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SUMMARY

In this paper we present the status of investigations into the genetic diversity of Phytophthora
infestans populations in Europe and an update on the means of storing, collating and interpreting
such information in a central database. Simple Sequence Repeat markers (SSR), also termed
microsatellites, remain the method of choice for examining population diversity as they are rapid,
robust and resolve population structure at a level appropriate for identifying and discriminating
clonal lineages and exposing the signature of sexual recombination in highly diverse populations.
SSR analysis has progressed from 3 panels of 3-5 multiplexed markers to a single multiplex assay
in which 12 markers are run in a single PCR. Frequent discovery of more than two alleles at a
single SSR locus in some P. infestans populations suggests changes in chromosome complements.
These different ploidy levels within a population have proved challenging for most methods of
population genetic analysis but recent publications provide a way forward and are discussed. Several
comprehensive national studies on P. infestans diversity are underway within Europe and, combined
with some international comparisons will clarify the recent evolutionary history of this damaging
pathogen. SSRs are considered selectively neutral markers. There is interest in examining sequence
diversity in effector genes that are under selection pressure, in order to understand the evolution
of P. infestans virulence/pathogenicity. In combination with neutral SSR data, effector sequences
will provide a different perspective on pathogen diversity at local and international scales. The
Eucablight database that was developed in the ‘Eucablight’ EU funded Concerted Action project
is also evolving and we briefly describe its status as it merges with the larger and more flexible
‘cropproblem’ database that holds data for the Wheat Rust Toolbox which forms part of the Global
Cereal Rust Monitoring System.
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BACKGROUND

We have reported previously the rationale for examining P. infestans populations and the benefits
of a centralised database to store information in a standard format (Cooke ez /. 2007b; Cooke
et al. 2009; Cooke and Lees 2004; Hansen er al. 2007). Global populations of P. infestans are

PPO-Special Report no. 15 (2012), 37 - 44

=
=]
.=
=
<
o=
=
Q
w
o
=
~




=2
-
o
@
(2]
=}
-
8
=
=.
o
=}

characterised by the migration and domination of clonal lineages in many regions (e.g. Fry e al.
2009) with evidence of sexual recombination in others such as Mexico (Goodwin et al., 1992;
Grunwald and Flier 2005) and Scandinavia (Brurberg ez /. 1999; Brurberg ez al., 2011; Widmark
et al. 2007). Well documented cases of host resistance breakdown and fungicide resistance are
testament to the challenges of managing potato blight. The success of integrated control strategies
depends on our understanding of the pathogen diversity at local, national and international scales
and the mechanisms and rates of pathogen evolution. The theoretical advantages of planned host
resistance deployment strategies have been demonstrated (Skelsey ez a/. 2010) but their success
hinges on understanding the stability of such sources of resistance in the face of a diverse repertoire
of rapidly evolving pathogen effectors (Haas ez a/. 2009).

UPDATES ON PROGRESS

SSR markers and their analysis

SSR markers have been developed by at least three research groups (Knapova ez a/. 2001; Lees ez al.
2006 ; Li et al. 2010) and used in various combinations (Knapova and Gisi 2002; protocols in www.
eucablight.org). Multiplexing (the amplification of more than one locus in a single PCR mix) has
been applied to increase the efficiency of the approach. Not all markers are equally informative (i.e.
the polymorphism information content or PIC score varies) or easy to score due to levels of stutter
(e.g. Brownstein ez al. 1996). This has led to different numbers of markers being applied in different
studies (e.g. Brurberg er a/. 2011). A collaboration between Wageningen University and The James
Hutton Institute has resulted in a multiplex assay which includes 12 of the most informative and
easy-to-score markers (Li ez a/. 2012). Step-by-step protocols will be published in the near future on
the Euroblight web site (www.eucablight.net). This 12-plex assay has been used on several thousand
isolates in the UK and the Netherlands and is proving a rapid and efficient means of genotyping and
identifying lineages according to their multi-locus genotype (MLG).

In a diploid organism, such as P. infestans, a specific SSR locus may be homozygous, in which case
PCR amplification generates a single SSR allelic peak, or heterozygous resulting in two peaks on
the electropherogram (Fig. 1). The occurrence of more than two peaks has been observed in our
studies and is reported in the literature (Lees ez al. 2006; Brurberg ez /. 2011). Differences in ploidy
have been observed in P. infestans (e.g. Tooley and Therrien 1991; Whittaker ef a/. 1991) and are
consistent with these observations (Fig 1). Most methods for population genetic analysis are designed
for examining diploid or haploid populations but analysis of other levels of ploidy and, in particular,
populations comprising mixtures of isolates of different ploidies have proved challenging. However,
a recent method (Bruvo ez a/. 2004) has been implemented in R as the package POLYSAT (Clark
and Jaseniuk 2011). POLYSAT is capable of appropriately interpreting SSR data in populations of
mixed ploidy to generate Bruvo genetic distances, principal co-ordinate analysis and F-statistics and
will improve the interpretation of such P. infestans populations.
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Figure 1. SSR peaks at the D13 locus of two isolates of P. infestans genotype 13_A2. In this marker, prominent
but consistent stutter peaks form within each cluster, the largest being scored. a) An isolate with alleles 136 bp
and 154 bp in which the height of the 136 bp peak is consistent with it being present in two copies compared
to the lower 154bp peak. b) A different isolate of the same clonal lineage (identical at all other loci) bur with
an additional 144 bp allele that is consistent with an 8bp (4 dinucleotide) mutation of one of the 136 bp allele
copies. Note the peak height ratios are closer to 1:1:1 than in a).

Current studies on pathogen diversity

The Eucablight database currently holds data on over 25,000 isolates, with SSR data for 5,776
isolates from fifteen European countries. This is a comprehensive resource but a combination of
some notable absences in the geographic coverage of Europe and the problem of variable ploidy,
discussed above, has hindered an analysis of the evolutionary history on a pan-European scale.
Such issues should soon be resolved as many comprehensive datasets now fill these gaps. Examples
include; the Netherlands (van den Bosch ez a/. 2012), Nordic regions (Brurberg ez al. 2011; Gronberg
et al. 2010), Northern Ireland and the Republic of Ireland (Kildea ez 4/., 2010) France (Montarry
er al. 2010; R. Corbiere pers. comm.), Poland (Chmielarz ¢z /. 2010), Hungary (J. Bakonyi and
Z. Nagy pers. comm.) as well as data generated at The James Hutton Institute on isolates provide
by BayerCropScience and Syngenta as a part of their monitoring programmes. The inclusion of
data from studies on isolates from North, Central and South America (F. Martin, M. Coffey, N.
Grunwald and D. Cooke pers. comm.) will add a new dimension, placing the European population
in a global perspective.

Effector sequencing

SSR markers as discussed above are highly polymorphic, making them a powerful tool for a
relatively rapid and affordable view of population diversity and isolate discrimination even within
clonal lineages; for example in P. ramorum clones, (Goss et al. 2009). For examining population
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diversity at a slightly coarser phylogenetic resolution i.e. looking back further into the evolutionary
history of the species, DNA sequence data has advantages (see Cooke and Lees 2004). Examples
include sequencing selectively neutral genes to examine the genealogical history of P. infestans
(Gémez-Alpizar et al. 2007) and as support for P. andina being a hybrid of P. infestans and another,
as yet undescribed, taxa (Goss er al. 2011). Rapid advances in the discovery of effector genes, the
products of which affect host cell function to allow pathogen infection, are providing opportunities
to explore the evolutionary drivers of pathogenicty in P. infestans. The genes responsible for virulence
against known resistances in the R gene differential series have now been identified (reviewed in
Vleeshouwers et al. 2011) within a group of over 500 effectors with a distinct RXLR motif in the
P. infestans genome (Haas er al. 2009). Sequencing a panel of these effectors amongst isolates of
different MLG, defined by SSR markers, is underway at The James Hutton Institute. To date, the
RXLR allelic diversity and MLG correspond closely. Avr2 provides an interesting example in which
the R2 gene is ‘defeated’ by two mechanisms in different MLGs. In isolates of many MLGs the Avr2
gene is present and recognized by R2 resulting in resistance. The non-synonymous (replacement)
single nucleotide polymorphisms (SNPs) reported did not affect this recognition. In isolates of
other MLGs the Avr2 gene were deleted from the genome and R2 thus ‘defeated’. An alternative
mechanism of overcoming R2 was also noted in isolates that were able to silence expression of the
Avr2 gene (Gilroy ez al. 2010). Such studies of the sequence diversity provides a means of directly
examining the evolution of pathogenicity and, in the longer term, supports strategies for selecting
and deploying host resistance that is more likely to be durable (Vleeshouwers ez al. 2011).

The evolving Eucablight database

A major achievement of the EU concerted action Eucablight project was databases of P. infestans
pathogen diversity and potato host resistance coupled with analysis tools and a web-based interface
to summarise and view the data (www.eucablight.org). These databases and interfaces were planned
by the project partners and implemented in 2003 at the University of Arhus (Lassen and Hansen
2005; Hansen ez al. 2007). Updates to the datasets of both host and pathogen databases have
continued since the formal Eucablight project completion date in 2006. The web interface performs
calculations and displays updates ‘on the fly’ so that summaries of all current data may be viewed.
Both datasets are a valuable resource but it is recognised that improvements to the data upload
facilities and the web interface for displaying the results are required for the databases to reach
their full potential. Database and internet technology has evolved since these were designed and,
as a result of additional funding, the team at the University of Arhus has designed and built a new
‘crop problem’ database. This database is based on.NET technology and has a broader scope to
track changes in cereal pathogens within the ‘Eurowheat’ project (www.eurowheat.org; Jorgensen
et al. 2010) and the rust initiative (rustspore.cimmyt.org, www.wheatrust.org; Hodson ez a/. 2011).
Powerful mapping tools are now exploited to present wheat rust population data geographically.
The Eucablight database will be migrated to this new format and alternative means of uploading
data from the projects mentioned above will facilitate its expansion. The addition of data from other
continents is also planned.

ACKNOWLEDGEMENTS

The ‘Eucablight — A Late Blight Network for Europe’ project (QLK5-CT-2002-00971) was
supported by the European Commission under the Fifth Framework Programme. We gratefully
acknowledge all project partners and those who have contributed data to the databases.



REFERENCES

van den Bosch, T.B.M., Y. Li, A. Evenhuis, M.G. Férch, G.J.T. Kessel and T.A.]. van der Lee, 2012.
Population of Phytophthora infestans in the Netherlands during the first decade of the 21st
century. Proceedings of the 13th Euroblight workshop — PPO special report No. 15, this
volume.

Brownstein, M.J., ]J.D. Carpten and J.R. Smith, 1996. National modulation of non-templated
nucleotide addition by Taqg DNA polymerase: Primer modifications that facilitate genotyping.
BioTechniques 20, 1004-1010

Brurberg M.B., A. Elameen, V.H. Le, R. Naerstad,A. Hermansen, A. Lehtinen, A. Hannukkala,
B. Nielsen, J.G. Hansen, B. Andersson and J. Yuen, 2011. Genetic analysis of Phyrophthora
infestans populations in the Nordic European countries reveals high genetic variability
Fungal Biology, 115, 335-342

Brurberg M.B., A. Hannukkala and A. Hermansen 1999. Genetic variability of Phyrophthora
infestans in Norway and Finland as revealed by mating type and fingerprint probe RG57.
Mycological Research 103,1609-1615

Bruvo R., N.K. Michiels, T.G. D’souza and H. Schulenburg, 2004. A simple method for the
calculation of microsatellite genotype distances irrespective of ploidy level. Molecular
Ecology 13, 2101-6

Chmielarz, M., S. Sobkowiak, R. Lebecka, and J. Sliwka, 2010. Chosen characteristics of Polish
Phytophthora infestans isolates. Proceedings of the 12th Euroblight workshop — PPO-Special
Report no. 14, 39-44.

Clark LV. and M. Jasieniuk 2011. Polysat: an R package for polyploid microsatellite analysis.
Molecular Ecology Resourcesl1, 562-6

Cooke D.E.L. and A.K. Lees 2004. Markers, old and new, for examining Phytophthora infestans
diversity. Plant Pathology 53, 692-704

CookeD.E.L.,A.K.Lees,].G. Hansen, P. Lassen, B. Andersson and J. Bakonyi, 2007. EUCABLIGHT
one year on: an update on the European blight population database. Proceedings of the 10th
workshop of an European network for the development of an integrated control strategy for
late blight — PPO special report No. 12, 129-136

Cooke D.E.L., A K. Lees, J.G. Hansen, P. Lassen, B. Andersson and ]. Bakonyi, 2009. From a
European to a global database of P. infestans genetic diversity: examining the nature and
significance of population change. Proceedings of the third International Late Blight
Conference, Beijing, China. 03-06 April 2008. Acta Hort. 834: 19-26

Fry W.E., S.B. Goodwin, J.M. Matuszak, L.J. Spielman, M.G.Milgroom and A. Drenth, 1992.
Population genetics and intercontinental migrations of Phytophthora infestans. Annual
Review of Phytopathology 30, 107-129

Fry W.E., N.J. Griinwald, D.E.L. Cooke, A. McLeod, G.A. Forbes and K. Cao, 2009. Population
genetics and population diversity of Phytophthora infestans. In Oomycete Genetics and
Genomics: Diversity, Interactions and Research Tools. Ed. Lamour K and Kamoun S. Wiley
Blackwell. 139-164

Gilroy, E.M., S. Breen, S.C. Whisson, J. Squires, I. Hein, M. Kaczmarek, D. Turnbull, P.C. Boevink,
A. Lokossou, L.M. Cano, J. Morales, A. Avrova, L. Pritchard, E. Randall, F. Govers, P. van
West, S. Kamoun, V.G.A.A. Vleeshouwers, D.E.L. Cooke and P.R.] Birch, 2011. Presence/
absence, differential expression and sequence polymorphisms between PIAVR2 and PiAVR2-
like in Phytophthora infestans determine virulence on R2 plants. New Phytologist 191, 763-
776

Goodwin S.B., L.J. Spielman, J.M Matuszak, S.N. Bergeron and W.E. Fry, 1992. Clonal diversity
and genetic differentiation of Phytophthora infestans populations in northern and central

Mexico. Phytopathology 82, 955-961

=
=}
.=
=
<
o=
=
13}
w
o
-
~




=2
-
o
@
(2]
=}
-
8
=
=.
o
=}

Gémez-Alpizar, L., I. Carbone, and J.B. Ristaino. 2007. An Andean origin of Phytophthora infestans
inferred from mitochondrial and nuclear gene genealogies. Proceedings of the National
Academy of Sciences, USA 104, 3306-3311

Goss E.M., M. Larsen, G.A. Chastagner, D.R. Givens and N.J. Griinwald, 2009. Population genetic
analysis infers migration pathways of Phytophthora ramorum in US nurseries. PLoS Pathogens
5(9), €1000583. doi:10.1371/journal.ppat.1000583

Goss, E.M., M.E. Cardenas, K. Myers, G.A. Forbes, W.E. Fry, S. Restrepo and N.J. Griinwald,
2011.The plant pathogen Phytophthora andina emerged via hybridization of an unknown
Phytophthora species and the Irish potato famine pathogen, P. infestans. PLoS ONE 6(9):
€24543. doi:10.1371/journal.pone.0024543

Gronberg, L., B. Andersson, N. Hogberg, A.K. Widmark and J.E. Yuen, 2010. Genotypic variation
of Phytophthora infestans within and between fields in the Nordic countries. Proceedings of
the 12th Euroblight workshop — PPO-Special Report no. 14, 151-152

Grunwald N.J. and W.G. Flier 2005. The biology of Phytophthora inféstans at its center of origin.
Annual Review of Phytopathology 431, 171-190

Haas, B.J., S. Kamoun, M.C. Zody, R.H.Y. Jiang, R.E. Handsaker, L.M. Cano, M. Grabherr, C.D.
Kodira, S. Raffaele, T. Torto-Alalibo, T.O. Bozkurt, A.M.V. Ah-Fong, L. Alvarado, V.L.
Anderson, M.R. Armstrong, A. Avrova, L. Baxter, J. Beynon, P.C. Boevink, S.R. Bollmann,
J.I.B. Bos, V. Bulone, G. Cai, C. Cakir, J.C. Carrington, M. Chawner, L. Conti, S. Costanzo,
R. Ewan, N. Fahlgren, M.A. Fischbach, J. Fugelstad, E.M. Gilroy, S. Gnerre, P.J. Green, L.J.
Grenville-Briggs, J. Griffith, N.J. Grunwald, K. Horn, N.R. Horner, C.H. Hu, E. Huitema,
D.H. Jeong, AAM.E. Jones, ].D.G. Jones, RW. Jones, E.K. Karlsson, S.G. Kunjeti, K.
Lamour, Z. Liu, L. Ma, D. MacLean, M. C. Chibucos, H. McDonald, J. McWalters, H.].G.
Meijer, W. Morgan, P.E. Morris, C.A. Munro, K. O’Neill, M. Ospina-Giraldo, A. Pinzon,
L. Pritchard, B. Ramsahoye, Q. Ren, S. Restrepo, S. Roy, A. Sadanandom, A. Savidor, S.
Schornack, D.C. Schwartz, U.D. Schumann, B. Schwessinger, L. Seyer, T. Sharpe, C. Silvar,
J. Song, D.J. Studholme, S. Sykes, M. Thines, P.J.I. van de Vondervoort, V. Phuntumart,
S. Wawra, R. Weide, J. Win, C. Young, S. Zhou, W. Fry, B.C. Meyers, P. van West, ].
Ristaino, F. Govers, P.R.J. Birch, S.C. Whisson, H.S. Judelson, and C. Nusbaum 2009.
Genome sequence and analysis of the Irish potato famine pathogen Phytophthora infestans.
Nature 461, 393-398

Hansen J.G., L.T. Colon, D.E.L. Cooke, P. Lassen, B. Nielsen, L.R. Cooke, D. Andrivon and
AK. Lees, 2007. Eucablight — collating and analysing pathogenicity and resistance data
on a European scale. Proceedings of conference: ‘Computer Aids for Plant Protection’ in
Wageningen, the Netherlands, Oct 17-19, 2006. OEPP/EPPO, Bulletin OEPP/EPPO
Bulletin 37, 383-390

Hodson D.P.,K. Nazari, R.F. Park, J.G. Hansen, P. Lassen, J. Arista,T. Fetch, M.S. Houmagller,
Y. Jin, Z.A. Pretorius,K. Sonder 2011. Putting Ug99 on the map: An update on current
and future monitoring. Proceedings BGRI 2011 Technical Workshop. ed. Robert McIntosh.
2011, 3-13.

Jorgensen L.N., M.S. Hovmeller, ].G. Hansen, P. Lassen, B. Clark, R. Bayles, B. Rodemann, M.
Jahn, K. Flath, T. Goral, J. Czembor, P. du Cheyron, C. Maumene, C. de Pope and G.C.
Nielsen, 2010. EuroWheat.org - A Support to Integrated Disease Management in Wheat.
Outlooks on Pest Management 21, 173-176

Kildea S., L.R. Cooke, L. Quinn, G. Little, C. Armstrong, F. Hutton, L.]. Dowley and D. Griffin,
2010. Changes within the Irish potato late blight population. Proceedings of the 12th
Euroblight workshop — PPO-Special Report no. 14, 147-150

Knapova G. and U. Gisi, 2002. Phenotypic and genotypic structure of Phytophthora infestans
populations on potato and tomato in France and Switzerland. Plant Pathology51, 641-653

42



Knapova G., I. Tenzer, C. Gessler and U. Gisi 2001. Characterisation of Phytophthora infestans from
potato and tomato with molecular markers. Biodiversity in Plant Pathology. Proceedings of
the 5th Congress of the European Foundation for Plant Pathology, Taormina, Italy. Pisa,
Italy: SIPV, 6-9.

Lassen, P. and J.G. Hansen, 2005. EUCABLIGHT database: collecting, storing and analysing
dara related to potato late blight. Proceedings of the Joint 5th Conference of the European
Federation for Information Technology in Agriculture, Food and Environment and the 3rd
World Congress on Computers in Agriculture and Natural Resources, July 25-28, 2005, Vila
Real, Portugal, 575-582.

Lees A.K., R. Wattier, D.S. Shaw, L. Sullivan, N.A. Williams and D.E.L. Cooke, 2006. Novel
microsatellite markers for the analysis of Phytophthora infestans populations. Plant Pathology
55, 311-319

Li Y., F. Govers, O. Mendes, A. Testa, E. Jacobsen, SW. Huang and T.A.J van der Lee, 2010. A
new set of highly informative SSR markers for Phytophthora infestans population analysis
assembled into an efficient multiplex. Molecular Ecology Resources 10, 1098-105

Li Y., T.A.J van der Lee, D.E.L. Cooke and E. Jacobsen 2012. Efficient one-step genotyping of the
oomycete plant pathogen Phytaphthora infestans (manuscript in preparation)

Montarry, J. D. Andrivon, 1. Glais, R. Corbiere, G. Mialdea and F. Delmotte, 2010. Microsatellite
markers reveal two admixed genetic groups and an ongoing displacement within the French
population of the invasive plant pathogen Phytophthora infestans. Molecular Ecology 19,
1965-77

van Poppel P.M.J.A., J. Guo, P.J.I. van de Vondervoort, M.W.M. Jung, P.RJ. Birch, S.C. Whisson
and F. Govers, 2008. The Phyrophthora infestans avirulence gene Avr4 encodes an RXLR-
dEER effector Molecular Plant-Microbe Interactions. 21, 1460-1470

Skelsey P., W.A.H. Rossing, G.J.T. Kessel and van der Werf, 2010. Invasion of Phytaphthora infestans
at the Landscape Level: How Do Spatial Scale and Weather Modulate the Consequences of
Spatial Heterogeneity in Host Resistance? Phytopathology 100, 1146-1161

Tooley, PW. and C.D. Therrien, 1991. Variation in ploidy in Phytophthora infestans. In: Lucas
JA, Shattock RC, Shaw DS, Cooke LR, eds. Phytophthora. Cambridge, UK: Cambridge
University Press, 205-17

Vleeshouwers V.G., S. Raffaele, ].H. Vossen, N. Champouret, R. Oliva, M.E. Segretin, H. Rietman,
L.M. Cano, A. Lokossou, G. Kessel, M.A. Pel and S. Kamoun 2011. Understanding and
exploiting late blight resistance in the age of effectors. Annual Review of Phytopathology.
49, 507-31

Whittaker S.L., R.C. Shattock and D.S. Shaw, 1991. Variation in DNA content of nuclei of
Phytophthora infestans as measured by a microfluorimetric method using the fluorochrome
DAPI. Mycological Research, 95, 602-610

Widmark A.K., B. Andersson, A. Cassel-Lundhagen, M. Sandstrom and ].E. Yuen, 2007.
Phytophthora infestans in a single field in southwest Sweden early in spring: symptoms, spatial
distribution and genotypic variation. Plant Pathology 564, 573-579

=
=}
.=
=
<
o=
=
13}
w
o
-
~




Presentation

44



