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ABSTRACT 
Phytopathogenic fungi are heterotrophic organisms 
that excrete a complex array of enzymes for digestion 
of plant host tissues. Regulation and coordination of 
extracellular enzyme production, according to growth 
conditions and fungus nutritional needs, may be con- 
trolled by conserved eukaryotic signaling elements 
such as G-protein subunits and mitogen-activated 
protein kinase (MAPK). These pathways are known 
to mediate a complex set of responses in fungi in- 
volved in development, reproduction and pathogenic- 
ity. Here, we used a series of mutants, deficient in 
G-protein α (cga1) or/and β subunits or in MAPK, to 
test their contribution to the ability of Cochliobolus 
heterostrophus to utilize different carbon sources. In 
saprophytic culture, the G-protein α subunit mutant 
strains had WT levels of cellulase, pectinase and pro- 
tease degradation activities, but it grew significantly 
slower on minimal medium containing maltose. This 
weakened ability implies an essential role of the CGA1 
signaling in some poor nutritional environments. 
Remarkably, the MAPK null mutant failed to achieve 
the WT (and cga1) growth rate on cellulose as a sole 
carbon and did not grow at all for the first seven days 
of culture. An enzymatic activity test revealed that 
this strain significantly reduced cellulose extracellular 
degradation activity when grew on this medium. De- 
ficiency in the MAPK encoding gene also led to re- 
duced ability to grow on pectin, protein sources and 
maltose as a sole carbon. The evidence presented in- 
dicates a significant and nutrient-specific role of the 
G-protein and MAPK pathways in mediating growth 
of this fungus in different environments. 
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1. INTRODUCTION 
Fungal pathogens cause many of the most serious crop 
diseases. One of the principal reasons for the success of 
this group is their ability to locate and perceive appropri- 
ate host surfaces and then to elaborate specialized infec- 
tion structures. Enzymes that are either present in the 
extracellular matrix covering germ tubes or spores, or 
released from these structures, may contribute to adhe- 
sion and preparation of the infection court (reviewed by 
[1]). Enzymes are manufactured close to the hyphal tip. 
Some are packaged in vesicles associated with the Golgi 
and then delivered to the hyphal tip. The contents are 
released at the tip and diffuse through the wall. Some 
enzymes are excreted actively through the plasma mem- 
brane [2,3]. Enzymes in the liquid are thought to erode 
the cuticle [4-7]. Cutinase and esterase activities in the 
matrix surrounding uredospores have been demonstrated 
to contribute to spore adhesion to the leaf cuticle [8]. 
Directly penetrating fungi that do not differentiate ap- 
pressoria clearly need cell wall-degrading enzymes for 
penetration. Localized degradation of plant cell wall ma- 
terial, about 0.2 µm deep, was observed along the pene- 
tration hypha of U. vignae. In this area, the density of 
pectin and xyloglucan epitopes was reduced by about 50% 
(H. Xu & K. Mendgen, unpublished result described in 
[1]). Culture fluids of isolates of a few Fusarium solani f. 
sp. differing in virulence showed similar polygalacturo- 
nase activities, but polygalacturonate lyase activities 
correlated with virulence [9]. Elucidation of the impor- 
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tance of cell wall-degrading enzymes is hampered by 
their redundancy and variable regulation. Often, several 
isoforms of a particular enzyme occur that may be en- 
coded by a single gene [10].  

The inductive cue for expression of enzyme-encoding 
genes is frequently the substrate, or a substrate degrada- 
tion product. In culture media containing purified plant 
cell walls or polymers such as pectin, polygalacturonic 
acid, cellulose, xylans and others, many fungi synthesize 
an array of enzymes required to degrade these carbon 
sources. For example, endopolygalacturonase Clpg2 of 
the bean pathogen Colletotrichum lindemuthianum is 
induced transcriptionally by pectin in axenic culture and 
during appressorium formation [11]. Likewise, Tricho- 
derma reesei cellulases are induced in the presence of 
cellulose or disaccharide sophorose [12,13], and the cu- 
tinase gene from Fusarium solani is induced upon con- 
tact with the plant cuticular polymer, cutin [14,15]. The 
presence of a single polymer such as polygalacturonic 
acid is often sufficient to induce a number of different 
enzymes, e.g., polygalacturonases, pectin and pectate 
(polygalacturonate) lyases, and pectin methylesterases 
[1]. In plants, conserved promoter elements of defense- 
related genes responsive to pectic fragments have been 
identified [16]. A similar situation may exist in fungi, 
such that plant cell wall fragments could activate fungal 
transcription factors capable of simultaneous induction 
of a number of genes encoding cell wall-degrading en- 
zymes. In Aspergillus niger, xylan and D-xylose induce 
activation of transcription regulator XlnR. XlnR controls 
not only the transcription of xylanolytic and accessory 
enzyme-encoding genes, but also directs the transcription 
of endoglucanase- and cellobiohydrolase-encoding genes 
[17-19]. 

Differentiation of appressorium and penetration hypha 
is also accompanied by the secretion of a complex pat- 
tern of lytic enzymes (reviewed by [1]). During appres- 
sorium formation, several extracellular proteases appear 
or show specificity for fibrous hydroxyproline-rich pro- 
teins. In addition, several cellulolytic enzymes are form- 
ed, and a large proportion of the acidic isoforms were 
found extracellularly. When substomatal vesicles are dif- 
ferentiated, four pectin methylesterases are synthesized 
and secreted. Next, when haustorial mother cells develop 
and initiate host wall penetration, polygalacturonate ly- 
ase becomes detectable. 

Cochliobolus spp. form only weakly melanized ap- 
pressoria, and melanin-deficient mutants of the rice pa- 
thogen C. miyabeanus remain infectious [20]. On the 
other hand, Cochliobolus species produce a large number 
of cell wall-degrading enzymes that might play an im- 
portant role in the penetration process [1]. To test this 
hypothesis, Walton and colleagues performed targeted 
inactivation of genes of C. carbonum encoding cell wall- 

degrading enzymes such as endo-polygalacturonase, xy- 
lanase, exo-beta 1,3-glucanase and cellulase [21-24]. 
Likewise, in the apple fruit pathogen Glomerella cingu- 
lata, a gene coding for a pectin lyase was inactivated 
[25]. In neither case was the virulence of the resulting 
mutants affected. However, all mutants retained various 
degrees of residual enzyme activity, probably due to genes 
encoding isoforms of the respective enzyme, which were 
not affected by mutagenesis. 

The full expression of these cell wall-degrading en- 
zymes by fungi depends on mechanisms that are asso- 
ciated with the glucose regulation pathway. In many or- 
ganisms, glucose represses genes whose products are 
used to metabolize other carbon sources. Work in yeast 
and filamentous fungi has revealed a mechanism for 
glucose repression in eukaryotes that is different from 
that found in bacteria [26]. For example, cellulase genes 
of T. reesei are repressed in the presence of glucose [12]. 
It has been shown that the carbon catabolite repressor 
CreA is involved in transcriptional repression of xyla- 
nase and arabinase-encoding genes in Aspergillus species 
[27,28]. 

Although studies have focused on the extracellular 
enzymes of phytopathogenic fungi for many years, the 
role of G-protein or MAPK-associated cascades in regu- 
lating extracellular degrading enzyme secretion has been 
examined in detail only recently. Evidence of the impor- 
tance of this signaling role includes the involvement of 
Gα subunits in the induction of a cellobiohydrolase gene 
from Cryphonectria parasitica [29] and in the secretion 
of an extracellular protease from Botrytis cinerea [30]. 
Studies in S. cerevisiae using genome arrays reveal that 
pheromone signaling via MAPK induces several genes 
that are known to be induced during filamentous growth, 
including a hydrolytic enzyme encoded by the PGU1 
gene [31,32]. Dawe et al. [33] used a spotted cDNA mi- 
croarray platform to examine the effect of the absence of 
CPG-1 (∆G-alpha mutant) or CPGB-1 (∆G-beta mutant) 
genes on global transcriptional profiles. They reported 
that six predicted acid proteases out of a population of 49 
proteases were down regulated in both G-protein-deleted 
mutants. Five other proteases transcripts were changed in 
abundance in at least one of the tested strains. Previous 
work demonstrated that chk1 (∆MAPK) modulates the 
expression of two cellulase genes in C. heterostrophus 
during plant infection [34]. Here, we tested the contribu- 
tion of the G-protein and MAPK pathways to the ability 
of Cochliobolus heterostrophus to exploit different car- 
bon sources. 

2. MATERIALS AND METHODS 
2.1. Strains 
The strains used are listed in Table 1.  
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Table 1. Strains used. 

Strain Genotype Reference or source comments 

WT C4 MAT1-2;  
Tox1+ ATCC 48331 

(Leach, Lang  
et al. 1982) 

These strains were obtained after six backcrosses and are nearly isogenic. 
WT C5 MAT1-1;  

Tox1− ATCC 48332 
(Leach, Lang  
et al. 1982) 

cga1 MAT1-1;  
Tox1− ATCC 48332 

(Horwitz, Sharon  
et al. 1999) 

G-protein α subunit disrupted mutant, created by insertion of the hygromycin  
cassette into the coding region, combined with an 18-bp deletion. 

C4cga1 
TSC17 

MAT1-2;  
Tox1+ ATCC 48331 

(Horwitz, Sharon  
et al. 1999) 

G-protein α subunit disrupted mutant, created by complete deletion  
of the coding region and insertion of hygromycin cassette. 

cgb1 MAT1-1;  
Tox1− ATCC 48332 

(Ganem, Lu  
et al. 2004) 

G-protein β subunit disrupted mutant, created by insertion of the hygromycin  
cassette into the coding region, combined with a 473 bp deletion. 

cga1 cgb1 MAT1-1;  
Tox1− ATCC 48332 (Degani 2013) G-protein α and β subunits double mutant, created by insertion of the Bar cassette  

into the CGB1 coding region of cga1 mutant strain, combined with a 473 bp deletion. 

chk1 MAT1-2;  
Tox1+ ATCC 48331 

(Lev, Sharon  
et al. 1999) 

MAPK disrupted mutant, created by replacement of the  
coding region with the hygromycin resistance cassette. 

eg6f MAT1-2;  
Tox1+ ATCC 48331 

(Lev and  
Horwitz 2003) 

Endoglucanase disrupted mutant, created by insertion of the hygromycin  
cassette into the coding region, combined with a partial deletion. 

eg6f chk1 MAT1-2;  
Tox1+ ATCC 48331 

(Lev and  
Horwitz 2003) 

Endoglucanase and MAPK double mutant, created by insertion of the Bar cassette  
into the CHK1 coding region of eg6f mutant strain, combined with partial deletion. 

cbh7f MAT1-2;  
Tox1+ ATCC 48331 

(Lev and  
Horwitz 2003) 

Cellobiohydrolase disrupted mutant, created by insertion of the  
hygromycin cassette into the coding region, combined with a partial deletion. 

 
2.2. Enzymatic Activity 
In order to determine quantitative differences between 
WT and signaling deficiency mutant strains, the fungi 
were cultured on minimal medium plates containing dif- 
ferent carbon sources, as described previously [35] un- 
less otherwise indicated. Pectin, gelatin (protein source), 
carboxymethylcellulose (CMC) or maltose (all obtained 
from Sigma) were used as a sole carbon source in the 
minimal medium. The fungi were cultured on these me- 
dia, in comparison to complete medium (CM) [36] at 
30˚C in continuous white light. Alternatively the cultures 
were grown on different carbon sources (1% concentra- 
tion in the medium) containing in addition 0.1% maltose 
at 25˚C in continuous white light. The colony diameter 
was measured every 2 - 3 days and samples were used 
for staining tests. 

2.3. Staining 
The activity of extracellular enzymes of the different 
strains was estimated qualitatively by staining the culture 
plates with Congo red (1% in pure deionized water), 
which assesses cellulose degradation, or with ruthenium 
red (0.2% in pure deionized water), which assesses pec- 
tin degradation, as described previously [35]. 

2.4. Carboxymethylcellulose Degrading Enzymes  
Activity Test 

The Cochliobolus heterostrophus WT strain and signal- 
ing deficiency mutants were pre-cultured on CM plates 
for 5 - 10 days at room temperature under UVA-enriched 

white light. Six 0.6 cm diameter culture agar disks were 
cut from the margins of the colony of each plate and 
transferred to a 50 ml polycarbonate screw-capped test 
tube containing 20 ml minimal medium with 0.1% CMC 
and 0.1% maltose. The cultures were incubated diago- 
nally in a rotary shaker at 210 - 230 rpm and at a temper- 
ature of 30˚C. The reducing sugar test [37] was then used 
to estimate CMCase (Carboxymethylcellulose degrading 
enzymes) activity. Two ml Ependorf tubes containing 
200 µl 2.5% CMC in 50 mM sodium acetate pH 5 as 
substrate and 300 µl pre-centrifuge extracellular fluid 
were incubated diagonally in a rotary shaker at 175 rpm 
and at a temperature of 37˚C for 2 hours. The tubes were 
then placed immediately into ice to stop the reaction, and 
1 ml of DNS reagent was added to each tube. After mix- 
ing, the tubes were boiled in a heating block for 5 mi- 
nutes, and after cooling to room temperature, absorbance 
at 550 nm was measured against a blank containing buf- 
fer instead of enzyme. 0 - 2 mg/ml glucose concentra- 
tions were used for the standard curve and assayed in the 
same way as the samples. 

2.5. Protein 
Protein assay was conducted using Bio-Rad dye reagent 
according to manufacturer’s instructions (microassay 
procedure). Standard curve was prepared using 0 - 20 
µg/ml albumin (BSA). 

2.6. Biomass 
The mycelium was harvested by filtration through nylon 
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mesh and dried in an 80˚C oven for 16 hours or at 65˚C 
for one week on a pre-weighed aluminum foil or What- 
man paper. The samples were then kept in desiccators 
and measured again. The dry biomass was used for cal- 
culating the enzymatic activity. 

2.7. Northern Blot Analysis 
Northern blot analysis of EG6F (endoglucanase) gene 
expression was conducted in WT C4, chk1 and eg6f chk1 
strains that were grown on CMC or maltose liquid me- 
dium (strains listed in Table 1, conditions as described 
above). Sample strains from the cultures used for activity 
assay were tested against EG6F probe, as described ear- 
lier [34]. Total RNA was isolated using the phenol-SDS 
procedure, precipitated with lithium acetate, and dena- 
tured with formamide and formaldehyde. Separation was 
carried out on a formaldehyde-containing agarose gel 
and blotting onto Hybond N membrane (Amersham). 
Hybridizations were carried out at 65˚C, according to 
[34], with 32P-labeled DNA. 

3. RESULTS 
A previous report demonstrated that on detached leaves, 
the virulence of the G-protein α subunit mutant (cga1) 
increased, approaching that of WT [38] in comparison to 

intact leaves infection. Senescing leaves may be closer to 
a saprophytic substrate, and indeed growth of WT and 
mutant is quite similar in saprophytic culture. It may be 
assumed that senescing leaves undergo slow decomposi- 
tion that facilitates the penetration of the pathogen 
through the cell wall barriers. We therefore tested whe- 
ther signaling mutants and WT strains differ in their abil- 
ity to exploit different carbon sources. The ability to 
grow on different carbon sources gives an indication of 
whether particular enzyme classes are reduced in the 
mutant. WT, cga1 and the MAPK mutant chk1 were grown 
on minimal media containing pectin, carboxymethylcel- 
lulose (CMC), gelatin or casein (protein source) or mal- 
tose as sole carbon sources. Complete medium (CM) was 
used as a standard, since WT and both signaling mutants 
grow well and at an almost similar rate in this medium 
[39]. Indeed, after seven days of incubation on CM at 
room temperature in the light, all three strains grew at a 
similar rate, covering the standard 90 mm petri dishes 
(Figure 1). The growth of WT and mutants on minimal 
medium with the various specific carbon sources was sig- 
nificantly slower (Figure 1). cga1 showed similar colony 
size to WT when grown on pectin (for the first seven 
days), CMC and gelatin (after 13 days). After seven days 
on pectin, there was some deceleration in WT growth 
rate and, as a result, cga1 reached significantly (P < 0.05)  

 

   

   
 

Figure 1. Growth rate of cga1 (G-protein α subunit disrupted mutant), chk1 (MAPK deficiency strain) and WT (C4) on different sole 
carbon sources. The fungi were grown on complete medium (CM), or minimal medium (without maltose) with 0.1% carboxyme- 
thylcellulose (CMC), gelatin, pectin or maltose as a sole carbon source, for 15 days at 30˚C under continuous white light. Colony 
diameter was measured every 2 - 3 days. Values represent an average of 4 - 5 plates. Bars indicate standard error.  
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larger colony size. Significant reduction in growth of 
cga1 in comparison to the WT was found only on mal- 
tose (P < 0.01) and gelatin (between days 4 - 10, P < 0.05) 
(Figure 1). chk1 grew very slowly on all minimal media, 
but grew almost like WT on complete medium. Interes- 
tingly, chk1 did not grow at all on CMC-containing me- 
dium for the first seven days (Figure 1). The results of 
specific staining tests for pectin degradation with ruthe- 
nium red and for CMC degradation with Congo red sup- 
ported these conclusions: cga1 and WT have similar 
ability to degrade pectin and CMC while the chk1 mutant 
strains has reduced ability to degrade those carbon sour- 
ces (Figure 2). 

Examination of growth rate of these strains on the 
same media but with the addition of 0.1% maltose, the 
use of larger amounts of carbon sources (1% of CMC 
and pectin instead of 0.1%) and at a lower temperature 
(25˚C instead of 30˚C) caused a significant elevation of 
the growth rate of all strains as expected due to the sup- 
plement of an available sugar for the first days of growth, 
but the fungus strains grew at the same pattern in all me- 
dia (Figure 3). This indicates the elimination of the uni- 
que influence of each carbon source. On the pectin-con- 
taining media, there was an overall reduction in growth 
rate but the relation between strains was retained. Inte- 
restingly, under these conditions there was a higher 
growth rate of WT strains in comparison to cga1 mutant 
strains. One explanation for this may be that WT strains 
are more easily adapted to the alternative nutritional 
source after utilization of the maltose. Two more strains 
were tested under these conditions, cgb1 (G-protein β 
subunit mutant) and cga1 cgb1 (G-protein α and β sub- 
units double mutant) (see Table 1). While cgb1 showed 
a reduction in growth rate in comparison to WT but at a 
lesser severity than the cga1 strains, the double mutant 
had a growth rate similar to WT (Figure 3).  
 

 
Figure 2. Staining test for chk1, cga1 and WT (C4) cultures on 
CMC (a) and pectin (b). Conditions as in Figure 1. Residual 
pectin in the plates was determined after 7 days growth by 
staining with 0.2% ruthenium red, and residual CMC was de- 
termined after 2 and 6 days by 1% Congo red (according to 
Hagerma et al., 1985 [35]). The white halo is an area where the 
fungi have degraded the pectin or CMC in the medium. 

The significant reduction in chk1 cultures on CMC- 
containing medium encouraged us to examine further the 
role of the MAPK signaling hierarchy in the ability of 
the pathogen to degrade cellulose. In order to measure 
extracellular CMCase activity during the growth of C. 
heterostrophus on inductive medium containing CMC, a 
preliminary experiment was conducted. This preliminary 
experiment aimed at verifying that the amount of maltose 
in the medium would allow good recovery and initial 
growth of the fungus without interfering with the nutri- 
tional growth shift to CMC exploitation. This is espe- 
cially important since uncontrolled concentrations of 
maltose may cause catabolic repression as reported for 
glucose [26]. In addition, this assay enables us to deter- 
mine the growth day in which maximal yield of CMCase 
activity is measured. The preliminary time course mea- 
surements showed that after four days, the fungi ex- 
ploited all the maltose in the medium and that a peak of 
CMCase activity was achieved at day 6 (Figure 4). This 
tendency was also measured for cga1 (data not shown). 
The sixth growth day was determined to be optimal for 
harvesting the cultures in order to determine CMCase 
activity and was used in the subsequent experiments.  

Quantitative enzymatic assay for CMCase activity was 
carried out for the WT, chk1 and three additional mutant 
strains defective in cellulases genes, eg6f (endogluca- 
nase disrupted mutant), eg6f chk1 double mutant and 
cbh7 (cellobiohydrolase disrupted mutant). Strains were 
grown in CMC or maltose shaking liquid culture and 
harvested on the sixth day of growth. The eg6f and the 
WT strains grew well on both media, while the chk1 and 
eg6f chk1 strains showed growth reduction in CMC me- 
dium (data not shown). The cbh7 had a weak ability to 
grow on either media as well as on CM rich medium 
(data not shown). It is therefore likely that the EG6F 
gene has no effect on CMCase activity, while CHK1 and 
CBH7 may be involved in CMCase secretion. 

Indeed, extracellular enzymatic assays revealed a sig- 
nificant reduction in CMCase activity in the chk1, eg6f 
chk1 and cbh7 cultures in comparison to the WT or eg6f 
cultures, which showed similar activity (Figure 5(a)). It 
is clear from this result that disruption of the EG6F gene 
has no effect on CMCase activity and that CHK1 and CBH7 
expressions induce CMCase activity. Evidence supporting 
this conclusion was accepted by northern blot analysis, 
indicating that eg6f is expressed in both CMC and mal- 
tose media by the WT strain (Figure 5(b)). Furthermore, 
disruption of CHK1 abolished EG6F expression in the 
CMC medium and caused a significant reduction of its 
expression in the maltose medium, indicating that MAPK 
signaling controls the expression of this endoglucanase 
(Figure 5(b)). Determination of total extracellular pro- 
tein concentrations revealed an induction of secreted pro- 
tein levels in eg6f cultures and a reduction of these levels 
in the chk1 disrupted cultures (Figure 5(a), insert).    
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Figure 3. Growth rate of WT and signaling deficiency mutant strains on different carbon 
sources including an additional maltose. The fungi were grown on complete medium 
(CM), or minimal media (with 0.1% maltose) containing 1% carboxymethylcellulose 
(CMC), gelatin or pectin as a carbon source, or 12.5 ml/L fat-free milk as a casein source, 
for 4 days at 25˚C under continuous white light. cgb1—G-protein β subunit mutant, cga1 
cgb1—G-protein α and β subunits double mutant, MM—minimal medium containing 1% 
maltose without any additional carbon source. All other abbreviations as in Figure 1. 
Values represent a colony diameter average of five plates. Bars indicate standard deviation. 

 

 
Figure 4. CMCase (Carboxymethylcellulose degrading enzymes) activity and maltose 
concentrations during the growth of C. heterostrophus. WT C4 strain was pre-grown for 
8 days on CM agar plates at room temperature under UVA-enriched white light. Six mm 
(in diameter) agar disks were cut from the margins of the colony and transferred to a 50 
ml polycarbonate screw-capped test tube containing 20 ml minimal medium with 0.1% 
CMC and 0.1% maltose. The cultures were incubated diagonally in a rotary shaker at 
210 - 230 rpm and at a temperature of 30˚C under continuous fluorescent white light. 
Values represent an average of five measurements. Bars indicate standard error. 

 
Repeating this experiment with an elevation in CMC 

concentrations from 0.1% to 1% (W/V) (Table 2) caused 
a less significant difference between the WT and chk1 
strains although CMCase activity levels in the chk1 cul- 

tures remain low in comparison to the WT and all other 
strains. chk1 cultures also had a minor reduction in 
extracellular protein levels (Table 2). All other strains 
showed similar CMCase activity and protein levels.  
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Figure 5. CMCase extracellular activity determination of C. heterostrophus strains. (a) 
Extracellular CMCase enzymatic activity was measured for liquid cultures grown for 6 
days on 0.1% CMC and 0.1% maltose containing minimal medium. Cultures were grown 
in continuous white light at 30˚C in a rotary shaker (210 rpm). Insert shows the extracel- 
lular protein levels. Values represent an average of six independent replicates. Bars indi- 
cate standard deviation; (b) Northern blot analysis of EG6F (endoglucanase) gene expres- 
sion in WT C4, chk1 and eg6f chk1 strains that were grown on CMC or CM-maltose 
(Complete medium with maltose) liquid medium. Sample strains from the cultures used 
for activity assay were tested against EG6F probe, as described before [34]. 

 
4. DISCUSSION 
Plant parasitic fungi have conquered the living plant as a 
copious source of nutrients. For successful parasitism, a 
crucial step is penetration. In order to overcome the var- 
ious barriers present in leaves, stems, or roots, fungi have 
evolved astonishingly diverse invasion strategies (re- 
viewed by [1]). The role of fungal-secreted extracellular 
enzymes in diseases has been postulated to include the 
penetration of plant cell walls, release of nutrients that 
can be assimilated for growth and the elicitation of de- 
fense responses [40]. Penetration of pathogens into pa- 
renchymatous tissues requires the breakdown of the cell 
walls, which consist of cellulose, pectins, hemicelluloses 
and structural proteins [41]. Initially, the pathogen en- 
counters the waxy cuticle. In addition, complete plant  

tissue disintegration involves the breakdown of lignin. 
The degradation of each of these substances is brought 
about by the action of one or more sets of extracellular 
lytic enzymes [42]. These enzymes comprise lipases, 
pectinases, cellulases, hemicellulases and proteases. To 
date, only a few studies have examined the influence of 
the G protein or MAPK signaling on extracellular en- 
zyme secretion.  

Wang and Nuss [29] first reported that the induction of 
CHB-1, a cellobiohydrolase gene from Cryphonectria 
parasitica, is mediated through a G-protein α subunit 
linked signal transduction pathway shown earlier to be 
required for fungal pathogenesis [43]. In saprophytic and 
pathogenic fungi, it is known that extracellular glycan 
hydrolases are induced by their substrate and repressed 
by glucose at the level of gene expression (reviewed by  
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Table 2. CMCase extracellular activity determination of C. 
heterostrophus strains under the influence of redundant sub- 
stratea. 

Protein (mg/ml) CMCase activity (U/mg biomass) Strain 

S.D. Average S.D. Average  

0.51 14.95 0.15 4.59 WT C4 

0.27 14.32 0.22 4.20 WT C5 

0.86 16.02 0.12 3.94 C4cga1 

0.57 15.19 0.47 4.34 cga1 

0.71 14.82 0.17 4.96 cgb1 

0.94 13.71 0.06 4.17 cga1 cgb1 

1.26 11.85 0.26 3.81 chk1 

aExtracellular CMCase enzymatic activity was measured for liquid cultures 
grown on 1% CMC and 0.1% maltose containing minimal medium. All 
other conditions as in Figure 5. Values represent an average of 3 and 5 in- 
dependent replicates of two separate experiments. 
 
[26]). Since glucose acts via Gpr1 (the S. cerevisae 
G-protein-coupled receptor) and Gα (Gpa2) to trigger a 
rapid and transient increase in intracellular cAMP levels 
(reviewed by [44]), it is possible that G-protein asso- 
ciated signal transduction triggered by glucose may in- 
fluence extracellular enzyme secretion.  

In Cochliobolus heterostrophus, cga1 was previously 
shown to have increased ability to infect detached se- 
nesce leaves that may provide a more readily available 
nutrient source [38]. We therefore tested whether in 
axenic culture, the WT, cga1 and other signal transduc- 
tion disrupted mutant strains are impaired in their ability 
to produce enzymes or to use a particular carbon source. 
We showed that cga1 grew at a rate similar to WT on 
pectin or CMC, whereas chk1 showed an overall wea- 
kened ability to grow on all minimal media (Figures 1 
and 2). Although no significant differences were found in 
CMCase activity between cga1 and the WT strain, we 
found that both strains, on medium containing maltose 
and CMC, showed initial CMCase activity only after 
exploitation of the maltose in the medium (exemplify for 
the WT in Figure 4). It seems that a maltose nutrient 
signal serves for CMCase repression as long as maltose 
is present in the medium. Interestingly, cga1 grew sig- 
nificantly slower on maltose (Figure 1). One explanation 
may be that poor growth conditions emphasized some 
overall weakness of the cga1 mutant.  

Another noticeable result here is the normal growth 
rate (WT growth rate) of the double mutant of G protein 
alpha and beta subunit genes on all minimal media 
(Figure 3). It was previously demonstrated that the 
double mutant (cga1 cgb1) exhibits some phenotypical 
behaviors that are influenced by the two subunits sepa- 
rately [39]. For example, it is sensitive to KCl like cga1 

and resistant to sorbitol like cgb1. This indicates that 
some traits are controlled by a sole subunit. Other traits, 
like the inability to produce spores, are altered synergis- 
tically due to double disruption of the Gα and Gβγ sub- 
units, indicating the existence of a common control me- 
chanism. The question as to why the disruption of the 
single G protein alpha or beta subunit genes led to a re- 
duced capability to maintain normal growth on minimal 
media, while the disruption of both genes overcomes this 
weakness, must still be addressed.  

In trying to answer this question, the possibility should 
be taken into consideration that both subunits act on each 
other to maintain normal activity and that loss of either 
subunit results in destabilization of the heterotrimer, so 
that the entire G protein is defective in either mutant. 
There is evidence for this from studies in other fungi [45- 
47]. For example, Segers and Nuss [30] noted that muta- 
tions in the G-protein subunits in Cryphonectria parasi- 
tica can have a dramatic effect on posttranscriptional 
accumulation of their presumptive G-protein partners, 
although no significant alteration in transcript accumula- 
tion was noted [46]. In particular, deletion of the Gα sub- 
unit (∆cpg-1), and even more, constitutively activated 
Gα (cpg-1-QL), or disruption of a regulator of G-protein 
signaling proteins (∆cprgs-1) resulted in severe post- 
transcriptional reduction of Gα and Gβ subunit levels. In 
correlation with this, disruption of Gβ (∆cpgb-1) also led 
to reduced protein levels of both subunits [46]. Similar 
observations were reported for N. crassa [48]. 

Remarkably, chk1 failed to achieve the WT (and cga1) 
growth rate on CMC and did not grow at all for the first 
seven days of culture. An enzymatic activity test for 
CMCase revealed that this strain significantly reduced 
CMCase extracellular activity in 0.1% CMC containing 
media whereas cga1 showed similar activity to that of 
the WT strain under the same conditions. Supporting this 
conclusion is the finding that a cellobiohydrolase mutant 
(cbh7) had a similar growth pattern on CMC and CMCase 
activity to the chk1 mutant, which may indicate that both 
mutants suffer from the same weakness. Indeed, the CHK1 
(MAPK) pathway modulates the expression of two cel- 
lulase genes ([34], Figure 5). Gronover et al. [30] show- 
ed that a null mutant in BCG1, a G-protein α subunit 
gene of the gray mold fungus Botrytis cinerea, differs in 
colony morphology from the WT strain, does not secrete 
extracellular proteases, and shows clearly reduced pa- 
thogenicity on bean and tomato. Here, we measured the 
ability of cga1 to grow on gelatin as protein sources in 
comparison to WT. There was no constant difference be- 
tween the two strains, and cga1 was able to reach the 
WT levels of growth on this medium. 

5. CONCLUSION 
In conclusion, it appears that cga1 differs from WT only 
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under minor poor conditions (as exemplified by maltose) 
in contrast to chk1, which has decreased ability to use 
several carbon sources and therefore may be defective in 
the production of several secreted enzymes. Thus, signal 
transduction via the MAPK pathway has an influence on 
the expression of genes associated with extracellular en- 
zyme secretion. The mechanism of this regulation re- 
mains to be revealed 
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