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Abstract

Fungal plant pathogens are responsible for extensive annual crop and revenue losses throughout the
world. To better understand why fungi cause diseases, we performed gene-disruption mutagenesis on
. several pathogenic Colletotrichum species and demonstrated that pathogenic isolates can be
converted to symbionts (mutualism, commensalism, parasitism) expressing non-pathogenic
lifestyles. The objectives of this proposal were to: 1- generate crop-specific mutants by gene
disruption that express mutualistic lifestyles, 2- assess the ability of the mutualists to confer disease
resistance, drought tolerance, and growth enhancement to host plants, 3- compare fsiml sequences
and their genomic locations in the different species, and 4- document the colonization process of
each Colletotrichum species. It was demonstrated that wildtype pathogenic Colletotrichum isolates,
can be converted by mutation from expressing a pathogenic lifestyle to symbionts expressing non-
pathogenic lifestyles. In the US, mutants of Colletotrichum were isolated by homologous gene
disruption using a vector containing a disrupted FSIm1 sequence while in Israel, C. acutatum
mutants were selected by restriction enzyme mediated integration (REMI) transformation. One
group (US) of non-pathogenic mutants conferred disease protection against pathogenic species of
Colletotrichum, Fusarium, and Phytophthora,; drought tolerance; and growth enhancement to host
plants. These mutants were defined as mutualists and disease resistance correlated to a decrease in
the time required for hosts to activate defense systems when exposed to virulent fungi. The second:
group (Israel) of non-pathogenic mutants did not confer disease resistance and were classified as
commensals. In addition, we demonstrated that wildtype pathogenic Colletotrichum species can
express non-pathogenic lifestyles, including mutualism, on plants they colonize asymptomatically.
The expected long term contribution of this research to agriculture in the US and Israel is threefold.
Host-specific mutualists will be utilized in the various crops to confer (1) disease resistance to
reduce dependence on chemical fungicides; (2) drought tolerance to reduce water consumption for
irrigation; (3) growth enhancement to increase yields. ' :



Achievements

Significance of main scientific achievements:

In this research project, we isolated nonpathogenic mutants of Colletotrichum species using two
strategies: In Israel, C. acutatum mutants were selected by REMI transformation, using a rapid,
reliable seédling inoculation bioassay (Hororwitz et al., 2004). In the US mutants of eight ‘
Colletotrichum species were isolated by homologous gene disruption using the vector containing a
disrupted fslml sequence (Rodriguez et al., in preparation). As a result, two mutant classes were
isolated and characterized. One of the mutants from Israel was disrupted in a transcription factor
involved in nitrogen metabolism rendering the mutant incapable of host penetration due to
developmental changes in hyphal growth and appressorial formation. The fsim1 mutants generated
in the US lab underwent the same development as wildtype isolates but host colonization was
asymptomatic and expressed mutualistic lifestyles by conferring disease resistance, drought
tolerance and enhanced growth. These results demonstrate the accomplishment of objectives 1 and 2

of this research project.

The integration events in the fslm1l mutants were analyzed and found to be very similar (objective
3). There appears to be high conservation of the fslml sequence in the genus Colletotrichum,
however, the sequence does not appear in any of the genome databases currently available for fungi.
Translated versions of the fslm1 sequence also do not occur in any public databases. Therefore, the
fslm1 sequence appears to be highly conserved in Colletotrichum but is not common among other

fungi.

Colonization of various mutants and wild types were analyzed microscopically (objective 4). For
example, the host range and specificity of C. acutatum from strawberry was examined on pepper,
eggplant, tomato, bean and strawberry. The fungus was recovered from all plant species but caused
disease symptoms only on strawberry. Epiphytic and endophytic fungal growth in the different plant
species was confirmed by re-isolation and by PCR amplification (Freeman et al., 2001). On
strawberry, the germinating conidia formed branched, thick, coiled hyphae with large numbers of
appressoria and the pathogen filled the mesophyll with dense mycelium that invaded the cells and

caused necrosis. In non-pathogenic interactions, the conidia germinated producing thin, straight



germ tubes while appressbria failed to penetrate leaf tissue, resulting only in epiphytic growth. Non-
>appressorial penetration occurred several days after inoculation and fungal growth was restricted to

the intercellular spaces without causing any visible damage (Horowitz et al., 2002).

The gene disruption mutants (US) have been assessed for the ability to confer drought tolerance and
growth enhancement (Rodriguez, unpublished).v All of the mutants confer some level of drought
tolerance and growth enhancement and we are now quantifying these fitness benefits. The fitness
benefits conferred by mutualists is dependent on undefined components of the host genotypes
(Redman et al., 2001). Preliminary data suggest that there is a correlation between photosynthetic
activity and growth enhancement, and that growth enhancement typically results in increased fruit

yields (Rodriguez, unpublished).

In summary:

1 - nonpathogenic mutualistic mutants have been generated using two strategies and the genetic basis
for one mutant class (C. acutatum transcription factor) defined. The second mutant class is based on
a DNA sequence that is not represented in any public databases and therefore remains undefined.

2 - virulent pathogens can asymptomatically colonize some plant hosts and express mutualistic
lifestyles.

3 - the fslm1 gene disruption vector can be used to generate nonpathogenic mutants in most if not all

Colletotrichum species.

In addition, the following hypotheses were tested: 1 - host-specific fungal symbionts can be
generated by gene disruption of virulent pathogens that confer disease resistance, drought tolerance,
and growth enhancement to plants, and 2 - the genetic basis of symbiotic lifestyle expression is
~ conserved among Colletotrichum species. All of these objectives were fulfilled during the period of
the proposal resulting in the publication of several manuscripts by both laboratories. In addition, the

hypotheses tested appear to be valid.

Acgricultural impacts of the research findings

The expected long term impact of this research to agriculture in the US and Israel demonstrates that

host-specific mutualists may be utilized in the various crops to confer (1) disease resistance to



reduce dependence on chemical fungicides; (2) drought tolerance to reduce water consumption for

irrigation; and (3) growth enhancement to increase yields.

Details of cooperation
All research was performed in close cooperation between the two Institutions in both a

complementary and supportive manner. The labs performed similar experiments on different
plant/fungal systems to expand the scope of the study, determined the genetically conserved nature
of fungal symbiotic lifestyles, and defined genes that were expressed during different host symbiont
or pathogenic interactions. Cooperation between SF and RR have been ongoing for approximately
14 years since SF spent a period of 2.5 years doing a postdoctoral training in the laboratory of Rusty
Rodriguez at UC Riverside CA, during the years 1991-93. Over this period, at least 8 joint
manuscripts were published during and after this fruitful collaboration. Both researchers are
continuing their work in the area of proposed research and routinely discuss their mutual ongoing
research. All probes, primers, plasmids and cultures are available to both scientists and since their
mutual research was commenced in 1991, all data and information regarding the mutant constructs
including the fsim1 plasmid and sequence have been shared. Future research is envisaged between
the two research teams whereby libraries will be constructed in the lab of SF and hybridization of

these products will be conducted on microarray slides to be generated by RR.
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Unpublished data

Briefly, unpublished data are summarized in the following paragraphs:

Construction of a gene disruption vector for Colletotrichum species:

We demonstrated that pGMR1 was capable of inducing gene disruption mutants in Colletotrichum
species other than C. magna resulting in the conversion of pathogens to mutualists. The species were
transformed as previously described and homologous integration events occurred at frequencies of

10 - 47% (Redman and Rodriguez, in preparation).

Table 1. Lifestyles expressed by wildtypes and pGMR1 gene disruption mutants

Colletotrichum species Squash Bean Watermelon
C. magna-wt Pathogenic (P) not tested (nt) P

C. magna-gd* _ Mutualistic (M) nt M

C. orbiculare-wt P nc P

C. orbiculare-gd M _ nc M

C. lindemuthianum-wt no colonization (nc) P nc

C. lindemuthianum-gd nc M nc

Fungal symbiotic lifestyles were assessed as described (Redman et al., 2001) and mutualism based

on symbiotically conferred disease protection. * gd = gene disruption mutant.

Our data indicated that the fungal sequences in pGMR1 were highly conserved and may be
useful in defining the genetic basis of symbiosis in other plant-fungal systems. However, pGMR1
contained several duplications and some of the fungal sequence was toxic to E. coli making it
difficult to subclone and sequence. Therefore, lambda libraries were constructed from several REMI
A mutants and pHA1.3 integration sites subcloned and sequenced. The fungal DNA that flanked the
pHA 1.3 integration site (designated fsim1) was sequenced and does not match any known sequences
in the public data bases, including fungal genome databases. Translation of fslml in all reading
frames also did not show similarity with any known protein sequences. A new gene disruption vector
(designated pGD13) was constructed that contained chloramphenicol resistance and the fslml
sequence disrupted with the hygromycin gene cassette from pHA1.3. Eight Colletotrichum species

were transformed with pGD13 and transformants screened for symbiotic lifestyle expression



(Redman and Rodriguez, in preparation). Between 25 and 50% of the transformants from each
species expressed the same non-pathogenic lifestyle as was expressed by the REMI mutant that was
used to isolate the fslm1 sequence. We are currently analyzing the integration of pGD13 into each of

the Colletotrichum species.

- Comparison of C. acutatum Ca-5 mutant and wildtype

A REMI mutant, strain Ca-5 (non-pathogenic on strawberry) is disrupted in a transcription factor
(Catf), containing a binuclear zinc fingér cluster (Freeman et al., in preparation), similar in
homology to Gal4, which binds under nitrogen deprivation to a GATA regulator. In the absence of
an external nitrogen source, Ca-5 exhibited extended germ tube growth prior to appressoria
formatipn on solid surface and strawberry leaf. Ca-5 exhibited restricted hyphal growth and did not
cause lesions on plants but grew necrotrophically when inoculated directly onto wounded sites (Fig
1). The deduced amino acid sequence of the REMI-impaired gene product, designated Nirl, is
highly similar to the Aspergillus nidulans NirA protein, a transcriptional regulator of nitrogen.
metabolism. GATA factors or regulators, activate expression of nitrogen catabolic pathways when a
preferred nitrogen source is limited or absent, a phenomenon known as nitrogen catabolic repression.
Many pathogenicity genes are induced during nitrogen starvation e.g. Avr9 of Cladosporium fulvum,
PSI-9 and PSI-10 of Cladosporium fulvum, Mpgl of Magnaporthe grisea, pCgCS of C.
gloeosporioides, a suppressor of plant defense, GAL4-like protein CLTAI of C. lindemuthianum,
involved in pathogenicity in bean and CLNR1, AREA/NIT2-like nitrogen regulator required for

infection of C. lindemuthianum.



Inoculation of leaves with wild type or Ca-5 conidia in the presence of a nitrogen source resulted in
massive epiphytic hyphal production, appressoria formation and rapid symptom development. The
nutritional status of C. acutatum at an early stage of colonization and appressoria formation was
assessed by following the expression of nitrate reductase (NR) and glutamine synthetase (GS) in
different media. Under all growth conditions there was no effect on GS, however, NR was induced
by nitrate and repressed by a rich medium. In addition, NR transcription increased at the appressoria
stage, indicating that nitrogen starvation constitutes a cue for regulation of appressoria development.
Our results suggest that nitrogen starvation stimulates synchronous preinfection development which
is lacking in Ca-5.

Summary of achievements:
- The DNA (fslm1) responsible for the REMI A mutation (mutualism) induced gene disruption

mutants in other Colletotrichum species converting pathogens to mutualists,

- fslm1 has been sequenced, hybridizes to several Colletotrichum species and does not match any
known DNA or translated sequences in public data bases.

- Mutants of C. magna expressing a mutualistic lifestyle confer disease resistance against several
fungal taxa.

- The nonpathogenic C. acutatum mutant (Ca-5) is disfupted in Catf, does not produce appressoria
under nitrogen starvation conditions and has an identical phenotype to the wildtype infecting

asymptomatically on certain hosts.



