested with XhoI to isolate

DNA flanking the right border, and digested with

either SacI, SalI or KpnI to isolate DNA flanking

the left border. Digested DNA was ligated to

itself and used as template for the inverse PCR

using primers LB5IP and RB5IP (White and

Chen 2006). Products were isolated from agarose

gels and ligated to the pGEM-T Easy vector

(Promega, Madison, WI, USA) for further anal-

ysis.

To determine the gene disrupted by the T-

DNA in each transformant, the ends of each

cloned inverse-PCR product were sequenced

using the M13F (-20) and M13R (-21) primers

(New England Biolabs). Forward and reverse

sequences were joined after removing all vector

and T-DNA border sequences. Assembled se-

quences were compared to each other to verify

that each contained a unique region of the A.

rabiei genome and translated in all six reading

frames for comparison to the GenBank database

as well as the Stagonospora nodorum genome

(http://www.broad.mit.edu). The S. nodorum gen-

ome was selected because, for the fungi with

genomes available, S. nodorum is the closest

phylogenetically related to A. rabiei (Peever et al.

2007).

Development of gene-specific probes for A.

rabiei

Specific probes were developed for genes that

could be potential virulence factors in A. rabiei.

The genes encoding the polyketide synthase

(pks1) from Glarea lozoyensis (Zhang et al.

2003) and an acyl-CoA ligase (cps1) from Coch-

liobolus heterostrophus (Lu et al. 2003) were

selected as candidate virulence factors. These

gene products were compared to and aligned with
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the translated genome of S. nodorum, and

conserved locations were selected to design

PCR primers. PCR primers pksF2 (5¢-CAC-

TACCACTGCCGTCGCAT) and pksR2 (5¢-
TAGACTTGACCATGCCACTGCA) were de-

signed to amplify a 562-bp region of the pks1

gene, and primers cpsF (5¢-GGGACAAGAG-

CAACCTCTA) and cpsR (5¢-TGGTAGTTG-

TATGCAGC) to amplify a 683-bp region of the

cps1 gene. PCR products were cloned into the

pGEM-T Easy vector (Promega) and sequenced

using the M13F and M13R primers as described

above.

Construction and screening of a genomic

library of A. rabiei

To construct a genomic library of A. rabiei,

genomic DNA of strain AR628 was digested with

ApoI and fragments between 7,000 and 10,000 bp

were eluted from agarose gels, desalted, and

ligated to pre-digested and phosphatased (EcoRI)

Lambda ZAPII vector arms (Stratagene, La Jolla,

CA, USA), packaged using Gigapack III extracts,

and amplified in E. coli strain XL1-Blue. The

efficiency of the ligation and packaging reactions

were determined using X-GAL and IPTG. To

determine the average insert size of the recombi-

nant phage library, plasmid rescue (in vivo exci-

sion) was performed on phage collected from ten

random plaques using the ExAssist� helper

phage and E. coli strain SOL-R. Recovered

plasmids were digested with ApoI and separated

on an agarose gel. A single round of library

amplification was performed and the phage sus-

pension stored in 7% DMSO at –80�C until use.

To isolate clones from the library that contain

either pks1 or cps1 homologs, probes were con-

structed using PCR with the pks or cps primers

and labelling procedures described above.

Approximately 80,000 plaques were transferred

from NZY agar to nylon membranes (Amer-

sham) and probed sequentially, first with the cps1

probe, then with the pks1 probe. Single plaques

that hybridized with each probe were recovered

from the corresponding NZY plate and in vivo

excision reactions were performed to rescue

phagemid DNA. Recovered phagemid DNA

was used as template for PCR with the corre-

sponding primer pairs used to generate the probe,

and were also digested with ApoI to estimate the

insert size by agarose gel electrophoresis.

To isolate clones from the phage library that

contain DNA adjacent to the T-DNA insertion

sites, approximately 80,000 plaques were screened

with probes generated from inverse-PCR prod-

ucts. Probes from the transformants were mixed

together for the primary hybridization and detec-

tion screen. Phage from positive plaques from the

primary screen was harvested and pooled in SM

buffer to make an enriched phage stock for

infecting E. coli XL-1 Blue cells. Plaques gener-

ated from the enriched phage stock were trans-

ferred to nylon membranes and screened with

individual probes. Phagemids were recovered by

in vivo excision as described above from phage

collected from three plaques identified by each

probe and analyzed by restriction digestion and

sequencing.

Results

Identification and characterization of

transformants with altered pathogenicity

Approximately 800 transformants were generated

and screened for pathogenicity in this study. The

transformants exhibited a wide range of variation

in colony morphology, growth rate, and conidial

production. For example, six transformants had

lost ability to produce conidia. Some transfor-

mants produced constitutively black mycelium. In

general, under selection conditions (V8 agar with

200 lg ml–1 hygromycin) many transformants

produced less conidia than when grown in the

absence of selection (V8 agar without hygromy-

cin). The wild-type strain AR628 consistently

produced about 3.7 · 107 conidia per plate, 63

transformants produced about 10% of conidia of

WT, seven transformants produced about 1.5% of

conidia of the wild type. Two transformants

produced 5· more conidia than the wild type.

In pathogenicity screening, the transformants

that lost ability to produce conidia were not

screened because the screening procedure uses

conidia as inoculum (Chen et al. 2004a). Most of

the transformants screened were about equally

6 Eur J Plant Pathol (2007) 119:3–12
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virulent as the parental wild-type strain, produc-

ing disease scores above 6 (Fig. 1). Some trans-

formants showed reduced pathogenicity in the

first screening, but produced higher levels of

disease severity in a second pathogenicity assay

possibly due to heterogeneity of nuclei (co-exis-

tence of transformed and non-transformed nu-

clei). To date, 21 of the transformants produced

significantly lower disease severity (score <4 on a

1–9 rating scale) than that of the wild-type in at

least two independent pathogenicity assays

(Fig. 1). Nine of the 21 transformants plus two

transformants that lost ability to produce conidia

were selected for further characterization

(Table 1).

Southern hybridization, inverse PCR and

sequence analysis of selected transformants

Southern hybridization of digested transformant

DNA probed with the hygromycin-resistance

gene (hph) showed single hybridization bands of

various sizes (data not shown), confirming that

the T-DNA was integrated into the genome of A.

rabiei and that each transformant contained a

single insertion. Inverse PCR amplified single

products from transformants, ranging in size from

850–2500 bp (Table 1). Sequences adjacent to the

insertion sites from the transformants were first

compared among themselves, and comparison

showed that two pairs of the 11 transformants,

ArW520 vs ArW525, and ArW247 vs ArW251,

were identical in insertion locations. This reduced

the number of characterized transformants from

11 to 9.

The sequences flanking the T-DNA from each

transformant were used as queries in tBLASTx

searches of the GenBank database as well as the

genome database of S. nodorum. DNA recovered

from two (ArW8 and ArW540) of the transfor-

mants shared a high degree of similarity with

known proteins while the sequence from another

transformant (ArW247/ArW251) shared signifi-

cant similarity with a hypothetical protein of A.

nidulans (Table 1). The translated DNA (576 bp)

from transformant ArW8 shared 71% identity

(91/128 aa) with the kinesin of C. heterostrophus

(accession AY230433). Translated DNA from

transformant ArW540 (440 bp) shared 66%

identity (86/130 aa) with the transposase protein

of the S. nodorum transposon molly. Three

additional sequences shared minimal sequence

similarity with proteins in the database as indi-

cated by the low E values (Table 1). The remain-

ing three sequences (from transformants

ArW522, ArW524 and ArW529) did not have

any similarity to known proteins (Table 1). In

searching the S. nodorum genome, sequences of

three transformants (ArW8, ArW247 and

ArW540) shared significant similarity to trans-

lated regions (hypothetical proteins) of the

genome, while sequences of the remaining six

transformants did not have any similarity with

any translated region of the genome (Table 1).

Construction of genomic library and screening

with gene-specific and transformant-

generated probes

A phage library consisting of 1.7 · 106 recombi-

nants containing A. rabiei DNA was constructed

with a background (phage without insertion) of

less than 2%. The average insert size of the

recombinants was about 6,300 bp (data not

shown). Thus, this DNA library contains more

Fig. 1 Screening
transformants for altered
pathogenicity using a
mini-dome bioassay.
1 = non-inoculated
control; 2 = inoculated
with parental wild-type
strain AR628; 3, 4 and
5 = transformants ArW1,
ArW8 and ArW16,
respectively
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than 10,000 MB of A. rabiei DNA. Assuming a

genome size of 40 MB for A. rabiei (Akamatsu

and Peever 2005), this library would provide more

than 250· coverage. After a single round of

amplification the final titer of the library was

1 · 109 pfu ml–1.

Screening with gene-specific probes

The amplified pks1 DNA fragment had 81% (455/

562) identity to the Bipolaris oryzae polyketide

synthase gene (accession AB176546). The ampli-

fied cps1 fragment was 82% (560/683) identical to

the cps1 gene (accession AF332878) of C. hetero-

strophus. The two sequences were deposited into

GenBank and assigned the accession numbers

EF092313 (ARcps1) and EF092314 (ARpks1).

Two positive clones were identified with the pks

probe, and the two clones contained 5,800- and

7,000-bp inserts, respectively. The 7,000-bp clone

contained an intact DNA region defined by the

two PCR primers pksF2 and pksR2. A single

positive clone with 5,500-bp insert was identified

with the cps probe and it contained the entire

DNA region defined by the cps primers cpsF and

cpsR (data not shown).

Screening with transformant-generated probes

After a primary screening of approximately

80,000 plaques with a mixture of the nine probes

of the transformants, phage from 55 positive

plaques was harvested and pooled to form an

enriched phage stock for a secondary screen using

individual probes. Each probe in the secondary

screening was exposed to approximately 30,000

plaques generated from the enriched phage stock.

Phagemid DNAs were rescued from three ran-

dom plaques identified by each single probe and

in each case the three recovered phagemids

contained the same sized-DNA inserts (Fig. 2).

It was assumed that the three clones represented

the same region of A. rabiei genomic DNA and

only one clone was selected for further analysis.

Discussion

Three important advances were made towards

identifying pathogenicity determinants of A. ra-

biei. First, insertional mutants with altered path-

ogenicity were identified through in vivo

pathogenicity assays, and the DNA sequences

adjacent to insertion sites were determined.

Second, a phage DNA library of A. rabiei was

constructed with about 250· coverage of A. rabiei

DNA. Hybridization with either gene-specific

probes or probes generated from random inser-

tion sites of transformants always identified

positive clones in the library, proving its utility

in isolating other genes. Third, probes for specific

genes (cps1 and pks1) with the potential of being

general pathogenic determinants in A. rabiei were

developed, and positive library clones were iden-

tified through Southern hybridization. The posi-

tive clones containing the specific genes or the

insertion sites will be useful for either ectopic

complementation tests or targeted mutagenesis.

Fig. 2 DNA inserts rescued from positive plaques (three
random selected plaques per probe), Lane L, kDNA
digested with HinDIII; Lanes 1–3, plaques positive with

the ArW8 probe; Lanes 4–6, plagues positive with the
ArW519 probe; Lanes 7–9, plaques positive with the
ArW541 probe
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Insertion in one of the transformants appears

to be within a known fungal gene. Transformant

ArW8 is less pathogenic (Table 1), and the T-

DNA has disrupted a kinesin-like gene. Kinesins

play important roles in the transport of cell

organelles, polarized growth, and secretion

(Schoch et al. 2003), and the kinesins of the yeast

Schizosaccharomyces pombi as well as the corn

smut fungus Ustilago maydis have been studied

extensively (Steinberg and Fuchs 2004; Straube

et al. 2006). However, this is the first report of a

kinesin-like gene potentially being involved in

plant pathogenesis. Its role remains to be con-

firmed and its mechanisms in pathogenesis are not

clear.

Diverse DNA sequences are found in the

insertion sites, showing the randomness of the

insertion mutagenesis. Pathogenesis is a complex

biological process involving diverse factors. Path-

ogenesis of the necrotrophic pathogen A. rabiei is

predicted to involve a number of processes

including attachment and penetration of host

plant tissue, as well as production and secretion

of extracellular enzymes and phytotoxins, and

each process is likely to be controlled by several

genes. A mutation in any gene involved in these

processes could result in altered pathogenicity.

Many of the sequences recovered from the

nine transformants had no significant matches

either in the GenBank database or within the S.

nodorum genome, and the significant in silico

similarity identified in three of the transformants

is primarily with hypothetical proteins. This

inability to detect any known sequences with

significant similarity could be due to the limited

length of query sequences available, to the fact

that they are unique pathogenicity factors in A.

rabiei, or to the fact that small deletions of

genomic DNA occurred during T-DNA integra-

tion events (Bundock and Hooykaas 1996),

resulting in the loss of a coding region flanking

the insertion.

Gene-specific probes were developed to isolate

a polyketide synthase gene and an acyl-CoA

ligase gene from the A. rabiei library. These genes

were selected because they were shown to be

conserved pathogenicity factors in other patho-

systems (Kawamura et al. 1999; Lu et al. 2003).

Screening using these gene-specific probes also

served the purpose to test the completeness and

usefulness of the DNA library. Both probes

identified positive plaques in the library despite

the fact only a portion (80,000 plaques) of the

library was exposed to the probes. Thus, this

library should be useful for isolating other genes

of interest and it will be a valuable resource

available to the scientific community for studying

A. rabiei or other related plant pathogens.

Two pairs of transformants were shown to be

identical, likely to have resulted from conidia of

the same transformation events, since they were

isolated from the same transformation mem-

brane. Although the unintentional inclusion of

these transformants resulted in redundancy of

work, in retrospect, it provided an important

internal control. This result showed that the

characterization procedures from pathogenicity

screening to inverse PCR are reliable and repro-

ducible, giving us confidence in the techniques

developed in this study.

Two approaches need to be taken to unequiv-

ocally demonstrate the roles of the identified

potential pathogenicity determinants in A. rabiei.

One approach is to use ectopic complementation

tests to prove the role of the genes disrupted in

the random insertional mutants. A second shuttle

vector carrying the nptII gene for geneticin

resistance expressed by the A. nidulans trpC

promoter has been created for delivering library

DNA via AMT to hygromycin-resistant transfor-

mants, and selection on hygromycin and geneticin

has been shown to be stable (unpublished).

Additionally, A. rabiei is heterothallic (Trapero-

Casas and Kaiser 1992). Thus segregation analysis

could also be employed.

Another approach is to carry out targeted

mutagenesis specifically on the cps and pks genes

to create knockout mutants. To create deletions

in the pks and cps library fragments, a short

region of each clone has been removed by

restriction digest and replaced with the trpC-hph

antibiotic resistance cassette. Disruption cassettes

containing library clones in a markerless T-DNA

shuttle vector are being constructed for delivery

into A. rabiei wild-type strains via AMT. Inte-

gration can occur at the genomic site of interest

(homologous recombination) or at other sites

(illegitimate recombination), which would be

10 Eur J Plant Pathol (2007) 119:3–12
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distinguished by PCR or Southern hybridization.

Since transformation may induce unexpected

changes in chromosome structure or complement,

it is prudent to evaluate the phenotypes including

pathogenicity of a number of independent trans-

formants including those that have not undergone

disruption at the gene of interest.

Despite significant advances in understanding

genetic factors of pathogenicity in a number of

phytopathogenic fungi (e.g., Gilbert et al. 2004;

Talbot 2004), little information is available about

pathogenicity determinants in Ascochyta spp.

Using A. rabiei as a model for Ascochyta and

other closely related plant pathogens, the re-

search presented here showed the feasibility of

and provided necessary tools for studying patho-

genicity determinants in ascochyta blight patho-

gens of grain legumes. A detailed knowledge of

pathogenic determinants of A. rabiei and of

chickpea resistance response (Cho et al. 2005;

Coram and Pang 2006) will be invaluable in

developing our understanding of the interaction

between A. rabiei and chickpea, and in devising

novel or more effective measures in managing the

disease. The information may also be applicable

to ascochyta blight of other cool-season grain

legumes.
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