Molecsdan Plast Patbology

MOLECULAR PLANT PATHOLOGY (2010) 11(2), 169-177

Pathogen profile

@

BSPP
A

DOI: 10.1111/J.1364-3703.2009.00589.X

Phakopsora pachyrhizi, the causal agent of Asian soybean rust

KATHARINA GOELLNER', MARCO LOEHRER', CASPAR LANGENBACH', UWE CONRATH',

ECKHARD KOCH? AND ULRICH SCHAFFRATH"*

'Department of Plant Physiology, RWTH Aachen University, D-52056 Aachen, Germany
2Institute for Biological Control, Julius Kiihn-Institut, HeinrichstraBe 243, D-64287 Darmstadt, Germany

SUMMARY

The plant pathogenic basidiomycete fungi Phakopsora
pachyrhizi and Phakopsora meibomiae cause rust disease in
soybean plants. Phakopsora pachyrhizi originated in Asia—
Australia, whereas the less aggressive P. meibomiae originated
in Latin America. In the New World, P. pachyrhizi was first
reported in the 1990s to have spread to Hawaii and, since 2001,
it has been found in South America. In 2004, the pathogen
entered continental USA. This review provides detailed informa-
tion on the taxonomy and molecular biology of the pathogen,
and summarizes strategies to combat the threat of this devas-
tating disease.

Taxonomy: Phakopsora pachyrhizi Syd. & P. Syd; uredial
anamorph: Malupa sojae (syn. Uredo sojae); Domain Eukaryota;
Kingdom Fungi; Phylum Basidiomycota; Order Uredinales; Class
Urediniomycetes; Family Phakopsoraceae; Genus Phakopsora
(http://www.indexfungorum.org). The nomenclature of rust
spores and spore-producing structures used within this review
follows Agrios GN (2005) Plant Pathology, 5th edn. London:
Elsevier/Academic Press.

Host range: In the field, P. pachyrhizi infects leaf tissue from
a broad range (at least 31 species in 17 genera) of leguminous
plants. Infection of an additional 60 species in other genera has
been achieved under laboratory conditions.

Disease symptoms: At the beginning of the disease, small,
tan-coloured lesions, restricted by leaf veins, can be observed on
infected soybean leaves. Lesions enlarge and, 5-8 days after
initial infection, rust pustules (uredia, syn. uredinia) become
visible. Uredia develop more frequently in lesions on the lower
surface of the leaf than on the upper surface. The uredia open
with a round ostiole through which uredospores are released.

*Correspondence: E-mail: schaffrath@bio3.rwth-aachen.de
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INTRODUCTION

Plant pathogens that cause serious epidemics on crop plants
have the power to strongly influence human communities
(Stukenbrock and McDonald, 2008). One recent example of such
a scenario is the invasion of South and North America by
Phakopsora pachyrhizi, the causal agent of Asian soybean rust,
from Asia into the Western Hemisphere. Although soybean rust
caused by the less aggressive species P. meibomiae has been
present in Central and South America since the 1970s, the
disease became a major problem only after the invasion of
P. pachyrhizi (Yorinori et al., 2005). Currently, P. pachyrhizi is one
of the mostimportant economical threats for soybean growers in
South America. In 2002-2003, the disease spread through Brazil
and caused losses estimated at US$2 billion for 2003 (Yorinori
etal., 2005). The disease reached continental USA in 2004
(Schneider etal., 2005). Despite prevalent concerns, the
expected high yield losses did not occur in the USA, probably
because of unfavourable weather conditions for pathogen
spread and/or pathogen populations not fully adapted to the
new habitat (Christiano and Scherm, 2007). As the uredospores
of P. pachyrhizi are not frost tolerant, the pathogen would need
to overwinter in the southern areas of the USA on alternative
host plants, such as kudzu (Pueraria lobata). When the tempera-
tures rise in early summer, the pathogen can spread out, but it
does not always reach the soybean-growing areas further north
(Hartman and Haudenshield, 2009). Continuous adaptation of
the pathogen to novel habitats, such as the continental USA,
should be expected. Therefore, new strategies are needed to
combat this growing threat.

The pathogen is able to defoliate soybean fields within a few
days and may lead to complete crop failure. As soybean varieties
with resistance to all isolates of the pathogen population are not
yet available, and fungicidal treatments are expensive, soybean
cultivation in many areas invaded by P. pachyrhizi is endan-
gered. At present, Asian soybean rust can be controlled by the
use of several fungicides in different classes with different
modes of action (Miles et al., 2007). However, the level of control
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depends on disease pressure and the accurate timing of appli-
cation (Mueller et al., 2009). Furthermore, it has been demon-
strated that farnesyl acetate, a naturally occurring plant volatile
emitted by rust-infected plants, negatively affects haustorial
development. Thus, this compound might be used to control
soybean rust in an environmentally compatible manner
(Mendgen et al., 2006). Biological control of soybean rust has
not been researched in detail. Fungal hyperparasites growing as
a cottony mycelium on pustules of soybean rust in Taiwan and
Thailand have been isolated and identified as species of Tuber-
culina, Verticillium and Trichothecium (Saksirirat and Hoppe,
1990, 1991a). In laboratory and growth chamber experiments,
V. psalliotae was found to be particularly effective in colonizing
soybean rust pustules on detached leaves and on potted plants,
but field tests have not yet been performed (Saksirirat and
Hoppe, 1990). It would, however, be overoptimistic to expect
that biological control could replace or significantly complement
chemical rust control, mainly because of its dependence on high
humidity.

This pathogen profile builds on the information presented
in the last major review on P. pachyrhizi (Bromfield, 1984) and
clarifies the sometimes confusing nomenclature and taxonomy
of the fungal pathogen species causing soybean rust, as well as
giving an historical overview of the pathogen’s global move-
ment from the East to the West. Furthermore, we present knowl-
edge on the host range and infection process. We also describe
the current strategies employing molecular genetic tools which
are being pursued to establish durable resistance in soybean
plants against P. pachyrhizi.

TAXONOMY

Traditionally, the taxonomy of fungi was based on differences in
morphological and developmental criteria, such as the type of
reproductive organs, spore size or sporogenesis. During recent
decades, classifications have been revised using DNA sequence
data from different genes which, in some cases, has led to the
splitting of an ostensibly uniform species into several new
species (de Gruyter et al., 2009; James et al., 2006). In particular,
for the rust fungi, morphological and phenotypical characteris-
tics are often unsuitable for an accurate classification because of
their very complex life cycles, involving up to six different types
of spore, and alterations between different host plants which
inherently cause morphological differences (Kirk et al., 2001).
Therefore, work is in progress to resolve the relationships
amongst rust fungi at the family level by examination of gene
sequences (Aime, 2006). According to this study, the family Pha-
kopsoraceae Cummins & Hirats. f. contains a morphologically
diverse group of 12-13 different teleomorphic genera and 10
different anamorphic-form genera. Furthermore, both the family
Phakopsoraceae and the genus Phakopsora Dietel itself must be

divided into two monophyletic, unrelated lineages. At the species
level, the genus Phakopsora contains at least 90 morphologically
variable species with an unsatisfactory taxonomic classification
(Ono et al., 1992).

HISTORICAL ASPECTS OF NOMENCLATURE

The agent of Asian soybean rust was first recorded in 1902 in
Japan by Hennings, and referred to as Uredo sojae Henn. (Hen-
nings, 1903).In 1914, Hans and Paul Sydow described the fungus
under its current name, Phakopsora pachyrhizi Syd. & P. Syd,
based on an isolate obtained from the leguminous host plant
Pachyrhizus erosus (L.) Urb. (= Pachyrhizus angulatus) in Taiwan
(Sydow and Sydow, 1914). Since then, phakopsoroid fungi on
legumes have been reported several times under confusing taxo-
nomic names, most probably because of a lack of comparative
morphological studies (Bromfield, 1984). Generally, such studies
are difficult to perform when full life cycle information, including
all spore types of a rust fungus, is not available. Today, it is clear
that soybean rust is caused by at least one other Phakopsora
species, Phakopsora meibomiae (Arthur) Arthur, which is a minor
and less aggressive pathogen on soybean (Bonde et al., 2006;
Ono et al., 1992). However, historically, taxonomists had made
no distinction between the Asian—Australian isolate of the
fungus (now referred to as Phakopsora pachyrhizi) and the Latin
American isolate (now named Phakopsora meibomiae), and
both isolates were seen as belonging to the same species. Based
on differences in virulence on soybean, it was proposed that the
American isolate may represent a forma specialis which is less
well adapted to soybean (Bromfield, 1984). Indications that this
interpretation was false came from a comparative study on
isoenzymes, which revealed great polymorphisms (Bonde, 1988).
The picture of two independent species was further confirmed
by morphological differences and the analysis of nucleotide
sequences, which were found to be only 80% similar within the
ribosomal internal transcribed spacer region of P. pachyrhizi and
P. meibomiae (Frederick et al., 2002; Ono et al., 1992).

HISTORY OF DISTRIBUTION

Soybean [Glycine max (L.) Merrill], in the family Fabaceae, is the
most economically important species affected by Asian soybean
rust (Bromfield, 1984). The cultivation of G. max is thought to
have started in the eastern half of north China in the 11th
century BC and, from there, it was propagated in the following
centuries all over the Eastern Hemisphere (Bromfield, 1984).
Unfortunately, the climatic conditions which support soybean
cultivation also favour the development of soybean rust disease.
Hence, it was not surprising that the disease was first reported
from Japan and Taiwan (see above). In 1934, it appeared for the
first time in Australia, where soybean has been cultivated since
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1920. The first occurrence of soybean rust in Puerto Rico was
reported in 1976 (Vakili and Bromfield, 1976) and, since then, it
has been observed in Brazil, Colombia and Costa Rica (Bro-
mfield, 1984). It is now clear that these early outbreaks of the
disease in Central and South America and the Caribbean Islands
were caused by P. meibomiae, the less aggressive Latin Ameri-
can species (Bonde et al., 2006).

The more aggressive Asian—Australian species, P. pachyrhizi,
was not reported in the New World until 1994, when it was
discovered on soybean in Hawaii (Killgore etal., 1994). From
1997 to 2001, P. pachyrhizi was reported from several south-
ern and central African countries (Levy, 2005). According to
Freire et al. (2008), the American continent was free of P.
pachyrhizi until 2001. Then, P. pachyrhizi was reported in Para-
guay, and became established in Bolivia, Brazil and Argentina
in 2002 and 2003 (Freire et al., 2008). In November 2004,
Asian soybean rust was reported for the first time in the con-
tinental USA (Schneider et al., 2005; Stokstad, 2004). The long-
distance dispersal of the spores from South America to North
America was attributed to wind storms and, together with
increasing human mobility, possibly was even spread via cloth-
ing (Hartman and Haudenshield, 2009; Isard et al., 2005). The
spread of P. pachyrhizi within North America, however, has so
far been limited, presumably because of a low inoculum avail-
able in 2005 and the dry weather conditions in 2006 (Chris-
tiano and Scherm, 2007). Teliospore formation by P. pachyrhizi
has so far not been observed in North America, and the role of
teliospores in the life cycle of the fungus is anyway unclear
(see below). In the USA, during the soybean-free time of the
year, P. pachyrhizi overwinters in the south on alternative
hosts, such as the broadly distributed immigrant legume kudzu
[Pueraria montana (Lour.) Merr. var. lobata (Willd.) Maesen &
S.M. Almeida] (Christiano and Scherm, 2007).

HOST RANGE

Unlike the highly specialized grass-infecting rust fungi, P.
pachyrhizi and P. meibomiae have wide host ranges and are able
to sporulate on 31 species in 17 genera and 42 species in 19
genera of leguminous plants, respectively (Ono et al., 1992).
Remarkably, little overlap was found among legumes infected by
both rusts, with the exception of five cultivated crops, i.e. Cro-
talaria micans Link, G. max, Pa. erosus, Phaseolus lunatus L. and
Vigna unguiculata (L.) Walp. (Ono et al., 1992). In addition to the
host plants from which the pathogens were isolated in nature,
both species are able to infect and sporulate on a range of other
plants when artificially inoculated. In this respect, P. pachyrhizi
has a broader host range (60 additional species in 26 genera)
than P. meibomiae (18 species in 12 genera) (Ono et al., 1992).
However, the longer time span needed to sporulate and the less
frequently found uredia illustrate the lower degree of compat-
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ibility between both Phakopsora species and these additional
hosts in comparison with their soybean host.

LIFE CYCLE

The life cycles of rust fungi tend to be complex, involving differ-
ent types of spores with specialization to particular hosts. Sexual
reproduction of the dikaryotic rusts involves the formation of
teliospores, karyogamy and reduction division, ending with the
formation of four haploid basidiospores which infect the host on
which they were formed or, in the case of the heteroecious rusts,
an alternative host species. For P. pachyrhizi, there is a lack of
information on sexual reproduction. Although teliospores were
observed in Asia on several hosts, including soybean, their ger-
mination has never been reported from nature (Bromfield, 1984).
However, teliospore germination and basidiospore formation can
be induced under laboratory conditions (Saksirirat and Hoppe,
1991b). Nevertheless, nothing is known about the basidial infec-
tion process or whether P. pachyrhizi is autoecious or heteroe-
cious. Spermatia and aeciospores, rust spore types which are
typically formed together with host alternation among heteroe-
cious rusts, are also unknown for this fungus (Bromfield,
1984).

Phakopsora pachyrhizi forms asexual uredospores on short
stalks within a uredium 5-8 days after inoculation on colonized
leaves (Figs 1a and 2d). Uredospores are released from uredia
through an ostiole and dispersed by wind. Under appropriate
conditions, uredospores germinate with a single germ tube.
Interestingly, unilateral illumination leads to germ tube emer-
gence on the shaded side and growth away from the light (Koch
and Hoppe, 1987). Germ tube growth is terminated by the
formation of a globose, nonornamented appressorium, approxi-
mately the same size as a uredospore (Fig. 2b). As appressoria
were also formed on artificial membranes, such as cellulose
nitrate membranes, thigmo- rather than chemo-differentiation
seems to be involved (Koch and Hoppe, 1988). In contrast with
uredospore-derived infections by most other rust fungi, P.
pachyrhizi penetrates leaves directly rather than using stomatal
openings (Fig. 3). However, penetration by P. pachyrhizi through
stomata has been observed occasionally on nonhost plants, such
as barley, and, in this case, the fungus was able to colonize the
mesophyll, but never sporulated (M. Loehrer and U. Schaffrath,
unpublished work). However, infection by basidiospores in most
rust species employs the direct mode of cuticle penetration
(Heath, 1997; Mellersh and Heath, 2001). Penetration by P.
pachyrhizi starts with the formation of a funnel-shaped struc-
ture, termed the appressorial cone, within the appressorium
(Fig. 3) (Koch et al., 1983). This cone is contiguous with the cell
wall of the penetration hypha, which is also referred to as the
transepidermal vesicle (Bromfield, 1984 and references therein).
On penetration, the epidermal cells collapse (Fig. 4), become
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Fig. 1 Scanning electron micrographs showing soybean leaves colonized by
P. pachyrhizi. a) Section through a leaf blade with an uredium. Intercellular
spaces are heavily colonized by P. pachyrhizi mycelium and dispersed
uredospores are present at the lower leaf surface. b) Branched hyphae (h)
are formed in the intercellular space of soybean leaves. Haustorial mother
cells (hmc) get in close contact with particular mesophyll cells which are
subsequently invaded and mature haustoria are formed. (Permission and
copyrights of figures are owned by Bayer CropSience AG, Monheim
Germany.)

disorganized and show signs of cell death, as evidenced by
trypan blue staining (Figs 2e and 3) (Keogh et al., 1980). After
penetration, the hypha grows through the epidermal cell and
reaches the intercellular space; a septum is formed which sepa-
rates it from the emerging primary hypha (Koch et al., 1983),
sometimes also termed the invading hypha (Bromfield, 1984).
The primary hypha may branch to form secondary hyphae and,
finally, haustorium mother cells differentiate in close contact
with mesophyll cells (Figs 1b and 2c) (Koch et al., 1983). The
formation of the first haustoria was observed at 24-48 h after
initial contact between uredospores and a susceptible host
(Fig. 2¢). Thereafter, intense colonization of the mesophyll tissue
occurs and the intercellular spaces of the leaves become filled
with fungal mycelium (Fig. 1). The asexual reproduction of P.
pachyrhizi is completed when newly developed uredia originate
from uredial primordia (Koch et al., 1983).

RESISTANCE AGAINST P. PACHYRHIZI IN
SOYBEAN

Breeding for resistance to P. pachyrhizi has been conducted by
classical germplasm screens based on three infection pheno-
types: ‘Tan’,'RB" and ‘immune’. Susceptible interactions (Tan) are
characterized by tan-coloured lesions with sporulating uredia,
whereas resistant cultivars generally develop reddish-brown
lesions with little or no sporulation (RB). The number of uredia on
the lower leaf surface is generally two to five per Tan lesion and
zero to two per RB lesion. The so-called ‘immune’ phenotype is
an incompatible interaction without any visible disease symp-
toms on host leaves (Bromfield, 1984; Pham et al., 2009). None
of the soybean cultivars in present commercial production is
resistant to all P. pachyhrizi isolates (Hartman et al., 2005).
However, five accessions have been identified which each show
resistance to certain isolates of P. pachyrhizi. On this basis, five
hypothetical major resistance genes (R genes), Rppl. Rpp2,
Rpp3, Rpp4 and Rpp5, have been predicted (Bromfield,, 1984;
Bromfield and Hartwig, 1980; Hartwig and Bromfield, 1983;
Morceli et al., 2008). For example, the soybean accession PI
230970, which contains the soybean resistance gene Rpp2, pro-
duces an RB-type reaction in response to inoculation with P.
pachyrhizi isolate Taiwan 72-1, whereas inoculation with other
isolates of P. pachryhizi, including Taiwan 80-2, results in a fully
susceptible Tan reaction (Hartman et al., 2005).

Although all Rpp genes have been mapped to particular
linkage groups (LGs), Rpp? on LG-G, Rpp2 on LG-J, Rpp3 on
LG-C2, Rpp4 on LG-G and Rpp5 on LG-N, so far none of the
genes have been cloned (Bromfield, 1984; Bromfield and
Hartwig, 1980; Hartwig and Bromfield, 1983; Hyten et al., 2007;
Morceli et al., 2008). Most progress has been made for Rpp4-
mediated resistance by identifying a single candidate gene
within a 2 ¢M region on chromosome 18, which shows sequence
similarity to the lettuce RGC2 family of so-called coiled-coil
nucleotide-binding site leucine-rich repeat (NBS-LRR) resistance
genes (Meyer et al., 2009). Although Rpp2- and Rpp4-mediated
resistances have been stable for 6 years in Brazil and more than
20 years in Asia, respectively (Hartman et al., 2005), single,
dominantly inherited R gene-mediated resistance against P.
pachyrhizi has been overcome in nature several times because of
the great capacity of the fungus to develop new races (Bro-
mfield, 1984). Generally, this scenario of the breakdown of R
gene-mediated resistance is known as the ‘boom and bust’ syn-
drome. In addition to pyramiding known Rpp resistance genes
into modern cultivars to create a more durable and broad-
spectrum disease resistance, the recruitment of novel sources of
resistance to P. pachyrhizi is desirable. Thus, the analysis of more
than 16 000 soybean accessions has led to the identification of
at least 22 additional accessions carrying dominant resistance
that is not governed by Rpp2 or Rpp4 (Garcia et al., 2008;
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Fig. 2 Interaction of P. pachyrhizi with its host soybean and the nonhost plant Arabidopsis. a) Upon infection P. pachyrhizi forms uredia which are located
mainly on the lower side of the leaf. Newly formed uredospores are dispersed by wind. b) Spores landing on leaves germinate and form an appressoria as
depicted in the interference contrast micrograph. c) Intercellular hyphae form haustorial mother cells (hmc) from which haustoria (hau) develop inside mesophyll
cells. d) The life cycle of P. pachyrhizi is completed with the formation of uredospores in uredia. e) In the nonhost interaction between the fungus and
Arabidopsis uredospores germinate, form appressoria and penetrate epidermal cells as known from the host type of interaction. Similarly penetrated epidermal
cells of host and nonhost plants die, as indicated after trypan-blue staining. f) Fungal growth is restricted at the mesophyll boundary. Pictures shown in e and f
are optical sections from the same infection site focused either on the epidermal or mesophyll layer. g) P. pachyrhizi is unable to complete its life cycle and does
not sporulate on wild-type Arabidopsis plants. sp, uredospore; app, appressorium; epi, epidermal cell; hau, haustorium; hmc, haustorial mother cell; penh,
penetration hypha; meso, mesophyll cell. (Fig. 2c reprinted from Koch et a/., 1983).

Hartman et al., 2005; Monteros et al., 2007; Oloka et al., 2008;
Pham et al., 2009; Pierozzi et al., 2008). Furthermore, at least
two different recessive sources of resistance are known (Calvo
et al., 2008; Pierozzi et al., 2008). Interestingly, one of these loci
was identified as a putative recessive allele of Rpp2 (Garcia
et al., 2008). Recessively inherited types of resistance seem to be
mechanistically different from R gene-mediated resistance and
might be based on a lack of compatibility (Panstruga, 2003).
Thus, the identification of the corresponding pathogen genes
might also provide new insights into the requirements for
the establishment of the biotrophic interaction between P.
pachyrhizi and soybean.

A prerequisite for the introduction of known Rpp genes into
commercially deployable, high-yielding soybean cultivars is the
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association of phenotypic features with molecular markers. So
far, simple sequence repeat (SSR) markers have been identified
for Rpp1, Rpp2, Rpp4, Rpp5 and the novel "Hyuuga' red-brown
lesion resistance gene, which can now be used for marker-
assisted selection (Garcia etal., 2008; Hyten etal., 2007;
Monteros et al., 2007; Silva et al., 2008). In addition, screening
for resistance to P. pachyrhizi has been expanded to close rela-
tives of soybean, such as G. soja and other perennial Glycine ssp.
(Hartman, 1992; Hartman et al., 2005). Once identified, these
traits can be introduced into high-yielding soybean lines by
crossing. Alternative strategies include breeding for tolerance,
i.e. the selection of plants which, under field conditions, react to
infection with P. pachyrhizi with less yield loss (Hartman et al.,
2005).
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host interaction

meso

nonhost interaction

Fig. 3 Initial developmental stages during interactions of P. pachyrhizi with host and nonhost plants (schematic). Germinating uredospores (sp) produce a
single germ tube (gt) terminated with an appressorium (app). A funnel-like structure, the appressorial cone (cone), is built inside the appresorium and continues
into a penetration hypha (penh) which traverses epidermal cells (epi). Penetrated cells, in consequence, die (punctated). In the intercellular space of the
mesophyll a primary hypha (ph) is separated from the penetration hypha by a septum and branches into several secondary hyphae (sh). Finally , a haustorial
mother cell (hmc) is formed from which the pathogen invades a mesophyll cell (meso) forming the first haustorium (hau) are established in the host interaction
(modified from Koch et al. 1983). Left side: host interaction showing all developmental stages of infection; right side: nonhost interaction with e.g. wild-type
Arabidopsis plants. Fungal invasion is stopped the latest after transversion of the epidermal cell at the border to the mesophyll.

MOLECULAR ASPECTS OF RESISTANCE TO
P. PACHYRHIZI

A large-scale transcript profiling approach conducted with Rpp7
soybean plants has revealed an up-regulation in the expression
of genes for lipoxygenase and peroxidase in an incompatible
interaction, suggesting an important function for these genes in
RppT-mediated resistance (Choi et al., 2008). Biphasic gene
expression in response to P. pachyrhizi infection has been
found in soybean plants with Rpp2-mediated resistance (van de
Mortel et al., 2007). Differences in gene expression between
compatible and incompatible interactions peaked at 12 h post-
inoculation (hpi) and returned to almost basal levels by 24 hpi.
At later stages, starting at 72 hpi, a second, smaller wave of
defence gene expression could be observed, which was signifi-
cantly earlier in the resistant than in the susceptible interaction.
The early transcriptional response observed in susceptible and
resistant plants might represent a general response of soybean
to the nonspecific recognition of any pathogen, presumably
by interaction with microbe-associated or microbe-induced
molecular patterns (MAMPs and MIMPs) (Mackey and McFall,
2006). By contrast, the induction of genes involved in the phe-
nylpropanoid pathway was observed during the second wave
of gene expression at least 1 day earlier in the resistant than
in the susceptible soybean variety. A similar up-regulation of
genes involved in this pathway was also found in Rpp7-carrying
plants after infection with compatible or incompatible P.
pachyrhizi isolates (Choi et al., 2008). It remains to be seen
whether Rpp?- and Rpp2-mediated resistances employ similar
defence mechanisms. Based on whole-genome expression
analyses, it seems that timely induction rather than the involve-
ment of specific genes determines the outcome of the interac-

tion between soybean and P. pachyrhizi (van de Mortel et al.,
2007). In addition, even the growth stage of soybean at the
time of infection is a critical parameter which needs to be con-
sidered when assaying the gene induction pattern (Panthee
et al., 2009).

Complementary to transcriptional analyses in the host, gene
transcript profiling has also been performed with P. pachyrhizi
(Posada-Buitrago and Frederick, 2005; Tremblay et al., 2009). As
it is not trivial to separate infection structures of the biotrophic
pathogen from host tissue, analysis was performed, for example,
with uredospores germinated in water (Posada-Buitrago and
Frederick, 2005). In this study, 499 unique expressed sequence
tags (ESTs) were identified, comprising approximately 4%-5%
of the totally expressed genes which could be estimated for
filamentous fungi. Recently, a cDNA library was constructed from
uredinia separated from host tissue by laser-captured microdis-
section (Tremblay et al., 2009). About 80% of genes identified in
this study shared no homology to previously described Phakop-
sora genes. This result demonstrates stage-specific gene expres-
sion in the development of uredinia.

ALTERNATIVE SOURCES FOR RESISTANCE TO
P. PACHYRHIZI

Most recently, a study was performed to investigate the
nonhost resistance of Arabidopsis against P. pachyrhizi
(Loehrer et al., 2008). Nonhost resistance is defined as the
resistance of all genotypes of a given plant species against all
genotypes of a fungal species for which it is not considered to
be a host (Heath, 2000). Similar to the interactions of P.
pachyrhizi with other nonhost plants (Hoppe and Koch, 1989),
on wild-type Arabidopsis germination, appressorium formation
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Fig. 4 Infection structures of P. pachyrhizi (race Thai 1) on the adaxial leaf
surface of soybean (cv. Erin). a) Early stage of appressorium formation with
a short germ tube, six hours post inoculation (h p.i.). b) Subsequent
invasion of the fungus into the epidemis causes cell collapse and death of
penetrated cells as observed at 24 h p.i. Low temperature cryo scanning
electron microscopy by Prof. Kurt Mendgen, University of Konstanz,
Germany.

and transit of the fungus through penetrated epidermal cells
were not altered phenotypically in comparison with the
soybean host. The predominant involvement of jasmonic acid-
related defences during the initial stages of infection raised the
interesting question as to whether P. pachyrhizi mimics a
necrotroph to circumvent salicylic acid-related defences, which
potentially might be more effective against this biotrophic
pathogen (Loehrer et al., 2008). Additional evidence that the
success of invasion by P. pachyrhizi depends on the killing of
penetrated epidermal cells comes from the observation that
barley plants expressing the cell death BAX inhibitor-1 protein
are less frequently invaded by the pathogen than are nontrans-
formed plants (Hoefle et al., 2009). Certainly, more research is
needed to identify potential candidate genes that could be
used to engineer sustainable resistance into soybean against
P. pachyrhizi.
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CONCLUDING REMARKS AND FURTHER
PERSPECTIVES

Until now, research on Asian soybean rust has mainly focused on
host range studies, epidemiology and the evaluation of yield loss
and control measures. These studies have mainly centred on the
diseased plant. However, as soybean cultivars with resistance
to all known races of P. pachyrhizi are not yet available, and
because it is questionable whether they will ever exist, more
basic research is also needed on the pathogen itself. Crucial
elements in the infection process of the fungus and possibilities
of interference to adapt novel plant protection strategies need to
be identified. One important step forward in this direction is the
assessment of fungal gene expression during distinct phases of
the plant—pathogen interaction. So far, Posada-Buitrago and Fre-
derick (2005) have reported the EST clones characteristic for the
germination stage of P. pachyrhizi on soybean. However, more
information is required on gene transcripts which are specifically
up-regulated during appressorium formation, epidermal pen-
etration, invasive growth and, in particular, haustorium forma-
tion to obtain a complete picture on the requirements for the
pathogen'’s asexual life cycle. Experimental access towards this
goal has been provided by Voegele and co-workers who have
analysed the interaction between Uromyces fabae and Vicia faba
(Kemen et al., 2005; Link and Voegele, 2008). A methodological
bottle-neck, however, is the inability to transform rust fungi and
to utilize established tools of reverse and forward genetics. The
application of these molecular technologies, however, will prob-
ably determine whether the threat of Asian soybean rust will
successfully be averted in the major areas of soybean cultivation.
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