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EVOLUTIONARY HISTORY AND DIVERSITY
OF WHITE BLISTER RUSTS (ALBUGINALES)"

MARCO THINES

Abstract. White blister rusts (Albuginales) are among the most common pathogen species on cultivated and wild angiosperms.
Like the downy mildews, the second group of obligate plant parasitic oomycetes, they do not belong to the true fungi, the My-
cota, but to the Straminipila, which also include seaweeds and diatoms. This review discusses recent findings on their diversity,

evolution and systematics.
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HOST RANGES OF DOWNY MILDEWS
AND WHITE BLISTER RUSTS

The white blister rusts (Albuginales) are ubiquitous
pathogens which can be found on every continent
except Antarctica. Like the second group of obli-
gate biotrophic plant pathogens, the downy mil-
dews, their sole hosts are flowering plants. Unlike
downy mildews, however, white blister rust has
also been reported from a member of the basal
Angiosperm order, the Piperales, Peperomia pel-
lucida (Patouillard & Langerheim 1892; Wilson
1907), and recently from Orchidaceae (Walker
& Priest 2007). Although the main radiation of the
Albuginales took place in the eurosids and euas-
terids sensu A.P.G. (2009), there are some species
affecting Papaverales (for summary see Yu et al.
1998) and several parasitic to Caryophyllales. This
is somewhat similar to downy mildews, which
have also undergone significant radiation and di-
versification in eurosids, euasterids and Caryo-
phyllales. In contrast to the situation in downy
mildews, however, grasses (Poaceae) do not seem
to be affected by white blister rusts. Interestingly,
both downy mildews and white blister rusts show
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a strong preference for weedy over woody hosts,
and as yet no white blister rusts have been reported
from any tree species.

TAXONOMIC HISTORY OF THE ALBUGINALES

In 1792 (Gmelin 1792) the first species of A/bugo
was described as Aecidium candidum (now Albugo
candida) by Persoon, who later placed it in genus
Uredo, subgenus Albugo (Persoon 1801). Based
on differences in symptom development, Persoon
(1801) described two different species of white
blister rust, with Uredo candida subdivided into
three varieties, parasitic to Brassicaceae and Aster-
aceae. A few years later, A/bugo was established
as an independent genus by de Roussel (1806),
although erroneously Gray (1821) is often still
given as the author for this genus. DeCandolle
(for summary see Lamarck & DeCandolle 1806)
added the species Uredo portulaceae (now Wilso-
niana portulacae) and Uredo petroselini (uncertain
species), raised the variety Uredo candida beta
trogopogi to species rank (Uredo tragopogi, now
Pustula tragopogonis) and renamed Uredo can-
dida as Uredo cruciferarum. In the remainder of
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the 19t century only a few additional species were
described but a multitude of synonyms were intro-
duced for the already established species, while it
was generally perceived that the species had broad
host ranges and were affecting whole host families.
Léveillé (1847) described the genus Cysfopus, and
later de Bary (1863) described the sexual state
of Albugo, adopting the generic name Cystopus.
Before Biga (1955) pointed out that names of
sexual form have no precedence over anamorphs
in oomycetes, many researchers considered white
blister rusts to be members of the superfluous
genus Cystopus (e.g., Wakefield 1927), while the
older genus name, A/bugo, also persisted.

In the early 20" century, several additional
species of Albugo were described. Wilson (1907)
recorded 13 species, and Biga (1955) accepted 30
species in this genus about 50 years later. Only
a few new species were described thereafter; the
key to the genus A/bugo published forty years later
(Choi & Priest 1995) recognized 10 species Biga
had not included. Until molecular phylogenetic
studies of the Albuginaceae became possible,
Albugo was generally treated as a member of
the Peronosporales (Dick 2001), in which it was
placed along with the second group of obligate
plant parasites, the downy mildews. This place-
ment was challenged by molecular phylogenetic
investigations, which revealed only a distant rela-
tionship between A/bugo and the downy mildews
(Riethmiiller et al. 2002; Hudspeth et al. 2003).
As a consequence, Thines and Spring (2005) de-
scribed the order Albuginales to accommodate the
white blister rusts. Based on molecular phylogeny
and morphological investigations, two new genera
were introduced. Of these, the genus Wilsoniana
is parasitic on Caryophyllales, while Pustula af-
fects Asterales and some affiliated orders. A/bugo
contains all the remaining species, but further phy-
logenetic and morphological investigations should
be expected to lead to substantial revisions. The
type species of the genus, 4. candida, is usually
affiliated with other Brassicales-infecting lineages,
but so far it has not been established whether the
host range of Albugo s.str. extends beyond Brassi-
cales. The Convolvulaceae-affecting lineages of
Albugo show high genetic distance from A/bugo

on Brassicales and should thus probably be treated
as an independent genus. The taxonomic changes
throughout the past 100 years are illustrated in
Figure 1.

ALBUGINALES ARE AN ANCIENT
BIOTROPHIC GROUP

Unexpectedly, the Albuginales were revealed to
be a group only distantly related to the downy
mildews (Riethmiiller ef al. 2002; Hudspeth ef al.
2003; Thines et al. 2008), and it is worth noting
that obligate dependence on living angiosperm
cells has evolved independently at least twice in
the oomycetes. Obligate biotrophy in the downy
mildews arose in evolutionarily recent times,
with some basal downy mildews still exhibiting
several characteristics commonly attributed to
the hemibiotrophic genus Phytophthora (Thines
2009); the Albuginales are a highly divergent lin-
eage and are not closely related to any culturable
species. Considering the deep branching of the
Albuginales within the peronosporalean lineage,
obligate biotrophy can be assumed to be a more
ancient phenomenon in the Albuginales. Thus it
is not surprising that the Albuginales share sev-
eral derived character states unique to oomycetes.
For example, white blister rust species do not de-
pend on moist conditions for asexual sporulation.
Spore production takes place below the epidermal
layer of the host plants, and seems to be a highly
regulated process in which lytic enzymes play
a key role (Heller & Thines 2009), and not force
as was generally thought previously (Webster
& Weber 2007).

A unique feature of the Albuginales is the pro-
duction of small, stalked haustoria, which ensure
optimal exposure of the interacting surface of the
pathogen inside the host cell. Baka (2008) showed
that tubular structures extend from the haustorial
membrane inside the host cell, probably owing to
defense mechanisms or to recruitment of the host
secretion and uptake machinery by the pathogen.
The high degree of reduction and shape conserva-
tion of the haustoria in white blister rust can be
seen as another characteristic derived from their
longstanding relationship with angiosperm hosts.
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Fig. 1. Historical and current taxonomy of white blister rusts. Species numbers at left are published species numbers, followed
by conservative species estimates of the actual diversity. * — A/bugo s./. on Convolvulaceae, ** — A/bugo s.1. on some Caryophyl-
lales, *** —unsequenced species of A/bugo with uncertain phylogenetic affinity. Rh. — Rhipidiales, At. — Atkinsiellales (informal

designation), Sa. — Saprolegniales, Le. — Leptomitales.

ALBUGINALES ARE HIGHLY DIVERSE
ON SEVERAL PLANT FAMILIES

Except in Convolvulaceae, Biga (1955) and Choi
and Priest (1995) accepted only single or a few
species per host family, and they considered them
synonymous in many cases when more than one
species had been described on a single host family.
Thus it was assumed that the species were host-
family-specific, and this stance led to mostly broad
species concepts (Wilson 1907; Biga 1955; Ko-
chman & Majewski, 1970; Vanev et al. 1993; Choi
& Priest 1995). During the last decade, however,
molecular phylogenetic studies have revealed some
genetic diversity within A/bugo on Brassicaceae
(Rehmany et al. 2000; Choi et al. 2006; Voglmayr
& Riethmiiller 2006). Detailed molecular phylo-
genetic and morphological studies have confirmed
the validity of A/bugo lepidii (Choi et al. 2007b)

and turned up several previously overlooked spe-
cies (Choi et al. 2007b, 2008; Thines ef al. 2009a;
Ploch et al. 2010). Using Cardamine, Ploch et al.
(2010) recently demonstrated that even within
a single host genus there may be multiple special-
ized species. In Caryophyllales as well, species di-
versity seems to be higher than previously thought:
Voglmayr and Riethmiiller (2006) demonstrated
that Wilsoniana amaranthi and W. bliti, both para-
sitic on species of Amaranthus, are indeed inde-
pendent species. However, We have only scratched
the surface of the complex of 4/bugo from Caryo-
phyllales, however; several species may await dis-
covery. Oospore morphology and ornamentation,
previously used mostly for species delimitation
on distinct plant families only (with the notable
exception of species in Convolvulaceae), have now
been shown to be the most important characters for
their delimitation (Voglmayr & Riethmiiller 2006;
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Choi et al. 2007b). Detailed investigations in the
Convolvulaceae are lacking, but judging from the
morphological diversity of the species described
(for an overview see Choi and Priest 1995), most
of these can be expected be prove phylogeneti-
cally distinct. For Asteraceae, which contain ca
300 reported host genera (Wilson 1907; Biga 1955;
Whipps & Cooke 1978; Voglmayr & Riethmiiller
2006), about four times the ca 70 host genera
known for Brassicaceae (Wilson 1907; Biga 1955;
Kochman & Majewski 1970), no detailed inves-
tigations using both molecular phylogenetic and
morphological evidence have yet been published.
However, Voglmayr and Riethmiiller (2006) have
already observed some genetic diversity in nrLSU
in this group, its species diversity may be com-
parable to that of the Brassicaceae-infecting line-
ages. If species of Asteraceae are as host-specific
as in Brassicaceae, dozens of new species await
discovery.

SPECIALISM AND GENERALISM ARE KNOWN
IN WHITE BLISTER RUSTS

Against what was previously thought, most white
blister rust species are host-specific, apparently at
least at the genus level (Choi ef al. 2007b, 2008;
Thines ef al. 2009a) but sometimes even below
that (Ploch et al. 2010). Albugo candida has an
exceptionally broad host range, however, with
hosts throughout various Brassicaceae tribes and
extending to Cleomaceae and Capparaceae (Choi
et al. 2009a). As genetic exchange throughout this
vast host range is thus highly likely, it may be
misleading to give race designations to strains col-
lected from a specific host solely on the basis of the
host species affected (Borhan et al. 2008). Interest-
ingly, so far there are three cases known in which
the same host genus can be affected by both the
generalist species 4. candida and a specialized spe-
cies (Choi et al. 2007b, 2008; Thines et al. 2009a).
The underlying mechanisms allowing 4. candida
to parasitize a broad range of Brassicales, while
the specialized species seem to have restricted
host ranges, remain obscure, but as Thines et al.
(2009a) suggested, the reason for this difference
be that 4. candida employs effectors which target

basal defense pathways conserved throughout
Brassicales. Another still unresolved question is
the basis for the co-occurrence of specialist and
generalist species, that is, the underlying niche
partitioning for the species. So far no generalist
species seem to have been observed in Asteraceae
and Caryophyllales (Voglmayr & Riethmiiller
2006), but only limited sampling has been done
in these groups.

MANY SPECIES ARE TO BE DISCOVERED

The pace of species discovery in both downy mil-
dews (Cunnington 2006; Voglmayr et al. 2006;
Choi et al. 2007a, 2009b; Voglmayr & Constanti-
nescu 2008; Thines et al. 2009b) and white blister
rusts (Choi et al. 2007b, 2008; Thines ez al. 2009a,
Ploch ef al. 2010) has dramatically increased in
the last five years. Ongoing studies are turning
up several undescribed species in Brassicaceae
and Asteraceae, and in view of the narrow host
specialization characteristic for most species of
white blister rusts, new species are likely to be
discovered in other host families. Figure 1 gives
estimates of species diversity in each of the groups,
based on distinct phylogenetic lineages recently
found (both published and unpublished) and the
number of known hosts.

ACKNOWLEDGEMENTS. I thank the anonymous reviewer
for helpful remarks on the manuscript. This work was
financially supported by ‘LOEWE’ — Landes-Offensive
zur Entwicklung Wissenschaftlich-6konomischer Exzel-
lenz, a research funding program of the State of Hesse
Ministry of Higher Education, Research and the Arts.

REFERENCES

ANGIOSPERM PHYLOGENY GROUP (A.P.G.) 2009. An update
of the Angiosperm Phylogeny Group classification for the
orders and families of flowering plants: APG III. Bot. J.
Linn. Soc. 161: 105-121.

BAKA Z. A. M. 2008. Occurrence and ultrastructure of A/bugo
candida on a new host, Arabis alpina in Saudi Arabia.
Micron 39: 1138-1144.

BIGA M. L. B. 1955. Riesaminazione delle specie del genre
Albugo in base alla morfologia dei conidi. Sydowia 9:
339-358.



M. THINES: EVOLUTIONARY HISTORY AND DIVERSITY OF WHITE BLISTER RUSTS

263

BARY A. DE 1863. Recherches sur le développement de quelques
champignons parasites. Ann. Sci. Nat., Bot. 20: 5-148.

BORHAN M. H., GUNN N., COOPER A., GULDEN S., TOR M.,
RIMMER S. R. & HoOLUB E. B. 2008. WRR4 encodes
a TIR-NB-LRR protein that confers broad-spectrum white
rust resistance in Arabidopsis thaliana to four physiologi-
cal races of Albugo candida. Molecular Plant-Microbe
Interactions 21: 757-768.

CHOI D. & PRIEST M. J. 1995. A key to the genus Albugo.
Mycotaxon 53: 261-272.

CHOI Y.-J., HONG S.-B. & SHIN H.-D. 2006. Genetic diver-
sity within the A/bugo candida complex (Peronosporales,
Oomycota) inferred from phylogenetic analysis of its
rDNA and COX2 mtDNA sequences. Molec. Phylogenet.
Evol. 40: 400-409.

CHOI Y.-J., CONSTANTINESCU O. & SHIN H.-D. 2007a. A new
downy-mildew of the Rosaceae: Peronospora oblongis-
pora sp. nov. (Chromista, Peronosporales). Nova Hedwigia
85: 93-101.

CHoI Y.-J., SHIN H.-D., HONG S.-B. & THINES M. 2007b.
Morphological and molecular discrimination among A/-
bugo candida materials infecting Capsella bursa-pastoris
world-wide. Fung. Diversity 27: 11-34.

CHOI Y.-J., SHIN H.-D. & THINES M. 2008. Evidence for
uncharted biodiversity in the Albugo candida complex,
with the description of a new species. Mycol. Res. 112:
1335-1343.

CHOI Y.-J., SHIN H.-D., HONG S.-B. & THINES M. 2009a. The
host range of A/bugo candida extends from Brassicaceae
through Cleomaceae to Capparaceae. Mycol. Progr. 8:
329-335.

CHOI Y.-J., SHIN H.-D. & THINES M. 2009b. Two novel Perono-
spora species are associated with recent reports of downy
mildew on sages. Mycol. Res. 113: 1343-1353.

CUNNINGTON J. H. 2006. DNA sequence variation supports
multiple host-specialised taxa in the Peronospora viciae
complex (Chromista: Peronosporales). Nova Hedwigia
82:23-29.

Dick M. W. 2001. Straminipilous Fungi: Systematics of the
Peronosporomycetes Including Accounts of the Marine
Straminipilous Protists, the Plasmodiophorids and Simi-
lar Organisms. Kluwer Academic Publishers, Dordrecht/
Boston/London.

GMELIN J. F. 1792. Systema Naturae. 2(2). G. E. Beer, Leipzig.

GRAY S. F. 1821. Natural Arrangement of British Plants. 1.
Printed for Baldwin, Cradock, and Joy, London.

HELLER A. & THINES M. 2009. Evidence for the importance of
enzymatic digestion of epidermal walls during subepider-
mal sporulation and pustule opening in white blister rusts
(Albuginaceae). Mycol. Res. 113: 657-667.

HUDSPETH D. S. S., STENGER D. & HUDSPETH M. E. S. 2003.
A COX2 phylogenetic hypothesis of the downy mildews
and white rusts. Fung. Diversity 13: 47-57.

KOCHMAN J. & MAJEWSKI T. 1970. Grzyby (Mycota). 4.
Glonowce (Phycomycetes), Wroslikowe (Peronosporales).
Panstwowe Wydawnictwo Naukowe, Warszawa.

LAMARCK J. B. & DECANDOLLE A. P. 1806. Synopsis plantarum
in flora Gallica descriptarum. H. Agasse, Paris.

LEVEILLE J.-H. 1847. Sur la disposition methodique des Ure-
dinées. Ann. Sci. Nat., Bot. 8: 369-376.

PATOUILLARD N. & LANGERHEIM G. 1892. Champignons de
I’equateur II. Bull. Soc. Mycol. France 8: 123.

PERSOON C. H. 1801. Synopsis Methodica Fungorum. H. Di-
eterich, Gottingen.

PLocH S., CHoI Y.-J., RosT C., SHIN H.-D., SCHILLING E.
& THINES M. 2010. Evolution of diversity in A/bugo is
driven by high host specificity and multiple speciation
events on closely related Brassicaceae. Molecular Phylo-
genetics and Evolution (in press).

REHMANY A. P, LYNN J. R., TOR M., HOLUB E. B. & BEY-
NON J. L. 2000. A comparison of Peronospora parasitica
(downy mildew) isolates from Arabidopsis thaliana and
Brasscia oleracea using amplified fragment length pol-
ymorphism and internal transcribed spacer 1 sequence
analyses. Fungal Genetics and Biology 30: 95-103.

RIETHMULLER A., VOGLMAYR H., GOKER M., WEISS M.
& OBERWINKLER F. 2002. Phylogenetic relationships of
the downy mildews (Peronosporales) and related groups
based on nuclear large subunit ribosomal DNA sequences.
Mycologia 94: 834-849.

ROUSSEL H. F. A. DE 1806. Flore du Calvados. 2¢ Ed. F. Pois-
son, Caen.

THINES M. 2009. Bridging the gulf: Phytophthora and downy
mildews are connected by rare grass parasites. PloS ONE
4: e4790.

THINES M. & SPRING O. 2005. A revision of Albugo (Chro-
mista, Peronosporomycetes). Mycotaxon 92: 443—458.

THINES M., GOKER M., TELLE S., RYLEY M., MATHUR K.,
NARAYANA Y. D., SPRING O. & THAKUR R. P. 2008. Phy-
logenetic relationships of graminicolous downy mildews
based on cox2 sequence data. Mycol. Res. 112: 345-351.

THINES M., CHoI Y.-J., KEMEN E., PLOCH S., HOLUB E. B.,
SHIN H.-D. & JONES J. D. G. 2009a. A new species of
Albugo parasitic to Arabidopsis thaliana reveals new evo-
lutionary patterns in white blister rusts (Albuginaceae).
Persoonia 22: 123-128.

THINES M., TELLE S., PLOCH S. & RUNGE F. 2009b. Identity
of the downy mildew pathogens of basil, coleus, and sage
with implications for quarantine measures. Mycol. Res.
113: 532-540.

VANEV S. G., DIMITROVA E. G. & ILIEVA E. 1. 1993. Gybite
v Bylgariya. 2. Razred Peronosporales. Bulgarian Academy
of Sciences, Sofia.

VOGLMAYR H. & CONSTANTINESCU O. 2008. Revision and
reclassification of three Plasmopara species based on



264

POLISH BOTANICAL JOURNAL 55(2). 2010

morphological and molecular phylogenetic data. Mycol.
Res. 112: 487-501.

VOGLMAYR H. & RIETHMULLER A. 2006. Phylogenetic re-
lationships of A/bugo species (white blister rusts) based
on LSU rDNA sequence and oospore data. Mycol. Res.
110: 75-85.

VOGLMAYR H., FATEHI J. & CONSTANTINESCU O. 2006. Revi-
sion of Plasmopara (Chromista, Peronosporales) parasitic
on Geraniaceae. Mycol. Res. 110: 633—645.

WAKEFIELD E. M. 1927. The genus Cysfopus in South Africa.
Bothalia 2: 242-246.

WALKER J. & PRIEST M. J. 2007. A new species of A/bugo on
Pterostylis (Orchidaceae) from Australia: confirmation of

the genus A/bugo on a monocotyledonous host. Australa-
sian Pl. Pathol. 36: 181-185.

WEBSTER J. & WEBER R. W. S. 2007. Introduction to Fungi.
3 Ed. Cambridge University Press, Cambridge.

WHIPPS J. M. & COOKE R. C. 1978. Interactions of species
of Compositae with Albugo tragopogonis from Senecio
squalidus. Trans. British Mycol. Soc. 70: 389-392.

WILSON G. W. 1907. Studies in North American Peronospora-
les I, the genus Albugo. Bull. Torrey Bot. Club 34: 61-84.

YU Y.-N., ZHUNG W.-Y,, LU X.-J.,, MA G.-Z., L1 J.-L., YIN
G.-Y., YANG Z.-S., TAO J.-F., SHEN Y.-Z., WANG Y.-X.
& LU Y.-L. 1998. Flora Fungorum Sinicorum. 6. Perono-
sporales. Science Press, Beijing (in Chinese).

Received 15 May 2010



