Streptomyces species associated with common scab lesions of potatoes in South Africa
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Abstract

Streptomyces scabiei is largely accepted as the causal organism of common scab on potato in South Africa, and
other Streptomyces species associated with common scab are not often considered. This study therefore aims to
determine the diversity and prevalence of Streptomycetes associated with common scab on potatoes in South Africa.
Isolates from 11 of the 16 potato producing regions in South Africa were characterized morphologically,
physiologically and genetically. Most isolates resembled S. scabiei based on morphology and physiology. Most
pathogenic isolates were S. scabiei and S. stelliscabiei, and no S. acidiscabies or S. turgidiscabies isolates were
found. All three pathogenicity / virulence genes (txtAB, necl, tomA) were found in South African isolates.
Pathogenicity could not be linked to the presence of a single one or any combination of two of the three genes.
These results represent the most comprehensive published survey of Streptomycetes isolated from common scab

lesions on potatoes in South Africa.
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Introduction

In South Africa, common scab on potato was reported in 1906 by Pole Evans (Doidge 1950). This disease causes
downgrading of tubers on the fresh produce market and decreases processing potential of infected tubers (Gouws
and van der Waals 2012). South Africa is the fourth largest potato producer in Africa, producing over two million
tons a year (FAOSTAT 2013). Production is done on about 66000 hectares, making South Africa the largest
producer in tons per hectare in Africa (FAOSTAT 2013). Potatoes are produced in 16 regions throughout the
country. Most of South African potato production is done under irrigation but some regions still have about 15% of

their production under dry land conditions. In South Africa, the potato industry is one that is, in most part, based on



individual small to large scale farmers (Potatoes South Africa 2013). Thus, it is important for South African potato
growers to optimize their disease management strategies and avoid downgrading of tubers on the fresh produce

market.

The interactions between the Streptomyces species, environment and host are complex and result in unpredictable
disease incidences, severity and symptomatology between regions and years, making this disease difficult to
understand (Wanner 2009). Common scab is not caused by a single species, but rather a species complex within the
Streptomyces genus (Loria et al. 1997; Wanner 2009). Reports of various scab-causing species found within the
same field and within the same lesion have led to investigations on species relatedness to specific symptoms and on
the sensitivity of species to different environmental conditions (Lindholm et al. 1997; Bouchek-Meciche et al. 2000;
Kristifek et al. 2000; Aittamaa et al. 2008; Wiechel and Crump 2010; Khodakaramian and Khodakaramian 2012;
Tashiro et al. 2012). S. scabiei and S. turgidiscabies often co-occur in the same lesions and it has been found that
when isolating directly after sampling more S. scabiei than S. turgidiscabies is isolated than when samples are left
for a couple of days in storage (Aittamaa et al. 2008). It is thus unclear if the Streptomycetes isolated at the end of
the season represent the causal pathogen species complex or if the complex of species changes during the season
from the time of the first infection. Another aspect which requires more research is the role of the non-pathogenic

Streptomyces spp. in pathogen establishment and disease development.

There are four well known causal species of potato common scab; Streptomyces scabiei (Lambert and Loria),
Streptomyces europaeiscabiei (Bouchek-Mechiche), Streptomyces turgidiscabies (Miyajima) and Streptomyces
acidiscabies (Lambert & Loria) (Loria et al. 2006). These are not the only scab-causing species and reports of other
species are geographically distinct. S. scabiei is found worldwide but is not common in Europe; while S.
europaeiscabiei is more often found in Europe, Korea and North America; and S. turgidiscabies is frequently found
in Japan and Finland (Lehtonen et al. 2004; Wanner 2009; Dees et al. 2012). A multitude of other, poorly described
Streptomyces spp. have been isolated from lesions (Song et al. 2004; Taddei et al. 2006; Pankova et al. 2012). Their
function in the disease complex is not understood and some are closely related (Song et al. 2004; Taddei et al. 2006).
For example the diastochromogenes group contains S. scabiei, S. europaeiscabiei, S. stelliscabiei, Streptomyces
ipomoeae (Waksman and Henrici) and Streptomyces diastatochromogenes ((Krainsky) Waksman and Henrici).
Streptomyces stelliscabiei (Bouchek-Mechiche) and Streptomyces bottropensis (Waksman) are 98.4% related based
on their genetic makeup. S. scabiei and S. acidiscabies differ in morphology but their DNA is approximately 90%

similar (Pankova et al. 2012).

Morphological, physiological and molecular characterization remains an integral part of species identification
(Leiminger et al. 2012). Morphological characterization is based on the spore and colony colours when grown on
yeast malt extract agar (Tashiro et al. 2012). The structure of the spore chain and sometimes the spores are examined
under a microscope. Physiological testing involves growth at different pH levels, production of melanin in the

presence of tyrosine, utilization of different sugars and resistance to various antibiotics (Loria et al. 1995; Lindholm



et al. 1997; Bouchek-Mechiche et al. 1998). Genetically the isolates are screened for the presence of the
pathogenicity island (PAI) genes and identified using different PCR based techniques, such as 16S rDNA
sequencing, DNA-DNA hybridization and the use of species-specific primers (Leiminger et al. 2012; Pankova et al.
2012; Dees et al. 2013). Only about 10 species harbour all or part of this PAI (Loria et al. 2006). It is also widely
accepted that if the txtAB gene is present, the isolate will be pathogenic (St-Onge et al. 2008; Dees et al. 2013).

Pathogenicity of Streptomyces spp. is said to be transferred through horizontal gene transfer of pathogenicity and
virulence genes (such as txtAB, tomA and necl) located on a PAI, and there has been an increasing abundance of
pathogenic Streptomyces species identified over time (Kers et al. 2005; Loria et al. 2006; Wanner 2009; Dees et al.
2013). For instance S. scabiei and S. europaeiscabiei grow at pH above five (Linholm et al. 1997), however, in
Japan isolates such as S. acidiscabies that grow at pH 4 are said to cause acid scab (Tashiro et al. 2012). Conditions
that normally cause common scab are dry and warm soils (Wanner 2006). However, scab was also found to occur
under irrigated conditions in Northern Europe, Israel and Canada (Doering-Saad et al. 1992; Goyer et al. 1996).
Different cultural practices in managing the disease have led to the selection of species capable of surviving under

altered cropping conditions.

Cultural practices remain the primary method for disease management of common scab (Dees and Wanner 2012).
Currently there are no resistant cultivars in South Africa (Gouws and van der Waals 2012) and with the limitations
on the use of products for the control of bacteria, it is becoming difficult to control this disease (Agrios 2005).
Tubers with common scab have been harvested from virgin soils and from soils with no history of common scab
(isolations made during this study). Identifying the different species within a disease complex and under unique
environmental conditions may give insight into better management or even preventative action for common scab.
For example, decreasing the soil pH will be ineffective if the majority of pathogenic Streptomycestes are S.
acidiscabies that causes common scab at a lowered soil pH. Although the inheritance of resistance or the mechanism
of resistance in potato cultivars against common scab is unclear, knowledge of the pathogenic Streptomyces species
present would be important when screening for resistance, especially if the species differ in conditions that are

favourable for disease development.

Streptomyces scabiei was thought to be the only causal organism of common scab in South Africa until about 2000
(Bouchek-Mechiche et al. 2000; Gouws and van der Waals 2012). However in 2000 Bouchek-Mechiche et al.
(2000) isolated S. stelliscabiei from a common scab lesion in South Africa. Up until now the species associated with
common scab in South Africa have not been characterized. The presence of the txtAB, tomA and necl genes in South
African Streptomyces isolates has not yet been investigated, but they are presumed to play a role in pathogenicity
and virulence of Streptomyces species associated with common scab of potato. The aims of this study were therefore
to determine the diversity of Streptomycetes associated with common scab lesions on potato tubers in South Africa;
to investigate the presence of the pathogenicity and virulence related genes in combination with pathogenicity tests

and to determine which gene best corresponds to pathogenicity in Streptomyces species on potatoes in South Africa.



Materials and methods
Sample collection and bacterial isolation
Tubers showing common scab symptoms were collected from 11 of the 16 potato production regions in South

Africa. Lesion type and disease severity score were recorded prior to isolation (Table 1). Disease score was recorded

Table 1: Streptomyces isolation data and morphological characterisation results for the isolates in this study

Potato Production
Date Isolate # Region Score? Lesion type Spore chain Colony colour” Spore colour”

- SCC1 Limpopo - - S B G

- SCC 2 Limpopo - deep pitted S Y G

- SCC5 Limpopo - - F B G

- SCC6 Limpopo - - S B G

- SCC7 Limpopo - - S B G

- SCC8 Limpopo - - S B G

- SCC9 Limpopo - - S Y G

- SCC11 - - - S Y G

- SCC 12 Limpopo - - S R w

- SCC13 Limpopo - - S B G

- SCC 14 - - - S B G

- SCC 15 Limpopo - - S B W

- SCC 17 Limpopo - - S B G

- SCC 18 Limpopo - - S R G

- SCC 19 Limpopo - - S R G

- SCC21 Limpopo - - S R G

- SCC 22 Limpopo - - S R G

- SCC 23 Limpopo - - S B G

- SCC 24 - - deep pitted S Y G

- SCC 25 Limpopo - - S R G

- SCC 26 - - - S Y G

- Scc 27 - - - S G G
30/07/2009 SCC 36 South Western Cape 2 deep pitted S Y B
- SCC37 North West 2 shallow S B G
30/07/2009 SCC 38 South Western Cape 5 deep pitted S Y B
1/06/2009 SCC 39 Sandveld 2 star S B G
19/06/2009 SCC 40 Sandveld - netted F B G
1/06/2009 SCC41 Sandveld 2 superficial S Black G
1/06/2009 SCC 42 Sandveld 2 superficial F B G
1/06/2009 SCC 43 Sandveld 2 superficial S R G
30/07/2009 SCC 44 South Western Cape 3 shallow star F R Y
30/07/2009 SCC 45 South Western Cape 3 shallow F R Y
30/07/2009 SCC 46 South Western Cape 2 shallow star F R Y
07/2009 SCC 47 Mpumalanga 5 star F Y Y
07/2009 SCC 48 Mpumalanga 6 star S Y B
1/06/2009 SCC 49 Sandveld 2 superficial F B G
1/06/2009 SCC51 Sandveld 6 netted S B G
1/06/2009 SCC52 Sandveld 6 netted S B G
1/06/2009 SCC53 Sandveld 3 netted S Y B
07/2009 SCC 54 Mpumalanga 7 star S Y B

- SCC 55 - - - S Y G

- SCC 57 Sandveld - deep pitted S Y G
07/2009 SCC 59 Mpumalanga 5 star F B G
25/11/2009 SCC 60 Marble Hall - - S B G
07/2009 SCC 61 Mpumalanga 5 star S B G
07/2009 SCC 63 Mpumalanga 5 star S R G
1/06/2009 SCC 64 Sandveld 3 netted S Y G
07/2009 SCC 65 Mpumalanga 6 star F Green G

- SCC 66 Western Cape 2 netted F R Y
19/08/2009 SCC 67 Sandveld - deep pitted F G G
19/08/2009 SCC71 Sandveld - netted F R Y
01/2010 SCC73 Gauteng 4 deep pitted S G G
27/10/2008 SCC74 - - F Y w
27/10/2008 SCC 76 Limpopo - - F Y G




01/2010 SCC 80 Gauteng 6 deep pitted S B G
6/08/2009 SCC81 Free State 2 shallow S Y w
6/08/2009 SCC 82 Free State 2 shallow F R Y
25/03/2010 SCC 83 Mpumalanga 3 superficial F Y G
27/10/2008 SCC 85 - - - F B w
6/08/2009 SCC 86 Free State 2 shallow S B G
6/08/2009 SCC 87 Free State 2 shallow S R G
6/08/2009 SCC 89 Free State 2 shallow F B Y
6/08/2009 SCC 90 Free State 2 shallow S B G
6/08/2009 SCC 96 Free State 2 shallow S Y W
3/08/2009 SCC 105 Sandveld 2 shallow F B G
18/11/2009 SCC 109 Northern Cape 2 shallow S Y G
18/11/2009 SCC 110 Northern Cape 6 deep pitted F Y W
27/10/2008 SCC 111 - - - F R Y
18/11/2009 SCC 116 Northern Cape 3 shallow star S Y G
25/03/2010 SCC 117 Northern Cape 5 superficial F R Y
24/05/2010 SCC 119 Kwa-Zulu Natal 3 - F B w

05/2010 SCC 120 Marble Hall 2 star lenticel S B G

05/2010 SCC 121 Marble Hall 2 star lenticel S B G
18/11/2009 SCC 124 Northern Cape 6 deep pitted S B G

05/2010 SCC 126 Marble Hall 2 star lenticel S Y G

05/2010 SCC 127 Marble Hall 2 star lenticel S B G
27/10/2008 SCC 129 - - - F Y W
27/10/2008 SCC 130 - - - F Y w
27/10/2008 SCC 132 - - - F Y W

01/2010 SCC 133 Gauteng 5 deep pitted F W w

01/2010 SCC 136 Gauteng 6 deep pitted S B G

01/2010 SCC 138 Gauteng 6 deep pitted S Y W

01/2010 SCC 139 Gauteng 6 deep pitted S B w
6/08/2009 SCC 146 Free State 2 shallow F Y W
18/11/2009 SCC 149 Northern Cape 6 deep pitted S Y G

21 for no lesions, 2 if 6.25% lesions cover the tuber surface, 3 for 12.5%, 4 for 25%, 5 for 50%, 6 for 75% and 7 for 100% coverage
® as on YME agar
(F-flexuous, S-spiral, B-brown, Y-yellow, W-white, G-grey, R-red)

as 1 for no lesions; 2 if lesions covered < 6.25% of the tuber surface; 3 for 6.25 - 12.4%); 4 for 12.5 - 24%,; 5 for 25 -
49%; 6 for 50 - 74% and 7 for 75% - 100% coverage. Tubers were surface sterilized with 70% ethanol. From each
lesion a 100mm? piece of the edge of the lesion was excised, including the straw coloured tissue directly underneath.
Each piece was placed in a Bioreba macerating bag (Labretoria) and macerated with a rubber mallet. Nine millilitres
of sterile distilled water was added to each bag containing the macerated tissue. A serial dilution was made to 10
dilution and 100ul thereof plated in triplicate onto water agar (WA) (Loria et al. 2001). Plates were incubated at
28°C for 12 days, in the dark. Plates were examined at regular intervals during the incubation period for typical
Streptomyces colonies and three colonies per plate were transferred to yeast malt extract agar (YME). Pure cultures

were stored in 20% glycerol at -80°C. DNA was extracted using the ZR Soil Microbe DNA kit from Zymo Research

(Ingaba) according to the manufacturer protocol and stored at -20°C until use.

Morphological and physiological characterisation

Spore chain morphology on water agar (WA) was noted with the use of a light microscope at 400x magnification,
prior to re-plating onto YME. Following seven days of incubation at 28°C on YME, colony colour and spore colour
for each isolate were noted. The presence or absence of diffusible pigments in the media was noted. Melanin

production was determined after growth on tyrosine agar (TA) at 28°C after four, eight and 12 days of incubation.




Isolates altering the clear colour of the medium with a dark diffusible pigment were considered as positive for
melanin production (Lindholm et al. 1997; Park et al. 2003). Growth at pH 4, 5, 6 and 7 was determined by growing
the isolates on YME medium with adjusted pH levels for 14 days at 28°C. The pH was altered by adding 1M
hydrochloric acid or 1M sodium hydroxide to the media until the desired pH was reached. A tuber slice assay as
described by Loria et al. (1995) was used to give an indication of the pathogenicity of the isolates. Briefly isolates
were grown on oatmeal agar (OA), and tuber slices of the susceptible cultivar BP1 were used. Agar plugs from each
isolate were placed inverted onto the tuber slice; this was done in triplicate in separate Petri dishes. Moist filter
paper discs were placed in Petri dishes to ensure the tuber slices did not dry out. A sterile agar plug was used as
control. Petri dishes were sealed and placed in the incubator in the dark for five days at 28°C. Tuber slices were

examined for a necrotic area surrounding the agar plug and a collapse of the cells directly underneath the agar plug.

Molecular characterisation

Conventional PCR was used to determine the presence of three genes known to be related to pathogenicity within
the Streptomyces genus (Wanner 2006). Primers Nf and Nr were used to amplify the 700bp product of the necl gene
(Bukhalid et al. 1998); Tom3 and Tom4 to amplify tomA that is 392bp in size; and TxtAtB1 and TxtAtB2 were used
to amplify the 385bp thaxtominAB gene product (Wanner 2006). The PCR analysis was carried out in 25ul
reactions containing 5u/ul Tag DNA polymerase (recombinant) from Fermentas Life Science, 10xNH, reaction
buffer (Bioline), 2.5mM dNTP mix (Bioline), 50mM MgCl, (Bioline) and 0.5ul template DNA. Amplification was
carried out in an MJ Mini Personal Thermal Cycler (Bio-Rad) with an initial denaturation step at 95°C for 5min;
followed by 35 cycles of denaturation at 95°C for 20 seconds, annealing for 30 seconds and extension at 72°C for 1
minute, followed by a final extension step at 72°C for 7 minutes and holding at 4°C. The annealing temperature for
TXtAtBL/TxtAtB2 and Tom3/Tom4 was 50°C; and for Nr/Nf the annealing temperature was 64°C. Amplified DNA
products were separated on 1% agarose gels (stained with ethidium bromide) and viewed under UV light. Primers
16S-1F and 16S-1R (Bukhalid et al. 2002) as described by Wanner (2006) were used to amplify the 16S rDNA gene.
Twenty-five isolates were selected at random to include pathogenic and non-pathogenic isolates, with and without
pathogenicity / virulence genes, for identification by sequencing of the 16S rDNA gene. Products were viewed by
agarose gel electrophoresis and purification of the amplicon was done with the Bioline Isolate PCR and gel kit
(Celtic Diagnostic) as per manufacturer instructions. Sequencing was carried out on an Applied Biosystems ABI
3500xI (Life Technologies Carlsbad). Consensus sequences were obtained in Bio-edit and aligned with the NCBI

sequencing database using the online Basic Local Alignment Tool (BLAST) against prokaryotes.

Results

Scab symptoms from which isolations were made ranged from deep pitted and star shaped to shallow and raised.
Tubers showing netted scab symptoms were only collected from the Western Cape region. Most isolates were
yellow-brown with grey spores on YME (Table 1). Morphology was variable and the ability to produce pigments on
YME media was lacking in most of the isolates. All the isolates grew at pH 7 while some could grow at pH 4 and

above (Table 2). Melanin pigment production on tyrosine agar was only observed in half of the isolates; delayed or



weak production of melanin was still noted as positive. Pathogenicity based on the tuber slice assay could not be
linked to melanin production. Isolates with flexuous spore chains tended to not have all three of the pathogenicity /
virulence genes. Only 29% of the isolates were pathogenic in the tuber slice assay, which was expected as only a
few Streptomycetes are pathogenic, and other non-pathogenic Streptomycetes are frequently isolated from lesions
(Song et al. 2004; Taddei et al. 2006).

The three pathogenicity / virulence genes were found in the same frequency among isolates (Table 2). About 19% of
the pathogenic isolates did not contain any of the three pathogenicity / virulence genes tested for. All isolates
containing all three pathogenicity / virulence genes were pathogenic. One isolate had txtAB only and was
pathogenic. However none of the other isolates containing only txtAB, a combination of txtAB and one other
pathogenicity / virulence gene or a combination of necl and tomA genes were pathogenic, which was surprising as
txtAB is considered a determining factor for pathogenicity within the Streptomyces complex. One S. scabiei isolate
did not test positive for necl and another did not test positive for any of the three pathogenicity / virulence genes.
Analysis revealed that the presence of all three genes is a good indicator of pathogenicity based on the tuber slice
assay.

Sequencing results revealed 22% of the isolates selected for sequencing aligned to S. scabiei. Streptomyces padanus
comprised 9% of the sequenced isolates, Streptomyces flavofuscus 6% and S. stelliscabiei 3%. No S. acidiscabies or
S. turgidiscabies were found. S. stelliscabiei was only isolated from the Western Cape region. GenBank accession

numbers and genetic characterization for each isolate is shown in Table 2.

Table 2: Physiological and genetic characterisation results for the Streptomyces isolates in this study

Melanin PCR characterization 16S rDNA characterization
Isolate productio tom GenBank accession
# pH n Pathogenicity® | txtAB A necl Identification number
SCC1 5+ - - - - -
SCC 2 5+ - - - -
SCC5 5+ - - - + - Streptomyces spp. KF881291
SCC6 5+ 4 - - - -
SCC7 5+ - - - - -
SCC8 5+ 4 - - -
SCC9 4+ - - + -
SCC 11 5+ 4 - - - - Streptomyces iakyrus KF881292
SCC 12 5+ - - + - -
SCC 13 5+ 8 + - - - Streptomyces scabiei KF881285
SCC 14 4+ - + + - -
SCC 15 4+ 12 - - - -
SCC 17 4+ 8 - + - -
SCC 18 5+ - - + - - Streptomyces coelicolor KF881293
SCC 19 4+ - - + - - Streptomyces spp. KF881294
SCC?21 5+ 12 - + + - Streptomyces fradiae KF881286
SCC 22 5+ 12 - + - - Streptomyces spp. KF881295
SCC 23 4+ - - - - - Streptomyces spp. KF881296
SCC 24 5+ - - - + -
SCC 25 5+ - - - - -
SCC 26 4+ 12 - - + + Streptomyces spp.




SCC 27 4+ - + - - -

SCC 36 4+ 12 - - - + Streptomyces spp. KF881287
SCC 37 5+ - + - - -

SCC 38 4+ 12 + - - - Streptomyces padanus KF881305
SCC 39 5+ 4 + + + + Streptomyces stelliscabiei KF881288
SCC 40 5+ - - - - -

SCC 41 4+ 4 - - - -

SCC 42 5+ - - - - -

SCC 43 4+ - + - - -

SCC 44 4+ - - - - -

SCC 45 4+ - - - - -

SCC 46 4+ 12 - - - -

SCC 47 4+ - - - - -

SCC 48 4+ - - - - -

SCC49 5+ 8 + - - - Streptomyces spp. KF881306
SCC51 5+ 4 - - - -

SCC 52 5+ 4 nd + + +

SCC 53 4+ 12 - - - -

SCC 54 4+ - - - - -

SCC 55 7+ - nd + - -

SCC 57 5+ + + + +

SCC 59 5+ - - - -

SCC 60 5+ - - - - -

SCC 61 5+ 4 - - - -

SCC 63 5+ 12 - - - -

SCC 64 5+ - - - - -

SCC 65 5+ - - - - - Streptomyces fimicarius KF881307
SCC 66 5+ - + - - -

SCC 67 5+ 8 - - - - Streptomyces spp. KF881289
SCC71 5+ 8 - - - -

SCC 73 5+ 8 - -

SCC 74 4+ - + - - -

SCC 76 5+ 4 + - - -

SCC 80 5+ 4 + + + + Streptomyces scabiei KF881290
SCca1 5+ 4 + + + +

SCC 82 5+ 8 - - - -

SCC 83 5+ - + - - - Streptomyces spp. KF881297
SCC 85 5+ 4 + - - -

SCC 86 5+ 4 nd + + + Streptomyces scabiei KF881298
SCC 87 5+ - + + + +

SCC 89 5+ - - - - -

SCC 90 7+ 4 + + + +

SCC 96 5+ - - - - -

SCC

105 5+ 4 - - - -

SCC 4+

109 - - - - -

SCC 4+

110 - + - - -

SCC 4+ Streptomyces KF881299
111 - - - - - cyaneofuscatus

SCC 4+ + + KF881300
116 4 - - Streptomyces scabiei

SCC KF881301
117 5+ 8 - + - + Streptomyces caviscabies

SCC + + KF881308
119 4+ 8 - - Streptomyces microflavus

SCC KF881390
120 5+ - - - - - Streptomyces rochei

SCC 4+ 8 - + + -




121

SCC 4 + + + KF881302
124 6+ + Streptomyces scabiei

SCC 4

126 5+ - - - -

SCC

127 5+ - - - - -

SCC

129 5+ - - - - -

SCC +

130 4+ - - - -

SCC +

132 5+ - - - -

SCC + KF881303
133 4+ - - - - Streptomyces padanus

SCC + + +

136 5+ - nd

SCC 4 + + + KF881304
138 5+ nd Streptomyces scabiei

SCC 4

139 5+ - - - -

SCC

146 4+ - nd - - -

 Tuber slice assay

(+ indicates growth up to pH 7 and “nd” indicates it is not determined)

Discussion

Various common scab symptoms have been described in South Africa and symptoms cannot be linked to specific
pathogenic Streptomyces spp. as found by Dees et al. (2013). The variability in morphology and physiology of the
Streptomycetes isolated from the lesions is great, similar to a study in Israel (Doering-Saad et al. 1992). It is difficult
to use morphological and physiological parameters to determine pathogenic Streptomycete species as some non-
pathogenic isolates with grey spores and producing melanin, resemble pathogenic S. scabiei isolates (Faucher et al.
1992). The morphology of most isolates in this study resembled that of S. scabiei. Although Bukhalid et al. (2002)
found a South African S. scabiei isolate that produces flexuous spore chains, this characteristic was not observed in
the isolates in this study. Morphological characteristics are said to be more constant than physiological
characteristics (Park et al. 2003), however, the isolates tend to change in spore and colony colour after continuous
re-culturing. On the other hand, Keinath and Loria (1989) estimated that the morphology and physiology of less than

10% of pathogenic isolates resemble that of S. scabiei.

Leiminger et al. (2012) found most isolates in their study to produce melanin; this is contrary to what was observed
in this study where only half of the isolates produced melanin. However, some of the isolates from this study had
delayed or weak melanin production, which was also found by Taddei et al. (2006) in their study of Streptomyces
spp. from Venezuelan soils. Isolates from netted scab in the Netherlands were positive for melanin production, and
considered identical to S. scabiei (Bouchek-Mechiche et al. 2000). Netted scab isolates that did not produce melanin
were however also reported from Denmark and Sweden. Pathogenicity and melanin production could not be linked,

which was also found in a study by Leiminger et al. (2012).




Only a few of the isolated strains in this study were found to be pathogenic based on a tuber slice assay, which is
consistent with previous findings in similar studies (Loria et al. 1986; Faucher et al. 1992; Lindholm et al. 1997).
Although the tuber slice assay is not sensitive enough for virulence testing, it is an efficient screening method and
correlates well with pot trials for pathogenicity evaluation (Park et al. 2003; Hao et al. 2009; Meng et al. 2012).
Most studies base pathogenicity determination of isolates on the presence of txtAB and only conduct pathogenicity
pot trials tests on selected isolates (Wanner 2009; Leiminger et al. 2012; Dees et al. 2013), although Park et al.
(2003) reported two potato scab-causing isolates from Korea that did not produce thaxtomin. Leiminger et al. (2012)
and Wanner (2009) also isolated pathogenic but txtAB-negative S. acidiscabies, S. stelliscabiei and S. bottropensis

from Germany and North America respectively.

Lerat et al. (2010) pointed out that pathogenicity depends on the ability of the species to synthesize toxins. Little is
known about the molecular mechanisms involved in Streptomyces pathogenicity. Most researchers believe that
similar mechanisms are shared by Streptomycete pathogens (Bukhalid et al. 2002; Wanner 2004; Cullen and Lees
2007; Florez-Gonzélez et al. 2008; Qu et al. 2008); however because of the rapid symptom development in the
Streptomyces-potato pathosystem Loria et al. (2003) proposed multiple mechanisms of pathogenicity. Non-
pathogenic S. scabiei, S. acidiscabies and S. turgidiscabies have been reported from Finland and America (Faucher
etal. 1992; Lindholm et al. 1997; Wanner 2006), which makes species identification alone insufficient to classify an

isolate as pathogenic.

Pathogenicity of common scab-causing isolates in South Africa, seems to be linked to the presence of all three
pathogenicity / virulence genes (89% of isolates tested), based on the results of the tuber slice assay. In this study we
found at least one isolate of every haplotype, where haplotypes are depicted here in the order txtAB, necl, tomA and
capitals indicate the presence of the gene. The haplotype composition of the South African population was as
follows: haplotype tnt comprised 67% of the isolates, 56 in total; 11 TNT isolates (mostly deep pitted lesions but
some shallow lesions were also associated with these isolates); 7 Tnt isolates; 1 tNt isolates (associated with various
lesion types); 3 tnT isolates; 4 TnT isolates (mostly from shallow lesions); 1 TNt isolate (from a shallow lesion) and
1 tNT isolate. Pankova et al. (2012) did not find the haplotypes TNt, Tnt or tNT in their study focusing on plant
pathogenic Streptomyces spp. in Central Europe, and the TNT haplotype was mostly associated with the deeper and
more severe lesions. We also found that the TNT haplotype is associated with S. scabiei and S. stelliscabiei. Dees et
al. (2013) found the haplotypes TNT, TnT, TNt and Tnt in Norway; 60% of the population from this study in
Norway did not have necl but did have txtAB, while 37% did not have tomA but had txtAB. Pathogenic strains
lacking the necl gene have been reported in the United States, Japan, Hungary, South Africa and Korea (Bukhalid et
al. 1998; Kreuze et al. 1999; Park et al. 2003; Gouws 2006).

Genetic variation and evolution within species is not uncommon (Dees et al. 2013). The necl and tomA genes are at

the opposite end of the chromosome to the txtAB gene and can be transferred and evolve independently (Aitamaa et

al. 2010). A good example of the evolution of pathogens and their ability to acquire genes from other pathogens is
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the horizontal transfer of the necl gene in Streptomycetes. Wanner (2009) proposed that the presence of necl and
tomA without the presence of txtAB might be due to non-pathogenic Streptomyces spp. acting as reservoirs for genes
associated with pathogenicity. One of the S. scabiei isolates in the present study had an incomplete PAI; while

another S. scabiei isolate had none of the PAI genes.

Bignell et al. (2010) discussed the multitude of other S. scabiei (strain 87-22) genes that were found by comparative
genomics. These genes were revealed to be conserved within other sequenced microbial pathogens and play a role in
disease development and virulence. Kinkel et al. (1998) stated that 40% of variation in disease severity cannot be
attributed to thaxtomin levels. Wanner (2004) stated that other pathogenicity determinants besides thaxtomin are
involved in the disease caused by Streptomycetes on radish, and could be well be the case in pathogenic

Streptomyces spp. that do not contain the known pathogenicity / virulence genes.

South African Streptomycete isolates may contain rearrangements or deletions in the pathogenicity island. Similar to
results in this study, Gouws (2006) also found pathogenic Streptomyces isolates, which did not produce thaxtomin
(14%), and non-pathogenic isolates that did produce thaxtomin (6%). Streptomyces padanus was frequently isolated
from common scab lesions in South Africa and even though these isolates did not have any of the known
pathogenicity genes, they caused necrosis and collapse of cells during the tuber slice assay. Streptomyces
luridiscabiei and Streptomyces puniscabiei are speculated by Park et al. (2003) to have a pathogenicity factor other

than txtAB, as they were also found to cause common scab on potatoes in Korea.

Acknowledging that 16S rDNA sequences of some Streptomyces spp. have high similarity in the 16S rDNA gene
region; results from this and other studies (Bouchek-Mechiche et al. 2000; Gouws 2006; Gouws and van der Waals
2012) nonetheless show that S. scabiei is the most abundant species associated with common scab of potatoes in
South Africa, with most isolates possessing all three genes associated with the PAL. It may be possible that some of
the S. scabiei isolates are in fact S. europaeiscabiei as 16S rDNA sequencing cannot distinguish these two species.
S. stelliscabiei was only isolated from the Western Cape production region. However the small sample sizes from
some of the other regions could explain this discrepancy and further investigation is needed to confirm if the
Western Cape ecological niche selects for S. stelliscabiei. The distribution of pathogenic Streptomycetes associated
with common scab of potato in South Africa appears to be random, as no one species is restricted to a certain region.
Dees et al. (2013) also found no correlation between species and geographical distribution within and between fields
in Norway. Gouws (2009) stated that different soil types may select for different scab-causing species and
symptoms, suggesting that netted scab prevalence is related to heavier soils found in Kwa-Zulu Natal. This is
contrary to what we found; tubers showing netted scab symptoms mostly originated from the Western Cape which
includes the Sandveld region, known for its sandy soils. It is possible that the lack of a specific geographical species
distribution could be due to the use of infected seed tubers or that more than one species could naturally occur in a
specific location (Lehtonen et al. 2004; Wanner 2009).
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In a previous study in South Africa 56% of isolates were S. scabiei and 0.01% S. turgidiscaies; no S. acidiscabies
was found (Gouws 2009). This study revealed a population composition of 22% S. scabiei, 3% S. stelliscabiei and
6% S. flavofuscus. Streptomyces padanus comprised 9% of the sequenced isolates. No S. turgidiscabies or S.
acidiscabies were isolated in our study. Washing tubers and even storing tubers before isolation of the pathogen can
result in more S. turgidiscabies than S. scabiei being isolated from the lesions (Lehtonen et al. 2004; Valkonen
2004). Dees et al. (2013) could only find S. turgidiscabies in a few countries but attributed this to the small sample
size. Wanner (2009) found only two S. turgidiscabies isolates in a sample of 1074 txtAB positive isolates in North
America. Climatic conditions may be a reason for low or no S. turgidiscabies isolations as the largest number of S.
turgidiscabies isolates have been obtained from Norway (Dees et al. 2012), Japan and Finland (Miyajima et al.
1998; Kreuze et al. 1999; Lehtonen et al. 2004). There may also be ecological competition between S. scabiei and S.
turgidiscabies (Hiltunen et al. 2009). Another explanation for the apparent absence of S. turgidiscabies and S.
acidiscabies in South Africa could be that the association with potato is weak. Wanner (2009) stated that these two
species are the furthest related to the most common species usually associated with common scab on potato and may
have difficulty acquiring or maintaining the PAI. A larger survey is thus needed to determine if S. acidiscabies and
S. turgidiscabies are indeed associated with common scab of potatoes in South Africa.

The unidentified Streptomycetes associated with the lesions in this study comprised 32% of all isolates; similar to a
study conducted by Bukhalid et al. (2002), in which 25% of the isolates were unidentified. Doumbou et al. (2001)
found two unusual isolates associated with common scab lesions, but which are possibly not pathogenic. In addition
to this; 9% of the isolates found in this study were identified as S. padanus; a species that is not regarded as a
common scab pathogen. One of these isolates was capable of producing mild symptoms in a pot trial and all isolates
were pathogenic in the tuber slice assay. However, none had any of the three pathogenicity / virulence genes usually
associated with pathogenic Streptomycetes. Wanner (2007) identified non-pathogenic Streptomycetes associated
with less severe common scab symptoms. The ratio of pathogenic to non-pathogenic Streptomycetes may play a role
in disease development at different stages, but is not yet fully understood.

Conclusion

This study is an estimation of the true population of Streptomycetes associated with common scab of potatoes in
South Africa. Future work could focus on a larger sample size to confirm these results. Some of the aspects that
need re-evaluation are: the effect of the ratio of pathogenic to non-pathogenic Streptomycetes on potato common
scab lesions; why pathogenicity is acquired or lost; how Streptomycetes are distributed and the interactions between

host and pathogen in different ecological niches.

Knowledge of the multitude of genes involved in pathogenicity and comparative genome sequences will lead to a
better understanding of pathogenicity within Streptomyces. In this study, not one single gene could be linked to all
pathogenic Streptomyces isolates in South Africa, but instead it appears as if all three genes need to be present for

the isolate to be pathogenic. Optimization of quantification techniques of Streptomyces species for predicting
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common scab in South African potato production should focus on txtAB, necl and tomA together. Quantification of

the pathogen population based on the presence of one gene alone may lead to overestimation.

It is important to know the factors involved in pathogenicity as they can be used in in vitro screening of germplasm
for potato breeding programs. Future disease management programs will rely strongly upon determination and
characterization of pathogenic species within populations and selecting for tolerance in potato cultivars. This is the
most comprehensive study of Streptomyces isolated from tubers post-harvest in South Africa. It still remains
important to note that the soil microflora changes during the growing season and the Streptomyces responsible for

the disease could thus also change during the season and post-harvest.
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