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Abstract 

Pectic zymogram, RFLP and PCR analyses were used to characterize 

Rhizoctonia solani AG 3 isolates collected from diseased potatoes in South Australia.  

The pectic zymogram data were compared to those obtained for isolates collected from 

central Iran.  Analyses of bands corresponding to pectin esterase and polygalacturonase 

revealed three zymogram subgroups (ZG) in AG 3.  In addition to the previously 

reported ZG7 (here renamed ZG7-1), two new zymogram subgroups, ZG7-2 and ZG7-3, 

were identified.  Of the 446 isolates tested, 50% of the South Australian and 46% of the 

Iranian isolates were ZG7-1.  The majority of the isolates originating from stem and root 

cankers were ZG7-1, whereas most of the isolates designated ZG7-2 and ZG7-3 

originated from tuber-borne sclerotia.  Pathogenicity tests revealed that ZG7-1 produced 

fewer sclerotia and more severe cankers of underground parts of the potato plants than 

the other two ZGs.  Two random DNA clones, one originating from an AG 3 isolate and 

the other from an AG 4 isolate, were used as probes for RFLP analyses of Australian 

isolates.  The AG 3 probe, previously identified to be specific to this group, detected a 

high level of genetic diversity, with 11 genotypes identified amongst 50 isolates 

analysed.  The low-copy AG 4 probe resolved three genotypes amongst 24 isolates.  For 

23 isolates analysed with both markers, the combined data distinguished a total of six 

genotypes and similarity analysis resolved the isolates into two main groups with 50% 

homology.  PCR, using primers for the plant intron splice junction region (R1), also 

revealed variation.  There was no obvious relationship between pectic zymogram groups 

and RFLP or PCR genotypes. 
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Introduction 

 

Rhizoctonia solani AG 3 is a major pathogen of potato worldwide and can be found on 

all underground parts of the plant.  However, little is known about the genetic variation 

and population structure of this pathogen on potato.  Lack of diagnostic characters and 

suitable markers creates difficulties in taxonomic and genetic studies of populations of 

R. solani.  Production of teleomorphs of Rhizoctonia is difficult and unreliable and 

anastomosis group determination is time consuming and sometimes ambiguous.  Both 

morphological characters and anastomosis grouping are of limited value in studying 

genetic variability of R. solani.  In contrast, isozymes are good indicators of genetic 

relationships within related populations, as they represent a direct expression of 

genotype [1 and 2).  Some isozyme alleles and loci have been used successfully for 

population studies of R. solani [3 and 4], but this has not been the case for all fungi [5, 6 

and 7].  In contrast, selectively neutral DNA-based molecular markers generated by 

RFLP and PCR have been shown to be particularly useful for studies on diversity and 

population genetics of fungi [7, 8 and 9], including R. solani [3, 10 and 11]. 

 

Pectic isozymes, or zymograms, have been used to distinguish species within 

Rhizoctonia [12], and provide a quick and reliable indicator of the anastomosis group of 

R. solani isolates without having to determine the anastomosis reaction directly [13, 14 

and 15].  Using pectic zymograms produced by R. solani recovered from many hosts 

and localities in South Australia, Neate et al. [14] showed that zymogram groups are 

related to the established anastomosis groups, for example, ZG7 was in AG, 3 ZG1 was 

in AG 8,  ZG5 was in AG 2-1 and ZG8 was in AG 4.  MacNish et al. [16] subsequently 
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showed that both ZG5 and ZG6 isolates were in AG 2-1 but differed in host range and 

pathogenicity.  More recently, Schneider et al. [4], in an extensive study on AG 2 

isolates, assigned isolates pathogenic to crucifers and tulip to ZG5-1 and AG 2-1 

isolates non-pathogenic to tulip to four other ZG5 subgroups.  All isolates in a 

zymogram group appear to belong to a single anastomosis group, but there is more than 

one zymogram group for each anastomosis group [13]. 

 

Identification of DNA-based molecular markers that can be used for analysis of 

genetic variation in Rhizoctonia has resulted in an improved understanding of genetic 

diversity and population dynamics of R. solani.  Such markers have provided useful 

tools for differentiating isolates within an AG and those belonging to different AGs.  

RAPD-PCR analysis of Australian isolates of R. solani revealed considerable variation 

among isolates of the same AG collected from the same and different geographical 

locations that was not detected by AG or ZG classification [10].  Duncan et al [10] also 

reported greater heterogeneity for ZG7 (AG 3) isolates than previously revealed with 

RFLP analysis using a ribosomal probe [17].  Subsequently, an AG 3-specific DNA 

sequence was isolated using random cloning, which also detected a high level of genetic 

diversity amongst isolates of this group obtained from potato in South Australia [18].  A 

similar marker was identified for AG 8 [19].  The R1 primer [20] has also proved useful 

for analysis of genetic diversity in fungi [9 and 10].  Extensive PCR and RFLP analyses 

of ITS regions of rDNA have established phylogenetic relationships among and within 

AGs [21, 22 and 23]. 

 

In this study, pectic zymogram and DNA-based molecular techniques were used 

to assess genetic variation among AG 3 isolates of R. solani from diseased potato and to 
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determine if there was any relationship between zymogram subgroup and molecular 

genotypes.  The pathogenicity of selected isolates from each zymogram subgroup was 

also examined to ascertain if specific subgroups were associated with  particular disease 

symptoms.   

 

Materials and methods 

 

Isolation and identification of R. solani 

Diseased potato plants were collected, at random and at different growth stages, from 10 

field sites in Lenswood and Virginia in South Australia [24] and from 39 field sites in 

central Iran (Isfahan, Daran and Shahrekord).  R. solani was isolated from stem cankers, 

root cankers and tuber-borne sclerotia using the methods described by Balali et al. [24] 

and isolates were identified to anastomosis group by the method of Parmeter et al. [25].  

Cultures were maintained on potato dextrose agar (PDA, Difco) at 25°C in the dark.  A 

total of 446 isolates of R. solani AG 3, 99 from South Australia and 347 from central 

Iran, were examined by pectic zymogram electrophoresis (Table 1).  A total of 49 

isolates from Lenswood, South Australia was used for RFLP analyses and 29 isolates 

from both Lenswood and Virginia were used for R1-primed PCR.  The Japanese AG 3 

tester isolate ST-11-6, used in some experiments, was obtained from A. Ogoshi, Japan. 

 

Pectic zymograms  

One 5 mm diam. plug was taken from the margin of each colony and transferred to 2 ml 

of sterile liquid medium in 24-well Nunclon polystyrene multidishes (Nunc, Denmark) 

or in 10-ml glass screw capped (Bijoux) bottles.  To induce pectic enzyme production, 

the growth medium contained 1% citrus pectin (Sigma, P-9135) as the sole carbon 
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source [15].  Cultures were grown at 25°C in the dark without shaking for 10-12 days.  

Mycelia were then removed by filtration through sterile 0.45 µm Millipore syringe 

filters and 100 µl of each culture filtrate was mixed with 0.01g Sephadex G-150 

Superfine to make a slurry for application to the horizontal acrylamide gels. 

 

The method of Cruickshank and Wade [26] as modified by Cruickshank [27] 

was used for protein separation.  Horizontal pectin-acrylamide gels were prepared as 

recommended by Sweetingham et al. [15], using gel moulds adapted from those 

described by Cruickshank and Wade [26].  The culture solutions (10 µl each) were 

loaded into the wells and 3µl of 0.05% bromophenol blue tracking dye was applied to 

the first and last wells.  Wettex™ cotton–cellulose cloth (Bunzel) was used as a wick at 

the cathode and anode ends of the gel and an aqueous solution of 0.116 M boric acid 

and 0.078 M sodium tetraborate was used as tank buffer.  Ice water was circulated 

beneath the gel supporter plate to cool the system and electrophoresis was carried out at 

a constant current of 16 mA per gel until the tracking dye had migrated 5 cm from the 

anode (approx. 1.5 h). 

 

After electrophoresis, the buffer front of the gel (about 0.5 cm) was removed and 

the remaining gel was rinsed briefly with distilled water.  To visualise the bands, gels 

were incubated for 1 h in 0.1 M DL-malic acid at 25°C [26] then stained overnight at 

5°C in 0.02% ruthenium red.  Stained gels were washed with three changes of distilled 

water and incubated in 0.05% ammonium persulphate for 20 min at 25° to increase the 

contrast for photography.  The gels were rinsed briefly with distilled water and contact 

printed on high contrast photographic paper (Ilfospeed RC 1S5.M). 
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DNA preparation, cloning, and RFLP and PCR analysis 

Extraction of DNA, plasmid cloning and Southern analysis were carried out as described 

by Balali et al. [18], and the DNA hybridised to the AG 3-specific clone pR3718 [18] 

and the AG 4-specific clone pR4918 [28].  Total DNA (5 µg) from 49 Australian AG 3 

isolates and the Japanese AG 3 tester isolate, ST-11-6, was digested with the restriction 

enzyme, Sac I and DNA from a subset of 24 isolates, including ST-11-6, was digested 

with Hind III as described by Balali et al. [17].  The digested DNA was subjected to 

agarose gel electrophoresis and Southern blots were probed with the 32P- labelled AG 3 

and AG 4 clones, followed by autoradiography using the method of Sambrook et al. 

[29].  

 

PCR analysis, using the consensus region from an intron splice junction region 

of cereals (R1) as the primer for DNA amplification [20], was conducted on 29 of the 

Australian isolates.  Each PCR was carried out in a total volume of 25 µl containing: 1 x 

reaction buffer (Promega), 0.2 mM of each dNTP, 2.5 mM MgCl2, 40 ng of fungal 

DNA, 60 ng of R1 primer and 1 unit of Taq polymerase (Promega).  Each reaction was 

covered with light mineral oil (Sigma, M-3516).  DNA amplification was performed in 

a FTS-1C Thermocycler (Corbett Research) using a two-step program consisting of 94° 

for 1 min; 6 cycles of 94° for 1 min, 40° for 1 min and 72° for 2 min; 26 cycles of 94° 

for 1 min, 58° for 1 min and 72° for 2 min and a final cycle of 72o for 10 min [9].  PCR 

products were analysed by electrophoresis in 2% agarose gels run in 0.5 x TBE buffer.  

Gels were stained with ethidium bromide and photographed under UV light. 
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Pathogenicity 

The pathogenicity tests were carried out in Iran using Iranian isolates of R. solani from 

diseased potatoes collected from commercial crops.  Two randomly selected isolates 

representing each of the three identified subgroups of ZG7 (AG 3) were inoculated onto 

potatoes grown in the glasshouse following the methods of Balali et al. [24].  Seven 

replicate pots per treatment, including the control, were established, and pots were 

arranged in a randomised block design.  The potting mix comprised 1 part sandy loam 

soil + 0.5 part leaf compost.  The potting mix was fumigated using methyl bromide.  

Tubers of the potato cultivar Cosima were surface-sterilised in 2% (v/v) formaldehyde 

for 5 min, then cut into several pieces with at least one eye per piece, and left at room 

temperature overnight to cure the cut surface.  Ten pieces were evenly placed at a depth 

of 3 cm in potting mix in each pot.  The pots were kept in the glasshouse at 25° in 

natural light and watered as required to maintain field capacity.  Plants were harvested 

after 80 days and symptoms assessed . 

 

Disease symptoms comprising stem and root cankers, tip burning of roots and 

stolons and formation of sclerotia on roots, stems and tubers were evaluated for all 

replicates and scored from 1 (no symptoms) to 7 (most severe symptoms). 

 

Data analysis 

Pathogenicity data were analysed using Friedman's two-way analysis of variance.  

Multiple comparisons among the treatments were made using Mann-Whitney U test at 

1% [30]. 
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Isolates were allocated to zymogram group using banding patterns of 

polygalacturonase (PG, black zones in the print) [26].  The Rf value was calculated for 

each band.  The phenotype frequencies based on the two loci were then calculated and 

isolates were assigned to a zymogram group.  

 

 For DNA analyses the size of each DNA fragment in base pairs (bp) was 

determined for the RFLP and PCR gels using molecular weight standards shown in the 

figure legends. 

 

 The zymogram and RFLP data were analyzed by comparing the similarity of 

banding patterns among pairs of isolates [31 and 32].  Each band was treated as a binary 

character and the genotype was scored for the presence (1) or absence (0) of a band.  A 

dendrogram of genetic similarity for the combined data was generated using the 

unweighted pair-group method with arithmetic average (UPGMA) and calculations were 

carried out using the Genstat 5 Package (Numerical Algorithms Group, Oxford, UK).  

 

Results 

 

Zymogram analysis 

Polygalacturonase (PG) and pectin esterase (PE) isoenzymes were observed in all AG 3 

isolates tested.  Three isozyme bands, designated ‘b’ to ‘d’ in Figure 1, could be used to 

define both the Australian and Iranian isolates.  Only one non-diagnostic band, ‘a’, 

corresponded to the PE isoenzyme and all other bands corresponded to the PG 

isoenzyme.  Zymogram patterns were grouped using the PG bands and new zymogram 

subgroups were identified.  In general, ZG7-1 was identified by the presence of band ‘c’ 
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alone but in some preparations band ‘b’ was also present.  Bands ‘c’ and ‘d’ together 

distinguished ZG7-2 isolates and ZG7-3 isolates displayed all three PG bands, ‘b’, ‘c’ 

and ‘d’ (Figure 1).  Since the pattern produced by ZG7-1 in both Australia and Iran was 

the same as  ZG7 previously reported by Neate et al. (1988), ZG7 was renamed ZG7-1. 

 

 Bands ‘a’ and ‘c’ were common to all isolates tested.  The other unmarked bands 

observed in Figure 1 were inconsistently present.  Some bands occurred in old cultures 

but not in cultures younger than 10 days, or vice versa, and some occurred only in more 

concentrated samples (data not shown).   

 

 The zymogram subgroups occurred at different frequencies throughout the areas 

sampled in central Iran and South Australia (Table 1).  ZG7-1 was the most common 

zymogram sub-group at all locations and was isolated predominantly from tuber-borne 

sclerotia and stem and root cankers.  ZG7-2 and ZG7-3 isolates were obtained mainly 

from sclerotia formed on the underground parts of the potato plants and were only 

associated with slight symptoms when recorded on other parts of the plants.  

 

Molecular analyses 

The AG 3-specific clone pR3718 (Balali et al. 1996), used as a probe in RFLP analysis 

of SacI- digested DNA from 50 AG 3 isolates, hybridised to a total of 27 scoreable 

fragments (Figure 2).  As shown previously (Balali et al. 1996), the large number of 

bands and the strong signals generated indicated that multiple copies of the 3 kbp 

sequence exist in the genome.  A total of 11 unique genotypes was identified from the 

complex banding patterns.  Analysis of the banding pattern similarity coefficients 

revealed two main subgroups with 43% similarity (Figure 3).  The two subgroups, one 
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containing the majority of the isolates, divided again at approximately 50% similarity.  

The AG 3 tester isolate from Japan, ST-11-6, forms a single member subgroup at 

approximately 70% similarity..  ZG7-1 and 7-2 isolates were found in all three major 

groups, but insufficient ZG7-3 isolates were tested to reveal any relationship.  The AG 4 

clone pR4918, used as a probe for HindIII digests of AG 3 DNA, hybridised to nine 

fragments for the 24 isolates tested (Figure 4).  As was found for the AG 3 marker, 

similarity analysis revealed two major groups in this case with 57% similarity, and one 

group resolved into two subgroups with 75% similarity (data not shown).  However, less 

variation was detected using the low-copy AG 4 sequence (Figure 4), and only three 

genotypes were identified (data not shown).  Analysis of the combined data for the 23 

isolates analysed with both markers distinguished a total of six genotypes and resolved 

the isolates into two broad groups having 50% similarity (Figure 5).  There did not 

appear to be any relationship between zymogram subgroups and genotype groups with 

the markers tested. 

 

 DNA from South Australian isolates of R. solani AG 3 representing the three 

zymogram subgroups, ZG7-1, ZG7-2 and ZG7-3, was used in R1-primed PCR.  

Amplification revealed DNA polymorphisms in the isolates examined and the size of 

the amplified DNA fragments varied from 600 to 2500 bp (Figure 6).  From the eight 

bands scored, a total of eight patterns was resolved and given a number (shown below 

each lane).  While no correlation between PCR amplification and ZG could be 

determined, certain patterns appeared to be associated with a particular ZG.  

 

Pathogenicity 

Pathogenicity tests of the Iranian isolates on potato plants showed that ZG7-1 isolates 
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were highly pathogenic, causing more severe stem and root cankers than the ZG7-2 and 

ZG7-3 isolates (Table 2).  Tip burning of roots and stolons was also more severe, 

although R461, a ZG7-2 isolate, was also able to cause severe tip burning.  Although 

ZG7-3 isolates produced weak or no symptoms on individual inoculated potato plants, 

this group produced the most tuber sclerotia on underground parts of the inoculated 

plants (Table 2). The severity of disease symptoms caused by different representative 

isolates was scored and analysed statistically (Table 2 and 3). 

 

Discussion 

Isolates of R. solani AG-3, obtained from potato plants in South Australia and central 

Iran, were grouped into three pectic zymogram groups.  One of these groups 

corresponded to the previously described ZG7 [14] which we propose renaming ZG7-1.  

The other two subgroups were named ZG7-2 and ZG7-3.  All three ZG subgroups were 

found in South Australia and Iran.  Previously, Laroche et al. [33] divided AG 3 isolates 

from North America, Japan and Britain into three subgroups based on the analysis of a 

number of enzymes.  The distribution of these isolates suggested a loose association 

between isozyme phenotype and biogeographical origin for instance, isolates from Japan 

and Britain formed one subgroup and did not occur in any other subgroup..  In contrast, 

the three ZG identified in the current study were found in both South Australia and 

central Iran.  It is possible that the limited polymorphisms presented by the pectic 

isozymes alone are not sufficient to discriminate the isolates.  The presence of isolates 

of the same ZG or the same isozyme group in widely separated countries may reflect the 

introduction of the potato along with its pathogens into both regions.  A more 

comprehensive analysis with more isolates and a number of other polymorphic enzymes 
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is required together with DNA analysis, to identify any regional and agronomic 

influences and to determine the level of genetic similarity.  

 

 Yang et al. [34] suggested that expression of pectic enzymes of field isolates of 

R. solani is governed by multiple genetic factors, and the presence of multiple PG bands 

for the AG 3 isolates tested here support this suggestion as do previous studies with AG 

8 [14] and AG 2 [4].  While expression of some of the isozymes varied, the presence of 

the PE isoenzyme, band ‘a’, and the PG isoenzyme, band ‘c’, in all isolates tested  

indicates that these loci are conserved in the R. solani AG 3 isolates  tested.  Multiple 

gene loci could generate several zymogram patterns among the isolates of one 

anastomosis group.  Therefore, a general pattern in the consistent bands should be 

considered as the diagnostic zymogram pattern for closely related isolates whereas 

minor differences in Rf values, inconsistent and weak bands should be ignored.  Because 

pectic enzyme production is induced in zymogram techniques, it may be influenced by 

cultural or nutritional conditions or the physiological state of the fungus.  Unequal 

amounts of protein in the samples loaded may also affect resolution, Rf values and 

reproducibility of the bands .  Nevertheless,, pectic zymograms have repeatedly proved 

sufficiently reproducible and stable for use in identification.  

 

 While ZG-specific anastomosis reactions were not determined for the Iranian 

AG 3 isolates used in this study, pathogenicity tests indicated that isolates of each ZG 

subgroup differed in symptoms produced and severity of disease on potato plants.  Not 

only were ZG7-1 isolates obtained predominantly from stem and root cankers, they 

produced more severe cankers, and root and stolon tip burning than the ZG7-2 and ZG7-

3 isolates.  In contrast, ZG7-2 and ZG7-3 isolates were primarily obtained from sclerotia 
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and produced more sclerotia on stems and roots than did isolates belonging to ZG7-1.  

However, the ZG7-1 and ZG7-2 isolates produced similar amounts of sclerotia on 

tubers, whereas the ZG7-3 isolates produced more.  It is possible that the variability in 

symptoms and disease severity caused by isolates of the different zymogram subgroups 

may in part be related to the difference in, and expression of, different pectic isozymes.  

However, the disease ratings for the Iranian ZG7-1 isolates presented here differed from 

those of the South Australian isolates tested previously [24].  While the ZG 

classification was not provided by Balali et al. [24], the ZG7-1 isolates, R21, R37 and 

R48, were rated medium to severe for black scurf (tuber sclerotia) and medium to low 

for stem and root cankers, when tested for pathogenicity to the Australian potato cultivar 

Coliban [28].  This is similar to the pathogenicity results for the Iranian ZG7-3 isolates 

presented here.  Therefore, other factors, such as host, the environment or genetic 

differences in the isolates themselves, may affect pathogenicity.  There is evidence that 

pectic enzyme patterns in R. solani AG 8 can be associated with differences in virulence 

[15] and O’Brien et al. [35] showed that two PG isozymes were more represented in 

virulent field isolates of this fungus.  Despite the discrepancy between the Iranian and 

South Australian ZG7-1 isolates in terms of pathogenicity, the results reported here 

suggest a relationship between pectic enzyme activities and pathogenicity of AG 3 

isolates.  Pectic enzymes have previously been shown to have a role in the pathogenicity 

of R. solani [36]. 

 

 Contradictory reports on the pathogenicity of tuber-borne inoculum of AG 3 

isolates have been presented previously, showing that inoculum from tuber-borne 

sclerotia was either weakly pathogenic [37 and 38], or a major cause of both cankers and 

black scurf [24 and 39].  Standardization of methods used in pathogenicity tests and 



C:\Documents and Settings\padavies\Desktop\SDRIVE ERA FOLDERS\Prepubpdfs\PID 9446 pre-pub doc.doc  10/08/2010 
11:09 AM 

 16 

field experiments may help to resolve these discrepancies.  This is important because the 

primary diagnostic criterion for the disease is black scurf, which is a quality issue, 

whereas yield depression may be due mainly to pathotypes that cause severe cankers.  

The development of ZG- and/or pathotype-specific DNA markers that detect the fungus 

directly in soil or plant material may help to resolve this matter.   

 

 The multi-copy AG 3-specific DNA marker, identified previously [17], revealed 

a high level of genetic diversity and resolved the isolates into two main groups, each 

containing additional subgroups.  This was also the case for the low-copy AG 4-derived 

clone.  However, for each marker, these subgroups did not correspond to the three 

zymogram groups identified in this study.  ZG7-1 and ZG7-2 were uniformly 

represented within the groups. However, insufficient ZG7-3 isolates were analysed to 

determine whether this subgroup might be associated with a molecular phenotype.  

Similarly, R1-primed PCR did not clearly resolve the isolates into zymogram subgroups, 

although certain patterns appeared to be associated with each ZG.  Both RFLP and PCR 

analysis revealed a high level of genetic variation among the AG 3 isolates, which 

agrees with the report by Duncan et al. [10] of heterogeneity in this anastomosis group 

based on PCR studies ).  However, many more isolates were examined in the present 

study, and all of the isolates subjected to RFLP analysis, except R884, were collected 

from a single, geographically small potato growing area, Lenswood, South Australia.  

Despite this, two main groups with only 50% similarity were detected.  Analysis over a 

defined period of time with more isolates, additional markers and microsatellite-primed 

PCR is needed to determine whether the groups are maintained.  Little is known about 

the genetics of R. solani, and such experiments may help to resolve whether the 

heterogeneity within AG 3 isolates in this small area is due to migration, heterokaryon 
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formation, anastomosis, mutation, sexual reproduction or a combination of each.  Any 

one of these mechanisms could affect the loci coding for pectic enzymes and generate 

new strains, and this emphasizes the need to identify molecular markers associated with 

each pectic isozyme group.  While the teleomorph, Thanatephorus cucumeris, has been 

reported to be common on diseased potato stems at the end of the growing season [40] 

basidiospore formation was not observed during this study.  

 

 RFLP and PCR analyses of field isolates of R. solani AG 3 belonging to ZG7-1, 

ZG7-2 and ZG7-3 confirmed that AG 3 is a heterogenous anastomosis group and the 

analyses of ZG7-1 and ZG7-2 shows that heterogeneity exists between and within these 

zymogram subgroups.  While the results showed that the pectic zymogram technique is 

a useful tool in analysing pathogen populations, the mechanisms governing genetic 

diversity appear to be better addressed with DNA analysis.  Methods that identify not 

only the AG, but also the ZG or pathotype, directly in diseased plant material need to be 

developed to diagnose and manage this disease effectively. 
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