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Senora

Directora de la Direccion de Nuevas Creaciones
Superintendencia de Industria y Comercio
Ministerio de Comercio, Industria y Turismo

E. S. D.

Re.: Expediente No. NC2020/0012505

Solicitud de Patente PCT entrada en Fase Nacional, para: “PICOLINAMIDAS
COMO FUNGICIDAS”.

Solicitante: Corteva Agriscience LLC

RESPUESTA A EXAMEN DE FONDO

MARGARITA CASTELLANOS ABONDANO, mayor de edad, identificada y domiciliada
como aparece al pie de mi firma, obrando en mi calidad de apoderada de la sociedad
solicitante del asunto citado en la referencia, en atencion a su oficio No. 18687 notificado
electronicamente el 15 de noviembre de 2023, me permito dar respuesta al mismo de la
siguiente manera:

1. Reivindicaciones y Descripcion

El Examinador concluye que el capitulo descriptivo no divulga la invencion de manera
suficientemente clara y completa y sefala lo siguiente sobre el pliego reivindicatorio:

e Los usos de las reivindicaciones 7 y 8 no son patentables de acuerdo con el
articulo 14, teniendo en cuenta que, a pesar de que en su preambulo se hace
referencia a un método, las expresiones: “aplicar una cantidad fungicidamente
efectiva de al menos uno de los compuestos de cualquiera de la reivindicacién
1...7, (Reivindicacién 7) y “(...) aplicar una cantidad fungicidamente efectiva de al
menos una de las composiciones de cualquiera de las reivindicaciones 2 — 3 (...)"
(Reivindicacion 8) se refieren a la forma de usar los compuestos de la
reivindicacién 1 y la composicidén de las reivindicaciones 2 y 3 respectivamente y
no son caracteristicas técnicas esenciales de un proceso para la obtencién de un
producto. Por lo tanto, el objeto de las reivindicaciones 7 a 8 no es patentable de
acuerdo con el articulo 14.

e Las reivindicaciones 4, 5 y 6 no son claras, porque caracterizan la composicion a
través de las siguientes expresiones “para el control de un patégeno fungico que
(-..), “(...) en donde el patégeno fungico es una de la mancha foliar del trigo (...)",
los cuales son resultados a alcanzar y no caracteristicas esenciales de la
composicidén. Se recomienda eliminarlas.

Las reivindicaciones 2 a 6 carecen de sustento, porque las caracteristicas reclamadas
no fueron evaluadas en la descripcion. Se sugiere eliminar esta informacion.
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La descripcion no divulga la invenciéon de manera suficientemente completa para que la
persona normalmente versada en la materia técnica correspondiente pueda ejecutarla (o
reproducirla). En este sentido el capitulo descriptivo (Radicado N° NC2020/0012505 del
06 de octubre de 2020) no presenta evidencia de una composicion que comprende
“cualquiera” de los compuestos 116-184, 186-189, 196, 203-205, 208-209, 213-215, 233-
238, 243-251, 253-256, 258, 260, 263-265, 270-272, 278-282, 284 y 285 que puedan
tener un mejor rendimiento, sean mas faciles de usar y cuesten menos. Al respecto se
aclara que en los ejemplos de la descripcion algunos compuestos no fueron evaluados
en control de la enfermedad PUCCRT y SEPTTR o presentan calificacion C o D, lo que
indica no ensayados o porcentaje de control <O0.

De acuerdo con lo establecido en el Articulo 34 de la Decisién 486 y en vista de las
observaciones realizadas por el examinador, se presenta en esta oportunidad un
nuevo pliego reivindicatorio conformado por 2 reivindicaciones, con las cuales se
superan las objeciones realizadas por el Examinador de la siguiente manera:

e Lareivindicacion 2 se modifica para mencionar especificamente los componentes
adicionales de la composicion reivindicada.
e Las reivindicaciones 3 a 8 han sido eliminadas.

El soporte de las modificaciones realizadas puede encontrarse en los ejemplos A (Trycol
5941, compuesto omega-hidroxi etoxilado), B (igual que A), C (Tween 20, monolaurato
de sorbitan etoxilado) y D-K (igual que A). Cada procedimiento de los ejemplos describe
las formulaciones probadas para cada niumero de compuesto activo indicado en cada
ensayo bioldgico. En la tabla 6 se prueba el compuesto 278.

En vista de las enmiendas y aclaraciones realizadas, solicitamos atentamente al
examinador que retire sus objeciones a las reivindicaciones y la descripcién.

2. Nivel inventivo

En esta oportunidad se han citado los documentos WO2016/109301 (D4) y
WQ02016/109302 (D5) el Examinador concluye que el nivel inventivo de las
reivindicaciones 1-6 se ve afectado por las ensefianzas de dichos documentos. En
particular, el Examinador sefala que la composicidon antifingica que comprende
cualquiera de los compuestos de la reivindicacién 1 reclamada en la reivindicaciéon 2 y la
composicidén para el control de un patégeno fungico que incluye mezclas de al menos
uno de los compuestos de la reivindicacion 1 reclamada en la reivindicacién 4 no tienen
nivel inventivo, porque los compuestos de la reivindicacion 1 estan sugeridos en el estado
de la técnica D4, (Pag. 1, parrs. [0002-0007]) y D5, (Pags. 62-144, tabla 1) y porque no
hay evidencia del efecto técnico logrado por las composiciones reivindicadas. Por lo cual
se considera obvia.

Con respecto a la falta de actividad inventiva, se pone de presente lo siguiente:
Respetuosamente se pone de presente que no se comparte las afirmaciones realizadas

por el Examinador con respecto a que se puede utilizar un par de hipotéticas tijeras
moleculares para cortar el sustituyente R3 del documento D5 y pegarlo en lugar del
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sustituyente R3 del documento D4 con el fin de crear un género tedrico que cubriria -

muy ampliamente - los compuestos de especies singulares de las reivindicaciones que
estan actualmente pendientes.

El solicitante aclara que un experto de la materia de descubrimiento de moléculas
pequenas sabe que el campo del descubrimiento de fungicidas biolégicamente activos
no es predecible a partir de la estructura quimica, ni siquiera observando compuestos
fungicidas anteriores. De hecho, tal como lo sefalé el Examinador en la accion oficial
previa, algunos de los compuestos reducidos a la practica en la presente solicitud no
poseen tanta actividad fungicida como los compuestos de especies ahora reivindicados.

También se aclara que no existe una relacién estructura-actividad (SAR) conocida para
los compuestos fungicidas de picolinamida y, por lo tanto, se debe realizar un minucioso
proceso de ensayo y error para encontrar los grupos funcionales organicos adecuados
para anadir, eliminar o sustituir con el fin de mejorar la actividad bioldgica de los
compuestos de picolinamida, especialmente con una mayor actividad en la roya de la
soja descrita en esta solicitud. Como prueba de esta imprevisibilidad y experimentacion,
se adjuntan referencias que demuestran que la roya de la soja es un patégeno fungico
obligado, lo que significa que s6lo puede crecer en plantas vivas o tejidos vegetales, pero
no es cultivable en condiciones in vitro. Por lo tanto, no se podria esperar llegar a la
formula reivindicada de la presente invencién simplemente tratando de poner todos y
cada uno de los grupos funcionales organicos en la cola porque hay un nimero ilimitado
de combinaciones posibles que van mucho mas alla de lo divulgado en los documentos
D4y D5.

El Examinador ha razonado indebidamente que no hay inventiva cuando una estructura
quimica de género tiene sustituyentes de grupos R que se han observado en compuestos
divulgados en los documentos D4 y D5.

Este razonamiento es un analisis incorrecto debido a un sesgo retrospectivo. El grupo
R3 CHS3 reivindicado es singularmente seleccionado e importante porque es
estereoquimicamente diferente de los grupos D4 y D5 divulgados que requieren
sustitucién ramificada/éter en esos grupos funcionales R3 y R3'/R4. Un experto en el arte
del descubrimiento de moléculas pequefias sabria que estos grupos ramificados
proporcionan mucho mas impedimento estérico conformacional sobre la columna
vertebral carbono-carbono en la cola de la picolinamida. En consecuencia, no se podria
saber sin estudios de union in vitro que el grupo CH3 con menos impedimentos estéricos
conformacionales encajaria mejor o se uniria mejor en cualquier sitio enzimatico
importante de los patdégenos fungicos de la roya de la soja. Hasta esta solicitud, los
compuestos fungicidas de picolinamida biolégicamente activos habian poseido grupos
estéricamente voluminosos en el extremo de la cola, como evidencian los sustituyentes
cicloalquilo y fenilo de los compuestos citados en los documentos D4 y D5.
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Teniendo en cuenta todo lo anterior, es claro que la invencion reclamada en la presente
solicitud es inventiva frente a las ensefianzas de los documentos D1 y D3 citados. De
este modo, la invencién cumple con los requerimientos del articulo 18 de la Decisién 486
de la Comision de la Comunidad Andina.

Solicito al Despacho que en este caso acepte el nuevo pliego reivindicatorio y los
argumentos aqui presentados.

3. Conclusion

Teniendo en cuenta las modificaciones introducidas en esta oportunidad y los
argumentos que se presentan, es posible establecer que las reivindicaciones cumplen
con los requerimientos de la Decision 486.

4. Anexos

¢ Nuevo pliego reivindicatorio conformado por 2 reivindicaciones.
e Evidencia de pago en linea por concepto de modificacion a la solicitud.

Margaaita Castellanos Abondano

C.C. No. 39.779.654 de Bogota
T.P.A. No. 70.819 del C.S.J.

Calle 117 No. 5A-35 - Bogota, D.C.
Teléfono: 7560770

Senora Directora,

Bogot4, D.C.
MCA/mgm
P5899
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Summary

New Phytologist (2019) 222: 1190-1206
doi: 10.1111/nph.15641

Rust fungi (Pucciniales) are the largest group of plant pathogens and represent one of the most
devastating threats to agricultural crops worldwide. Despite the economic importance of these
highly specialized pathogens, many aspects of their biology remain obscure, largely because rust
fungi are obligate biotrophs. The rise of genomics and advances in high-throughput sequencing
technology have presented new options for identifying candidate effector genes involved in
pathogenicity mechanisms of rust fungi. Transcriptome analysis and integrated bioinformatics
tools have led to the identification of key genetic determinants of host susceptibility to infection
by rusts. Thousands of genes encoding secreted proteins highly expressed during host infection
have been reported for different rust species, which represents significant potential towards
understanding rust effector function. Recent high-throughput in planta expression screen
approaches (effectoromics) have pushed the field ahead even further towards predicting high-
priority effectors and identifying avirulence genes. These new insights into rust effector biology
promise to inform future research and spur the development of effective and sustainable
strategies for managing rust diseases.

Key words: effectoromic screens, fungal
genomics, heterologous systems,
pathogenesis, Pucciniales, rust effectors,
virulence.

haustoria that are necessary to establish intimate interactions

l. Introduction inside infected host tissues (Voegele & Mendgen, 2011;

Obligate biotrophy is widespread across plant pathogens. Plant
pathogenic fungal biotrophs extend to powdery mildews, smuts
and rusts and share common features with biotrophic
oomycetes (Kemen & Jones, 2012). As obligate biotrophs,
rust fungi can only feed, grow and reproduce on their living
host(s) and they differentiate specific infection structures called

1190  New Phytologist (2019) 222: 1190-1206
www.newphytologist.com

Kemen eral, 2015; Dracatos eral, 2018). Rust fungi are
presumed to have coevolved with their host plants, with which
they exhibit a high specificity of interaction (Aime eral,
2017). Absolute dependence on the host essentially means that
rust fungi cannot be cultured on artificial media, which
significantly complicates their manipulation under laboratory

© 2018 The Authors
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conditions. To date, the complete life cycle of rust fungi has
never been achieved outside their natural hosts and habitats.

Understanding the basis of obligate biotrophy and how
evolution has shaped this particular trophic mode remains
unresolved. Recent advances in genomics have provided some
important cues about missing functions or over- and under-
represented gene categories that may support biotrophic features
(Spanu, 2012). However, comparison of general genomic features
such as genome size, repeat content or the number of predicted
genes has failed to reveal a single evolutionary trajectory towards
this trophic mode, instead supporting convergent evolution
(Kemen eral., 2015). A common feature is the presence of a large
secretome with thousands of predicted genes encoding secreted
proteins in rust fungi (Lo Presti ezal, 2015; Aime ez al., 2017).
Considering the current models in molecular phytopathology
(Jones & Dangl, 2006; Wu ez al., 2018), these secreted proteins
probably contain effectors that play a key role in establishing a
successful infection. The identification of thousands of putative
rust fungal effector candidates has pushed the field forwards
towards understanding their possible role in manipulating host
immunity and physiology (Figueroa ez al., 2016).

We present here an overview of recent advances that have
facilitated dissection of the molecular mechanisms underlying
pathogenesis of rust fungi as biotrophic plant pathogens. We first
report on the peculiar life cycle of rust fungi and the current
knowledge of the biology of infection. We then illustrate how the
advent of functional genomics has played a pivotal role in
advancing our knowledge of processes at play during plant
infection by rust fungi. Indeed, in the past 5 years alone, functional
studies of rust fungi have accelerated through the systematic
application of high-throughput effector screens for predicting
high-priority effector candidates and identifying avirulence genes.
Our overarching goal here is to provide an overview of recent
advances and current progress, which ultimately may help to
identify upcoming challenges in rust pathogen research.

Il. Rust fungi: a diverse and serious threat to
agriculture

The Pucciniales (rust fungi) represent one of the largest fungal
orders, with > 8000 species already described (Aime ez al., 2014).
These intriguing parasites have the ability to infect a wide variety of
host plants, from ferns to monocots and gymnosperms to
angiosperms, which suggests an ancestral adaptation to the
biotrophic lifestyle (Aime ez al., 2014). Worldwide, rust fungi are
considered among the most serious threats to both agricultural
crops (e.g. wheat (7riticum aestivum), soybean (Glycine max) or
coffee), and tree species used for wood production and bioenergy
(e.g. poplar, eucalypt or pines) (Fig. 15 Dean ez al., 2012; Fischer
et al.,2012; Sniezko et al., 2012). To fend off rust diseases, the plant
breeding industry primarily prioritized developing disease-resistant
plants. Over the years, rust fungi have adapted to completely
overcome plant resistances (Ellis ez 4/, 2014). Among wheat rust
fungi, the stem rust fungus Puccinia graminis f. sp. tritici has
devastated wheat crops throughout the history of agriculture, and it
is only in the past decades that it has been successfully contained in

© 2018 The Authors
New Phytologist © 2018 New Phytologist Trust
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most production areas around the world (Ellis eral, 2014;
Figueroa etal., 2017). In 1998, the emergence in Uganda of the
isolate Ug99 of the wheat stem rust fungus, virulent against major
wheat resistance genes, has put wheat cultivation at risk (Singh
etal, 2011, 2015).

The recent literature provides examples of loss estimates directly
attributed to rust fungi. Overall, annual global losses in wheat
production associated with rust fungi are estimated at US $4-5
billion (Figueroa ez al., 2017). The wheat yellow rust disease caused
by Puccinia strifformis £. sp. tritici has led to a decrease in world
wheat production with an estimate market value of US$979
million annually (Chen ezal, 2014; Beddow eral., 2015). The
wheat leaf rust Puccinia triticina is the most common and widely
distributed wheat rust fungus and can lead to significant damage
(Bolton etal., 2008). Since the 1990s, the Asian soybean rust
fungus Phakopsora pachyrbizi has spread through outbreaks in
South America, and combined costs of high yield loss and
intensified use of fungicides were estimated at US $2 billion an-
nually (Goellner ez al., 2010), with losses in Brazil reaching just
over US$2 billion annually between 2003 and 2014 (Godoy ez al.,
2016). Another remarkable rust pathogen with a high impact on
agriculture is the coffee leaf rust causal agent Hemileia vastatrix.
This fungus has caused important coffee yield losses across Africa,
Asia and South America with an estimated market value of US$2-3
billion annually (Talhinhas ez 4/.,2017). Rust fungi are subjected to
rigorous surveillance and monitoring against their potentially
devastating effects on global crop production (Singh ez al., 2011;
Bueno-Sancho ezal., 2017).

lll. The different facets of rust life cycles and
unresolved questions about their evolution

Rust fungi are host-specific pathogens with extremely complex life
cycles. A single species can require two unrelated host plants to
complete its life cycle; other rusts have less complex life cycles,
missing one or more of the spore-producing stages (Aime ez al.,
2017). Many rust fungi display life cycles that involve five different
spore types or stages: pycniospores, aeciospores, urediniospores,
teliospores and basidiospores (Fig. 2). Some rust fungi can be both
macrocyclic and autoecious in that they produce the five spore
stages on a unique host (e.g. the flax rust fungus Melampsora lini;
Lawrence ez al., 2007). Macrocyclic rusts are those with five spore
stages that are produced sequentially. Microcylic refers to rusts with
the shortest life cycles composed of only two spore types:
basidiospores and teliospores, or pycniospores and teliospores
(Fig. 2). Demicyclic rust fungi lack the urediniospore stage and can
be either autoecious or heteroecious (Fig. 2). Hemicyclic rust fungi
exhibit only teliospores and urediniospores and are autoecious
(Aime et al., 2017; Fig. 2). For some rust fungi, the complete life
cycles have never been observed, as is the case for the alternate hosts
for two economically important species such as the soybean rust
fungus P. pachyrhizi and the coffee rust H. vastatrix (Slaminko
et al., 2008; Talhinhas ez /., 2017).

In a typical macrocyclic-heteroecious life cycle, meiosis takes
place in short-lived basidia produced by germinating teliospores.
Haploid basidiospores infect the aecial host within which they

New Phytologist (2019) 222: 1190-1206
www.newphytologist.com
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differentiate various fungal structures, such as protoaecia and
pycnia. Haploid pycniospores and receptive hyphae are produced
within pycnial nectar droplets. Fertilization can occur between
spores and receptive hyphae of compatible mating types with

pycniospores formed inside and exuded in droplets. Following
plasmogamy, dikaryotic aecia differentiate inside the host and
aeciospores are released and dispersed by the wind. Aeciospores
infect the telial host in which uredinia and urediniospores are
produced, which is followed by repeated cycles of vegetative growth
on the telial host for an extended period of several weeks or months,
typically during the summer (e.g. Fig. 1). In early autumn, uredinia
differentiate into telia, which go through an overwintering period
during which karyogamy will occur, giving rise to diploid dormant
teliospores (examples of typical heteroecious cycles can be found in
Hacquard ezal. (2011) and Aime ez al. (2014)).

The evolutionary processes behind the highly complex life
cycles and diversification of rust fungi have been the subject of
intense interest, particularly the notion of coevolution with their
host plants. As obligate parasites, rust fungi were thought to have
coevolved extensively with their hosts, suggesting that ancestral
rust fungi may have infected ferns, then gymnosperms and then
angiosperms, mirroring the diversification of available plant
hosts. However, phylogenetic studies have shown that fern rust
fungi were not ancestors and that some rust fungi infecting
angiosperms derived from an ancestral family (Aime ez al., 2006,
2017). So far, the basal rust fungus Cacoma rorreyae is found on
gymnosperm, suggesting that rust fungi are more recent than

New Phytologist (2019) 222: 1190-1206
www.newphytologist.com
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Fig. 1 Rust disease symptoms in wheat and
poplar. lllustration of disease symptoms for
two rust fungi on their respective aecial host
plants: (a—c) Puccinia triticina on wheat;
(d—f) Melampsora larici-populina on poplar.
(a) Orange uredinia pustules formed by

P. triticina on the wheat leaf surface; (b) close-
up of wheat leaf rust uredinia showing the
release of newly formed urediniospores on the
leaf surface; (c) typical symptoms observed on
infected wheat leaves in the field in wheat leaf
rust epidemics; (d) uredinia pustules formed by
M. larici-populina on the lower epidermis of a
poplar leaf; (e) transverse section of a poplar
leaf showing an uredinia full of urediniospores
(note the orange colour of the leaf mesophyll
invaded by infection hyphae right below the
uredinia); (f) typical defoliated poplar trees
observed in plantation after a strong epidemic
at the end of summer. Photos courtesy of:

(a) H. Goyeau and B. Parriaud, INRA France;
(b) F. Suffert, INRA, France; (c) B. McCallum,
Agriculture and AgriFood Canada;

(d, e) B. Petre, INRA France; (f) C. Lorrain and
S. Duplessis.

first thought (Aime eral, 2006). Recent data based on
phylogenetic comparisons between rust fungi and their host
plants support a diversification through host jumps during
coevolution with their hosts (McTaggart ezal., 2016; Aime ez al.,
2017), and support the relative importance of the aecial host on
the evolution of Pucciniales (Aime etal, 2018). Heteroecious
rust fungi alternate between unrelated host plants such as
gymnosperms and angiosperms or monocots and eudicots;
however, these hosts must share common ecosystems. This
indicates that alternate hosts of rust fungi with unresolved life
cycles may be found in the same ecosystem as the current known
host, or that the alternate host has become extinct or replaced
altogether in response to changing environmental conditions.

IV. The biology of rust infection

Advances in microscopy over the last century have led to precise
descriptions of both the host infection process and the various
stages of rust life cycles in a few rust fungal species (Littlefield &
Heath, 1979; Harder, 1984). The concept of gene for gene
hypothesis developed by Harold H. Flor pioneered identification of
resistance genes in plants and enhanced our understanding of the
plantimmune system (Flor, 1971; Wu ez al., 2018). Itis only in the
last two decades or so that the first resistance and avirulence genes
have been cloned in rust pathosystems (Ellis ez 4/, 2007). By the
end of the 20™ century, molecular studies of biotrophic fungi
ushered in a new era of understanding of the mechanisms

© 2018 The Authors
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Pycniospores

Fig.2 Life cycles of rust fungi. (a) Macrocyclic
life cycle: macrocyclic rust fungi produce five
spore stages and they are autoecious or
heteroecious (i.e. life cycle realized on one or
two host plants, respectively); haploid
basidiospores (n) infect the aecial host; pycnia
contain pycniospores (n) of different mating
types; after fertilization and plasmogamy,
dikaryotic aecia release aeciospores (n + n)
that infect the telial host; dikaryotic
urediniospores (n + n) are then produced (b)
repeatedly through vegetative cycle during
the summer season; teliospores (n + n) are
formed in telia during autumn; karyogamy
occursin teliaand meiosisinitiates; basidia (2n)
differentiate and produce basidiospores (n)
after winter. (b) Derived rust life cycles: o
demicyclic rust fungi can be heteroecious or §
autoecious and do not form uredinia; &
hemicyclic rust fungi are autoecious with the

absence of pycnial and aecial stages; the

microcyclic life cycle is reduced to telia and

basidia or pycnia, according to species.

pecia

&asidia

underlying the infection process. The following section provides an
overview of these early key molecular investigations.

1. Early stages of infection: host penetration and haustorium
formation

In heteroecious rust fungi, basidiospores infect the aecial host, and
aeciospores and urediniospores infect the telial host by means of
different penetration modalities. Monokaryotic basidiospores
germinate and directly penetrate epidermal cells following appres-
sorium differentiation (Hahn, 2000). To date, relatively little is
known about the infection process in the aecial host. Dikaryotic
aeciospores and urediniospores enter the host leaf through
openings in the stomata, after appressorium differentiation
(Voegele et al., 2009). Several transcriptomic analyses of appres-
soria formation of urediniospores led to identification of the genes
responsible for metabolism and regulation of the cell division cycle,
indicating that this structure plays an active role in the penetration
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process (Hu ez al., 2007; Stone et al., 2012; Talhinhas ez al., 2014).
Urediniospores from the soybean rust fungus directly penetrate
their host through the epidermis, in a similar manner to
basidiospores of heteroecious fungi, and form an appressorium
with a high cell turgor pressure of 5.13 MPa (Loehrer ez al., 2014a),
which correlates with what has been observed in other fungal plant
pathogens (Ryder & Talbot, 2015). However, P.pachyrbizi
basidiospores are hyaline and devoid of melanine, indicating a
different penetration modality. To date, almost all physiological
studies of host infection by rust fungi have focused on uredin-
iospores (Voegele et al., 2009).

The haustorium represents a distinctive feature of obligate
biotrophs. After getting inside the host tissue, the penetration
hypha forms a substomatal vesicle from which an infection hypha
differentiates; then a haustorium mother cell starts forming a
penetration peg that secretes cell wall-degrading enzymes to
penetrate the host cell wall in order to differentiate a haustorium
within the host cell cavity (Hahn, 2000; Garnica et al., 2014).
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Fig. 3 Schematicrepresentation of telial hostinfection by rust urediniospores. (a) The different steps of rustinfection on the telial host from spore germination to
sporulation. (b) Expression profiles of selected gene categories during the infection process (according to time-course transcriptomics in Duplessis et al., 2011b;
Dobon et al., 2016). These profiles have been simplified according to the global average expression. Orange curves represent coordinated waves of expression
for secreted protein genes; red curve represents the main expression profile for CAZymes, proteases and lipases (CPL) encoding genes; purple curve represents
expression for transporter encoding genes. (c) Schematic representation of the interaction between rust infection hyphae and haustoria and plant host cells.
Urediniospores germinate on the leaf surface and penetrate plant tissue through stomata. Infection hyphae grow between host cells and a haustorium is formed
inside the host cell cavity. After several days of biotrophic growth, new urediniospores are produced and released on the leaf surface. Immunolocalization of
candidate effectors is presented. Melampsora lini AvrM is localized at the periphery of fungal hyphae, in the haustorium, in the extrahaustorial matrix (EHM)
and in flax cell cytosol. Rust-transferred proteins (RTP1p) from Uromyces fabae and Uromyces striatus are localized in the haustorium, in the EHM and in the
nucleus and the cytosol in the later stages of colonization. SSP1, SSP2, SSP3 and SSP4 correspond to Melampsora larici-populina small secreted proteins (SSPs)
MIp123523, MIp123227, MIp123932 and MIp37347, respectively. Melampsora larici-populina SSPs are localized at the periphery of the haustorium (SSP4,
SSP3) and of infection hyphae colonizing plant mesophyll (SSP1), and at both the periphery of haustoria and sporogenous hyphae (SSP2). Close-up of

haustoria—host cell interface shows enzymes and transporters of rust fungi characterized in U. fabae. PMA1 is a H*-ATPase that is active as the first haustoria
formed and it localizes at the haustorial membrane. PMA1 sets up an electrochemical gradient necessary for nutrient uptake. ARD1 is a NADP*-dependent p-
arabitol dehydrogenase localized in the lumen of haustoria. HXT1 represents the proton-motive force-driven hexose (p-glucose and p-fructose) transporter
characterized in the haustorial membrane of the bean rust fungus. MAD1 is a mannitol dehydrogenase localized in haustoria, in sporogenous hyphae and in

spores. AATSs represent the three amino acid transporters (AAT1, AAT2, AAT3) of U. fabae. They all localize at the haustorial membrane.

The haustorium is an invagination within the host cell
plasmalemma, which remains intact. In contrast to other obligate
biotrophs, rust fungal haustoria are marked by the presence of a
dense neckband that separates the extrahaustorial matrix sur-
rounding the haustorial structure from the apoplasm (Garnica
etal.,2014). The formation of this specialized infection structure
induces structural changes inside the infected host cell (Voegele
& Mendgen, 2003). It is also an intense site of expression of
secreted proteins.

2. Nutrient uptake from the host

Rust fungi are completely dependent on the nutrients provided by
living plant hosts to reproduce and complete their life cycles
(Staples, 2000). Known nutrient uptake components of rust
haustoria remain limited to a few sugar and amino acid transporters
(Voegele & Mendgen, 2011; Struck, 2015). Rust fungi are
deficient in several essential pathways (e.g. nitrate and sulphur
assimilation), which largely explains their dependence on nutrient
uptake from their hosts (Duplessis ezal., 2011a; Kemen ezal.,
2015). The first discovered amino acid permeases were AAT1p,
AAT2p and AAT3p from Uromyces fabae, which showed a specific
or a preferential expression in haustoria (Fig. 3; Hahn & Mendgen,
1997; Hahn et al., 1997; Struck, 2015). Homologues of AAT genes
upregulated in haustoria were later identified in other rust fungi
(Hacquard ezal, 2010; Garnica eral., 2013). The oligopeptide
transporter (OPT) genes are more numerous in rust fungi than in
other basidiomycetes and have been shown to be highly expressed
during host infection and in haustoria of rust fungi (Duplessis ez al.,
2011a; Garnica ez al., 2013). Recently, OPT genes were associated
with virulence in the smut fungus Ustilago maydis, suggesting that
extracellular peptides representan important source of nutrients for
the fungus (Lanver ezal., 2018). So far, no functional character-
ization of OPT has been conducted in rust fungi. Host oligopep-
tides could also represent an important source of nitrogen and
sulphur for rust fungi.

Uromyces fabae H*-ATPase PMA1p was identified from isolated
haustoria and functionally characterized in yeast. PMA1p activity
establishes the electrochemical proton gradient that provides
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energy for transport processes and nutrient uptake (Fig. 3; Struck
etal., 1996, 1998). The important role of proton gradient in the
absorption of sugar was later shown for the U. fabae hexose
transporter HXT'1p localized at the haustorium membrane and its
role as a proton-motive D-glucose and D-fructose transporter was
demonstrated in yeast (Fig. 3; Voegele ¢z al., 2001). Plants present
low concentrations of monomeric hexoses in leaves and sucrose is
the main sugar in this organ (Lohaus ez a/., 2001; Weber & Roitsch,
2000). The U. fabae invertase INV1p expressed during infection
and localized in the extrahaustorial matrix was reported to be
necessary for the breakdown of sucrose in D-glucose and b-fructose,
the substrates for HXT1p (Fig. 3; Voegele et al., 2006). Recently,
the invertase PsSINV was investigated in the wheat rust P. striiformis
sp. tritici, and showed a high efficiency for sucrose hydrolysis as well
as an increased expression during wheat infection (Chang ez al.,
2017). Other genes related to metabolism, such as the glucokinase
GLKl1p, the mannitol dehydrogenase 1 (MADI1p) and the
NADH+ dependent D-arabitol dehydrogenase, ARD1p, from
U. fabae have provided valuable information about carbon storage
and utilisation in this rust fungus (Fig. 3; Link ez 4/, 2005; Voegele
eral.,2005; see Voegele & Mendgen, 2011 for details). Homo-
logues of these different genes were also found in other rust fungi,
and they showed high levels of expression during infection of their
respective hosts, supporting the mechanisms of glucose uptake in
rust fungi (Hacquard eral, 2010; Duplessis eral, 2011a,b;
Garnica etal., 2013; Zheng et al., 2013). No sucrose transporter
has been identified in rust fungi (Duplessis ez a/., 2011a), indicating
that hexose transport may be essential in haustoria. No recent
functional analyses of uptake mechanisms have been conducted in
rust fungi, except for P. striiformis . sp. tritici.

3. Infection control centre: the haustorium as a multifaceted
structure

The haustorium is not only a specialized machine for nutrient
diversion, it is also a site of intense expression of secreted proteins,
including effectors (Duplessis ez al., 2012; Garnica ez al., 2014). In
rust fungi, secreted effector proteins have been shown to reside
inside host cell cytoplasm; however, the way in which effectors
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translocate from the haustorium to the host cell remains unknown
(Petre & Kamoun, 2014). Only a handful of effectors have been
described in rust fungi (Petre ez al., 2014). The products of several
avirulence genes of the flax rust fungus M. /ini are recognized by
resistance proteins inside plant cells where they are expected to play
roles as effectors (Duplessis ez al., 2012). Rust-transferred proteins
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RTP1p from Uromycesspp. were the first fungal proteins identified
as being capable of translocating into their host cells (Kemen ez al.,
2005). The proteins were localized inside host cells and then in the
host nucleus, suggesting a specific traffic towards its final
localization (Fig. 3). The M. lini effector AvtM has also been
detected inside flax cells by immunogold transmission electron
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microscopy (Fig. 3; Rafigi ezal, 2010). In both examples,
trafficking from the fungal haustoria to the host cell was temporally
regulated. RTP1 is part of a multigene family conserved across
Pucciniales, including basal species like H. vastatrix (Fernandez
etal.,2012; Pretsch ez al.,2013; Link T eral.,2014; Link T.1. ez al.,
2014). Detailed analyses of RTP1 indicated a dual function as a
protease inhibitor 77z vitro and a filament-forming protein in the
extrahaustorial matrix that could act as a stabilizing factor for the
fungal structure (Kemen eral, 2013; Pretsch eral, 2013).
Immunolocalization of two RTP homologues in the poplar rust
Melampsora larici-populina revealed a dual localization at the
periphery of haustoria and infection hyphae (Fig. 3; Hacquard
et al.,2012). Two other poplar rust-secreted proteins were detected
in planta by immunolocalization: a homologue of the flax rust
avirulence effector AvrL567, which was found at the periphery of
poplar rust haustoria but not beyond in the host cells; and SSP15,
which is localized at the periphery of both haustoria and spore-
forming cells in uredinia (Fig. 3; Hacquard ez a/., 2012). Although
all reported observations pertaining to rust proteins show evidence
of complex and diverse patterns of localization within infected host
tissues, their function during the infection process remains unclear
(Petre et al., 2014).

V. Rusts in the genomics era: the ever-expanding list
of candidate effector genes

In the last 10 years, as many as 20 genomes of 11 different
rust fungi have been reported (Supporting Information
Table S1; see Aime etal, 2017 for details). Beyond the basic
groundwork these studies provided about predicted genes and the
genome architecture and organisation; advances in genome-wide
comparative analyses, transcriptome and population studies and
prediction of secreted proteins to identify rust effector proteins
have considerably extended our understanding of rust fungal

biology (Table S1).

1. Sequencing rust fungal genomes

Rust fungi have large genomes in the range 60 to >300 Mb (Aime
etal., 2017) but flow cytometry estimates the largest rust genome at
>2 Gb (Tavares ez al., 2014; Ramos ez al., 2015). Rust genomes are
sequenced from dikaryotic spores and they present a remarkable
degree of heterozygosity (Persoons ezal, 2014; Upadhyaya et al.,
2014; Cuomo ez al.,2017). High proportions of repeat elements in the
rust genome, ranging from 18% to 75%, have made rust genome
assembly extremely difficult. This is particularly true for rust genomes
sequenced only by using short-read technologies (see Aime ez al., 2017
for details). Rust fungi possess large numbers of genes (15 000-20 000
per genome) and about half of them lack functional annotation. Many
genes have been reported as specific to Pucciniales, which may also be
reflective of innnovations in their biology (Aime et /., 2017). The lack
of complete and high-quality rust genome assemblies and standard-
ized practices in the community have somehow restricted the scope of
comparative studies. Next-generation long-read sequencing technolo-
gies combined with improved assembly tools both support improved
assembly of large rust genomes. Long-read sequencing approaches
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recently used for genomes of P. striiformis f. sp. tritici 104E and two
isolates of the oat crown rust Puccinia coronata f. sp. avenae provided
higher-quality de novo assemblies (Miller ezal., 2017; Schwessinger
etal., 2017) and supported phasing of haplotypes for a significant
portion of these dikaryotic genomes (50-92%). The genome size of
these two rust species were smaller on average than the range of
estimated rust genome sizes (83—105 Mb), and it has not yet been
determined if genomes in the range of 1 Gb or more with >70%
repetitive content will affect assembly performance. Generating
complete and phased genome assembly has proved to be important
not only for highlighting intrinsic differences between two rust nuclei,
but also for elucidating the architecture of rust genomes and,
ultimately, insights into the impact of transposition on rust virulence
and evolution.

2. Prediction of candidate effectors in rust secretomes

Soon after the conceptualization of plant pathogen effectors and
their importance in the infection process, it was established that
secreted proteins of unknown function can represent candidate
effectors (Win et al., 2012). Therefore, secretome prediction has
been systematically applied to rust genomes with the promising
possibility of identifying effectors. Some features, such as a smaller
size, a higher cysteine content or taxonomical specificity, have been
used to identifly candidate effectors (Lorrain eral., 2015; Sper-
schneider ez al., 2017a). Based on these criteria, long lists of rust
candidate effectors have been identified (Table S1; Pendleton ez 4.,
2014; Duplessis ez al., 2011a,b; Nemri ez al., 2014; Saunders ez al.,
2012; Cantu etal, 2013). The number of secreted protein-
encoding genes can vary depending on the precise criteria used to
flag them as candidates, but they generally range between 1000 and
2000 per genome (c. 10% of the coding space). Both -orphan and
gene families are found among Pucciniales-specific candidate
effectors. Expanded gene families of unknown function are a
common feature of rust fungal genomes, among which are several
secreted protein families (Aime ez al., 2017). A recent approach has
been to use machine-learning prediction tools to identify candidate
effectors within fungal secretomes, improve prediction of their
localization in planta and differentiate between apoplastic and
cytoplasmic effectors (see details in Table S2; Sperschneider ez al.,
2015, 2016, 2017b,c, 2018). These tools are particularly valuable
as they are not based on a prioricriteriaand can be used to revisit sets
of candidate effectors predicted in rust genomes (Table S2). The
report of more bona fide effectors should improve future machine
learning-based prediction, provided that rust effectors do have
conserved features to truly support their prediction.

3. Transcriptomics of rust infection: pointing the needle in
the haystack

Specific gene expression in planta is a critical feature in defining
pathogenic effectors. Thus, transcriptomics has been the approach
of choice for reducing large sets of rust candidate effectors to smaller
numbers of priority targets for functional study (TableSI;
Duplessis etal., 2012, 2014). The first pioneer transcriptomic
studies used ¢cDNA libraries to identify haustorially expressed
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secreted proteins from isolated haustoria of U. fabae and M. lini
(Hahn & Mendgen, 1997; Catanzariti ezal, 2006). RNA-
sequencing (RNAseq) has been instrumental in providing valuable
insights about rust fungi without reference genomes, for example
H. vastatrix, Gymnosporangium  spp., P. pachyrhizi, Uromyces
appendiculatus (Table S1; Loehrer ezal., 2014b; Link T.1. ezal.,
2014; Cristancho et al., 2014; Tao etal., 2017). Transcriptomic
analyses of host infection and isolated haustoria have helped to
prioritize candidate effectors in different rust species (Duplessis
eral., 2014; Aime et al., 2017). Many genes expressed in the late
stages of colonization encode carbohydrate active enzymes,
proteases, lipases and transporters (Fig. 3; Duplessis ez al., 2011b;
Hacquard ezal., 2011, 2012). These findings are consistent with
nutrient uptake by sugar and amino acid transporters once
haustoria are established in the plant tissue (Voegele & Mendgen,
2011; Struck, 2015). Different sets of candidate effectors are
expressed sequentially in coordinated waves of expression from
early to late stages of infection (i.e. from spore germination to
sporulation; Fig. 3; Dobon eral., 2016; Duplessis ez al., 2011b;
Hacquard ez 4/.,2011,2012,2013; Bruce et al., 2014; Cantu ez al.,
2013; Fernandez ez al., 2012; Huang ez al., 2011; Tremblay ez al.,
2013; Rutter ez al., 2017). Small secreted proteins are among the
most highly expressed genes in fungal infection structures at the
sporulation stage (Hacquard eral, 2010). Such coordinated
expression patterns indicate that rust fungi may release and deliver
early and late effectors with different roles in establishing and
maintaining biotrophy. Although studying the infection process in
the primary host of rust fungi has proved highly informative, gene
expression at other stages of the rust life cycle has largely been
overlooked. Very little information is available about infection
mechanisms of alternate hosts and sexual stages. To date, only a
handful of studies have considered gene expression on the alternate
host and they have revealed concomitant expression of sets of
candidate effectors in both hosts as well as in each host individually
(Xu et al.,2011; Liu et al., 2015; Cuomo et al., 2017; Lorrain et al.,
2018a). This type of approach is particularly helpful for narrowing
down the list of effectors related to the main host where disease
causes the most significant damage.

4. Population genomics for unveiling effector and avirulence
genes

Analysing population genomics and studying evolutionary pro-
cesses have proved valuable in identifying avirulence genes among
candidate effectors (Moller & Stukenbrock, 2017). The pressure
exerted by components of the host plant immune system can be
detected by traces of positive selection in effector genes under
surveillance. Signatures of rapid evolution and polymorphism have
been extensively studied in filamentous pathogens, including rust
fungi (Raffacle & Kamoun, 2012; Stukenbrock, 2013; Persoons
etal., 2014; Upadhyaya eral, 2014). Three M. lini avirulence
genes (AvrL567, AvrP4 and Avrl23) were found under positive
selection at the intraspecificand/or interspecific levels (Dodds ez al.,
2004; Barrett etal, 2009). A genome-wide search for single
nucleotide polymorphisms or insertion/deletion in rust fungal
isolates has enabled the detection of avirulence candidates among
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secreted protein genes (Cantu efal, 2013; Bruce eral, 2014;
Persoons et al., 2014; Upadhyaya et al., 2014; Bueno-Sancho et al.,
2017; Cuomo etal., 2017; Wu etal., 2017). Sequencing large
volumes of isolates is now possible for relatively low cost, and high-
density genetic maps can be constructed through the resequencing
of progenies or by restriction site detection sequencing (RAD-seq)
inrust fungi (Pernaci et al., 2014; Anderson et al., 2016; Yuan et al.,
2018). Two recent studies demonstrated the degree to which
genomics has impacted the field by combining genomics and
resequencing approaches to identify AvrSr35 and AvrSr50, two
P. graminis f. sp. tritici avirulence effector genes (see details in
Section VI; Chen ez al., 2017; Salcedo ez al., 2017). It is very likely
that population genomics and genome-wide association studies
will unveil even more key pathogenicity determinants over the next
few years.

VI. Functional characterization of rust effectors

Lists of candidate effectors have now been established for most rust
fungi that are major threats to agriculture: some may play a critical
role in establishing a successful infection, some can be targets of host
resistance proteins (avirulence proteins) and some may reveal host
susceptibility by identifying their targets inside the host cell.
Investigating candidate effectors can foster selection of more durable
resistance to rust diseases. That said, the number of effectors to be
scrutinized is strikingly large and rust fungi as obligate biotrophs are
particularly difficult to manipulate. To respond to these two
challenging aspects, high- to medium-throughput pipelines have
been developed for more effective functional characterization of
candidate rust effectors and to help formulate hypotheses about their
functions in plant cells. Effectoromic screens essentially allow us to
identify cellular and molecular targets of given candidates and to
draw hypotheses regarding their role in pathogenesis. Heterologous
plant systems are favoured for investigating nonmodel candidate
effector functions (Petre ¢z al., 2014; Lorrain et al., 2018b). Fig. 4
shows current approaches used to identify and unravel functions of
candidate effectors in the plant cell. In the following section, we
describe the different strategies and approaches applied over the past
5 years to investigating effectors in rust fungi. We choose to report
these studies by rust species according to the importance of the
community-driven efforts and to distinguish screening approaches
and work on specific genes. Table 1 summarizes the number of
candidates assayed in each rust species.

1. Effectoromics of the yellow rust fungus P. striiformis

The rust species P. striiformis f. sp. tritici has attracted the greatest
attention from the scientific community. Both medium-
throughput screening and dedicated investigations have been used
to functionally characterize candidate effectors and pathogenesis-
related functions. Multiple efforts from different research groups
have used different pipelines and approaches. The host-induced
gene silencing (HIGS) approach developed to silence Pucciniaspp.
genes using the Barley stripe mosaic virus (BSMV) on wheat (Yin
etal.,2011) has been instrumental in assessing rust genes in wheat—
rust interactions (Tang ez al.,, 2017).
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Two medium-throughput screens have focused on P. stritformis
f. sp. #ritici candidate effectors. Ramachandran eral. (2017)
scrutinized 20 Pucciniacae candidates, including nine from
P. striiformis . sp. tritici. Seven were able to suppress a hypersen-
sitive response (HR) triggered in Nicotiana benthamiana, and plant
cell death suppression was confirmed in wheat for one candidate
through delivery by Pseudomonas fluorescens (Ramachandran ez al.,
2017). In another study, 16 mature candidate effectors were
transiently expressed in fusion with green fluorescent protein
(GFP) in N. benthamiana to determine their subcellular localiza-
tion and to identify their putative interactors by coimmunopre-
cipitation (coIP) and mass spectrometry (MS) (Petre et al., 2016a).
Nine were informative in terms of localization or specific
interactions with plant proteins. One candidate showed accumu-
lation in processing bodies and interaction with an enhancer of
mRNA decapping protein. The interaction between the wheat
enhancer of mRNA decapping protein 4 (TaEDC4) and the yellow
rust effector was confirmed by colP in V. benthamiana (Petre et al.,
2016a). Taken together, these two screens led to the identification
of 16 candidates of interest with virulence-related activities, a
specific subcellular localization and/or a putative plant protein
interactor (Table 1). A small-throughput screen for immunity
suppression was set for six other candidate effectors, identifying
PECG6 as a candidate with virulence properties (Liu C. ez al., 2016).
PEC6 suppressed plant immune responses in N. benthamiana,
enhanced bacterial growth in Arabidopsis and showed interaction
with an adenosine kinase by yeast two-hybrid and bimolecular
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Fig.4 Common approaches applied to study
effector biology of rust fungi. (a) Effector
mining shows genomic and transcriptomic
approaches applied to rust fungi to identify
candidate secreted effector proteins (CSEPs).
(b) Functional characterization details the
differentapproaches and methods deployedin
the scientific community to scrutinize role and
functions of rust fungal CSEPs. SNP, single
nucleotide polymorphism; HR, hypersensitive
response; ROS, reactive oxygen species;
NMR, nuclear magnetic resonance.

fluorescence complementation (Liu C. et al., 2016; Liu J. et al.,
2016). Fungal infection was also reduced in wheat when PEC6 was
silenced by HIGS (Liu C. et al., 2016; Liu J. et al., 2016).

Several studies investigated yellow rust candidate effectors and
signalling proteins through separate efforts. PstSCR1, a small
cysteine-rich candidate effector, induces plant cell death when
expressed with its signal peptide or when injected as a purified
protein in N. benthamiana, but its potential role in P. striiformis
f. sp. tritici remains unknown (Dagvadorj eral, 2017). A
pipeline of diversified molecular approaches has been established
to unravel the role of P. strifformis f. sp. tritici proteins during
interaction with wheat and facilitated the study of more than 10
yellow rust genes over the past 5years (Tang eral, 2015a,b;
Tang eral, 2017). Selected candidate genes are most often
assayed by HIGS to validate their involvement in pathogenicity
through quantitative estimation of infection-related traits.
Depending on the given candidate, different complementary
approaches were applied, such as subcellular localization in
heterologous systems or in wheat protoplasts (Cheng ez al., 2015,
2016a; Wang er al., 2016; Zhu ez al., 2017a,b), complementation
assays on yeast or fungal pathogens (Guo eral, 2011; Liu eral.,
2014; Liu J. et al, 2016; Zhu etal., 2017a), yeast invertase
secretion assays (Cheng eral., 2016a; Liu J. etal., 2016; Wang
etal., 2016), plant cell death BAX-triggered suppression assays
(Cheng etal., 2016a,b; Liu J. eral., 2016) and overexpression in
yeast coupled with the monitoring of stress responses (Cheng
eral., 2015, 2016b; Tang eral., 2015a,b; Jiao eral., 2017; Zhu
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Table 1 Effectoromic screens conducted in rust fungi to identify candidate secreted effector proteins (CSEPs).

Screened Highlighted
References Approaches CSEPs CSEPs
Hemileia vastatrix
Maia et al. (2017) Plant cell death suppression in coffee leaves 30 1
Melampsora larici-populina
Petre etal. (2015, 2016a,b) Localization and ColP/MS?* of CSEPs in Nicotiana benthamiana 20 8
Germain et al. (2017) Infection assays and localization of CSEPs in Arabidopsis 16 3
Melampsora lini
Zhangetal. (2016) Recombinant protein production and structural analysis 4 4
Phakopsora pachyrihzi
Qietal. (2018) Localization and plant cell death suppression in N. benthamiana, Arabidopsis 82 17
and yeast, immune response in tomato and pepper
de Carvalho etal. (2017) Localization and plant cell death suppression in N. benthamiana 6 6
Kunjeti et al. (2016) Plant cell death suppression in N. benthamiana 6 2
Puccinia graminis f. sp. tritici
Yin etal. (2015) HIGS?® to select proteins related to pathogenesis 76 10
Upadhyaya et al. (2014) HIGS to select proteins related to pathogenesis 25 1
Ramachandran et al. (2017) Plant cell death suppression in N. benthamiana 11 2
Chen etal. (2017) Coexpression with R gene in N. benthamiana 41 1
Puccinia striiformis f. sp. tritici
Petre et al. (2016b) Localization and ColP/MS of CSEPs—fluorescent tag in N. benthamiana 16 9
Ramachandran et al. (2017) Plant cell death suppression in N. benthamiana 9 7
Liu C. etal. (2016) Plant cell death suppression in N. benthamiana and infection assays in 6 1
Arabidopsis
Uromyces appendiculatus
Cooper & Campbell (2017) HIGS to select proteins related to pathogenesis 5 3

4ColP/MS, coimmonuprecipitation coupled with mass spectrometry; HIGS, host-induced gene silencing.

eral., 2017a,b). Among the proteins characterized through the
aforementioned pipeline, six were identified as protein kinases or
regulators of kinases in fungal transduction pathways (Guo ez al.,
2011; Jiao et al., 2018; Cheng et al., 2015, 2016b; Qi, Zhu et al.,
2018) whereas others corresponded to a mitochondrial adenine
nucleotide translocase antiporter (PsSANT; Tang ez al., 2015a,b),
a superoxide dismutase (Liu J. eral, 2016), an isocitrate lyase
required for spore germination and one transcription factor. Two
of the studied proteins were identified as candidate effectors
(Cheng ez al., 2016a; Wang et al., 2016). PSTha5a23 is a specific
P. strifformis f. sp. tritici candidate highly expressed during
interaction with wheat that localized in the cytoplasm of wheat
protoplasts, supressed cell death in N. benthamiana, and sup-
ported increased pustule number when overexpressed in wheat
(Cheng et al., 2016a). The candidate effector PNPi was found to
interact in wheat with the homologue of the key defence
regulator NPR1 where it competes with the transcription factor
TGA2.2 which is known to activate Pathogenesis-related gene
expression (Wang et al., 2016). The functional pipeline applied
to characterize molecular determinants of P. striiformis f. sp.
tritici proved to be both useful and efficient in delivering new
insights into pathogenesis of the wheat yellow rust fungus.

2. Effectoromics of the wheat stem rust fungus P. graminis f.
sp. tritici

A high-throughput effectoromic screen based on BSMV-mediated
HIGS was applied to a large set of Pucciniaceae candidate effectors
conserved in the three wheat rust fungi P. graminis f. sp. tritici,
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P. striiformis . sp. tritici and P. triticina (Yin et al., 2015). Among
86 silenced genes, 10 were required for full infection by P. graminis
f. sp. tritici, including secreted proteins, metabolic and transport-
related genes (Yin eral, 2015). Reduced development of
P. stritformis f. sp. tritici and P. triticina was also observed
through transient silencing of four and three of those genes,
respectively, indicating that screens performed at the level of
taxonomical families can reveal crucial functions for infection
shared between rust species (Yin etal, 2015). A tryptophan
2-monooxygenase (Pgt-lTaaM) gene involved in auxin synthesis is
required for full virulence of P. graminis. f. sp. triticiand displayed
pleiotropic auxin-related phenotypes when expressed in
Arabidopsis (Yin etal., 2014). This study demonstrates the
modulation of the plant hormone balance by a rust fungus. In
their assay, Ramachandran ezal. (2017) also screened plant cell
death suppression properties of 11 wheat stem rust candidate
effectors, and two were able to suppress HR in N. benthamiana.
Another effectoromic screen was established to deliver rust
candidate effectors in wheat through a specific type III secretion
system (Pseudomonas fluorescens effector to host analyser strain
EtHAn) (Upadhyaya eral., 2014). A total of 25 P. graminisf. sp.
tritici candidates were monitored for plant cell death induction
and one was able to induce a genotype-specific HR, suggesting it
might be an avirulence protein (Upadhyaya eral, 2014). Four
candidate effectors predicted to accumulate in nuclei or in
chloroplasts of plant cells by LocaLizer (cf. Section V.2) were
validated in N. benthamiana (Sperschneider ez al., 2017b).

The wheat stem rust avirulence genes AvrSr35and AvrSr50were
recently identified through genomic and functional approaches. In
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one case, AvrSr35was identified in rust fungal mutants obtained by
induced mutagenesis of an avirulent fungal isolate. AvrSr35
encodes a small secreted protein of 578 amino acids, and the
interaction with the wheat resistance gene S735 was verified by
transient coexpression in N. benthamiana as well as by infiltration
of the purified protein in wheat leaves (Salcedo etal, 2017).
AvrSr35 and Sr35 colocalized with the endoplasmic reticulum and
interacted in plant cells; however, whether the interaction is direct
or indirect remains to be determined. In the second example,
sequencing the genomes of an avirulent AvrSr50 isolate and a
spontaneous virulent mutant derived from this isolate identified a
2.5 Mb region showing loss-of-heterozygosity (Chen ez al., 2017).
A total of 41 genes encoding haustorially expressed secreted
proteins present in this region were transiently coexpressed without
their signal peptide with the wheat resistance gene 5750, and a single
candidate triggered a HR (Chen ez al., 2017). AvrSr50 showed a
nucleocytolocalization in N. benthamiana and exhibited a cell
death suppression activity, indicating that it could have a role in
suppressing defence response (Chen ez al., 2017). These back-to-
back papers demonstrate the great promises of combining
functional assays with (population) genomics and transcriptomics
to identify new rust avirulence genes.

3. Effectoromics of the wheat leaf rust P. triticina

Progress has been made in the study of wheat leaf rust pathogenicity
through methodological developments. Complementation of a U.
maydis mitogen-activated protein kinase (MAPK) knockout
mutantwitha P. #riticinaMAPK restored virulence, demonstrating
that mutant complementation could be an effective way of studying
rust functions (Hu ez al, 2007). The knockdown of P. triticina
signalling genes encoding an adenylate cyclase, a MAPK and a
calcineurin through BSMV-mediated HIGS resulted in suppressed
disease phenotypes (Panwar ezal., 2013). Such a host-delivered
RNA interference system could be effective through generations in
transgenic wheat lines, conferring protection against rust disease
(Panwar & Bakkeren, 2018). A co-bombardement assay of selected
secreted proteins with a B-glucoronidase (GUS) expressing vector
was also developed to detect potential avirulence candidates. In this
system, a reduction in GUS expression may result from a HR
caused by the recognition of the secreted protein by the immune
system. Two secreted proteins were flagged as potential avirulence
candidates using this biolistic assay (Segovia ez al., 2016).

4. Effectoromics of the Asian soybean rust fungus
P. pachyrhizi

One of the most advanced effectoromic screens performed in rust
fungi was recently reported for P. pachyrhizi (Qi et al., 2018). The
selection of 82 candidate effectors (PpECs) was based on
haustoria RNAseq (Link T. ez al, 2014; Link T.1. e al,, 2014).
Qi eral. (2018) cloned the 82 PpECs in different vectors in order
to: scrutinize their subcellular localization in N. benthamiana;
assay induction of an immune response in pepper and tomato;
and assay cell death suppression in N. benthamiana, Arabidopsis
and yeast. Among the 82 PpECs, 17 suppress plant immunity and
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30 PpECs target different cell compartments, such as nucleus,
nucleolus and cytoplasm (Qi ezal., 2018). The secretion of one
candidate, PpEC23, was confirmed in yeast and it was further
shown to suppress the immune response in soybean. Interaction
of PpEC23 with the soybean transcription repressor GmSPL121
was shown by yeast two-hybrid and pull-down. PpEC23 interacts
with itself in the cytoplasm and it localizes in the nucleus when it
interacts with GmSPLI21 (Qi eral, 2016). With this large
effectoromic screen, the authors were able to propose a shortlist of
17 P. pachyrhizi priority candidates that can now be specifically
addressed in dedicated efforts (Qi eral, 2018). This clearly
illustrates the power of systematic and methodological approaches
to large-scale screening applied to rust fungi. Parallel screening
efforts identified other soybean rust candidate effectors. For
instance, six candidates showed suppression of plant cell death
triggered by Pseudomonas syringae pv. tomato DC3000 and an
accumulation in nucleus and cytosol after transient expression in
N. benthamiana (de Carvalho et al., 2017). In another study, two
out of six selected candidates were found to increase P. infestans
infection in N. benthamiana, suggesting a role in the virulence of
the soybean rust fungus (Kunjeti ez al., 2016).

5. Effectoromics of the poplar rust fungus M. larici-populina

Twenty candidate effectors of the poplar rust fungus have been
investigated in V. benthamianato identify their cellular localization
and their putative plant partners (Petre eral, 2015). Eight
candidates showed either a specific localization when transiently
expressed without their signal peptide in fusion with GFP or a
specific interaction with plant proteins by colP/MS. The candidate
MIp124017 was shown to interact with the poplar TOPLESS-
related protein 4 by colP when coexpressed in N. benthamiana
(Petre etal., 2015). This study also revealed a candidate effector
targeting chloroplasts (chloroplast-targeted protein 1; MIpCTP1).
A transit peptide in MIpCTP1 is necessary and sufficient to
accumulate in chloroplasts (Petre ez al., 2016b). This gene is part of
aMelampsoraceae family and other members were shown to possess
a transit peptide to target chloroplasts in plant cells. Sixteen other
M. larici-populina candidates were assayed in A. thaliana through
stable expression of GFP fusion to determine their subcellular
localization (Germain et al., 2017). Three candidates showed an
accumulation in plasmodesmata, chloroplasts and cytoplasmic
bodies, respectively; 11 promoted Hyaloperonospora arabidopsidis
growth in planta, and five promoted P. syringae growth in planta.
Three candidates promoted both oomycete and bacterial growth
and may be considered as virulence factors (Germain ez 4l., 2017).
Investigations conducted in two different heterologous systems
highlighted 11 poplar-rust candidate effectors with specific local-
ization and/or plant protein interactors (Table 1).

6. Effectoromics of the flax rust fungus M. lini

Melampsora liniis an advanced rust model for the genetic dissection
of avirulence genes, and most known bona fide rust fungal effectors
have been identified in this fungus (Petre ezal, 2014). Detailed

reviews have addressed the identification and study of avirulence
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genes in the flax rust fungus and have been a prime source of
information (e.g. Ellis ez /., 2007). A recent small screen investigated
biochemical properties and structures of M. /ini effectors (Zhang
etal., 2017a). This is the first screen to be aimed specifically at the
production of recombinant rust effector proteins. Avirulence
proteins AvrP, AvrP123, AvrP4 and AvrM were produced in several
Escherichia coli strains. To date, AvrL567, AvrM and AvrP are the
only rust fungal effectors with characterized three-dimensional
structures. They exhibit completely different structures (i.e. B-
sandwich fold, L-shape fold and elongated zinc-finger-like fold,
respectively), but they do, however, all display surface polymorphic
residues involved in the recognition by the flax resistance proteins L5/
L6/L7, M and P, respectively (Wang ez al., 2007; Ve etal., 2013;
Zhang et al., 2017b). No structural homology was found for the
three flax rust fungal effectors in structure databases (Wang ez al,
2007; Ve eral., 2013; Zhang ezal., 2017b). Resolving more rust
effector structures may reveal structural homologies and inform their
putative functions, which largely remain undetermined.

7. Effectoromics of the coffee rust fungus H. vastatrix

Hundreds of candidate effectors have been identified in H. vastatrix
by genomic and transcriptomic approaches (Fernandez ez al., 2012;
Cristancho eral, 2014; Talhinhas efal, 2014). Similar to
effectoromic screens conducted in P. graminis f. sp. tritici, a
medium-throughput screen has been established to deliver candi-
dates in coffee leaves through Pseudomonas syringaepv. garcae(Maia
etal., 2017). The effect of 30 H. vastatrix candidate effectors
delivered into coffee leaves on the symptoms caused by P. syringae
pv. garcae infection was assessed to identify avirulence candidates.
HvEC-016 reduced bacterial growth and suppressed plant cell
death in coffee genotypes carrying a specific resistance gene (Maia
etal., 2017). This elegant approach, successfully applied to a
complex rust pathosystem, opens promising perspectives for the
identification of avirulence genes.

8. Uromyces spp. effectoromics

Uromyces fabae has been a pioneer rust species for the analysis of the
infection process, notably through the description of haustorially
expressed genes (Hahn & Mendgen, 1997). The secretion of ¢. 100
U. fabae candidate secreted proteins has been validated using the yeast
signal sequence trap system (Link & Voegele, 2008). Most functions
studied in this fungus are discussed in Section IV. A small-throughput
screen has been established to assay five Uromyces appendiculatus
proteins through Bean pod mottle virus-mediated HIGS. Silencing of a
trehalose phosphatase, a chitinase-like protein and a glycoside
hydrolase prevented U. appendiculatus infection, suggesting they
might play an important role in fungal development and plant
infection (Cooper et al., 2016; Cooper & Campbell, 2017).

VII. Putting rusts to sleep: Pucciniales research
outlooks

Genomics has been a fantastic lever in fostering progress in the field
of rust research (Duplessis ez al., 2014). Despite the complexity of

© 2018 The Authors
New Phytologist © 2018 New Phytologist Trust

Tansley review

rust genomes, the latest genomic reports are promising and the
systematic use of long fragment sequencing techniques will be key
to resolving their assembly. It remains to be determined how these
methods will perform in rust fungi with expected genome sizes
> 1 Gb. The complexity of very large rust genomes may very well
remain an impediment to completing genomic projects. On the
other hand, many reports have proved that transcriptomics is a
promising alternative in the absence of a reference genome (for
P. pachyrhbizi, see Link T. et al., (2014), Link T 1. ez al., (2014) and
Qi etal (2018); for H. vastatrix, see Fernandez et al. (2012) and
Maia ez al. (2017)). The large repertoires of small secreted proteins
presenting typical features of effectors in rust genomes is impres-
sive, with hundreds to thousands of candidates per species.
Expression of these genes in successive waves indicates that cohorts
of effectors may act in a concerted way to allow the fungus to
progress, unbeknownst to the host plant, and to maintain the
biotrophic state. Whether effectors act alone or in complex with
other effectors within the host cell will need to be determined. The
many facets of the complex life cycles of rust fungi should be more
systematically explored to improve our understanding of heteroe-
cism. The recent transcriptomic studies conducted during alternate
host infection for several rust species provide a deeper understand-
ing of rust pathogenesis. Understanding reproductive mechanisms
on alternate hosts in heteroecious rust fungi of major agricultural
crops is essential for developing effective and sustainable strategies
for managing rust diseases.

By providing an exhaustive overview of efforts deployed towards
searching for effector proteins among hundreds of candidates, our
review illustrates the speed with which the field of rust research has
progressed. The multiplicity of the rust pathosystems and the
systematic application of cellular and molecular screens based on
heterologous plant systems are examples of many high-value
innovations that are paving the way towards a better understanding
of the pathogenesis process. Similar efforts can be applied to any
major rust fungus impacting agriculture or the environment. The
same tools could be employed to identify and validate avirulence
genes ultimately to inform host resistance management (Moscou &
van Esse, 2017).

Efficient tools with which to unravel the precise molecular
mechanisms of rust—plant interactions are still urgently needed. For
years, attempts to genetically transform rust fungi have had limited
success (Lawrence ez al., 2010; Djulic e al., 2011). Genessilencing is
the best proxy at the moment and it is being widely and successfully
applied to P. striiformis f. sp. tritici (Panwar & Bakkeren, 2017;
Tang et al., 2017). Efforts are currently ongoing to achieve genetic
transformation in several Pucciniales, which, at the moment,
appears to be the most direct way to address critical functions during
interaction with the host plant (Fig. 5). Development of standard-
ized routines in genomics and the design of functional pipelines are
also needed in the community to allow for comparative studies. The
more recent focus on effector genes has, however, somewhat
overshadowed other categories related to infection. If understand-
ing how the pathogen is able to rewire the plant immune system to
avoid recognition and establish infection in the host is important, it
will be just as crucial to determine how it is able to reroute nutrients
and sustain its growth and spore multiplication.
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Fig. 5 Perspectives for rust fungal effector biology. Perspectives related to
genomic and transcriptomic approaches are indicated in pink; and those
related to applications in heterologous systems or in the pathosystem are in
blue and green, respectively. Improved assembly of reference genomes,
access to populational information and life cycle-informed transcriptomics
will support mining for candidate effectors and avirulence gene identification
in rust fungi; comparative rust genomics will enable better identification of
core and lineage-specific effectors, and improvement of prediction tools will
help their prioritization. Effectoromic screens pinpoint priority candidates
with particular localization, plant targets and avirulence properties. The main
challenge of rust effector biology is to validate candidate effectors in the
pathosystem through transformation of rust fungi and their hosts. Some
approaches, such as host-induced gene silencing and expression of effectors
in the host plant, are readily available but so far the inability to obtain
knockout mutants remains a drawback. The main output for rust effector
research is translation to field disease management with selection of new
resistances or less susceptible plants for future applications in agriculture.
NGS, next-generation sequencing.

Progress in the field of rust effector biology and pathogenesis in
rust fungi can inform the selection of new resistances in host plants
and the development of novel means of controlling or containing
crop diseases (Fig. 5). A number of recent reviews have specifically
discussed how findings from molecular analysis of the effector
mechanisms can translate into developing integrated resistance
management approaches (Boch ez al., 2014; Moscou & van Esse,
2017; Nelson ez al., 2018). Although the gap between fundamental
and applied research remains strong, recent rapid advances on all
fronts in understanding obligate biotrophy significantly support
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the fight against the fascinating plant pathogens that are the rust
fungi.
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Soybean Rust: Five Years of Research

Arianne Tremblay
USDA-ARS-Plant Science Institute
U.S.A.

1. Introduction

Soybean rust (SR), Phakopsora pachyrhizi Sydow is an obligate biotrophic fungal pathogen
causing rust on a wide range of hosts including many kind of beans (Glycine max, Phaseolus
vulgaris var vulgaris, P. lunatus var lunatus, P. coccineus, Vicia faba, Lablab purpureus, Vigna
radiata, V. unguiculata, Psophocarpus tetragonogobus, Pachyrhizus ahipa, P. erosus), few kind of
peas (Pisum sativum, Cajanus cajan), many kinds of clover (Alisycarpus vaginalis, Trifolium
repens, T. incarnatum, Melilotus officinalis), fenugreek, lupines, trefoil and kudzu. It originated
in Asia and emerged in the continental United States (Louisiana) in 2004 (Scheinder et al.,
2005) following hurricane Ivan which brought SR spores from Columbia. Presence of SR in
South America since 2001 has been responsible for large yield losses in soybean, Glycine max
L. Merr., fields. For example, in Brazil, a recent study depicted a two-year field trial where
soybean rust was responsible for 37% to 67% of soybean seed yield losses (Kumudini et al.,
2008). This study agreed with yield losses already observed in Asia, where the disease
originated. Losses there can reach up to 80% (Miles et al., 2003). Based on a disease risk
assessment study conducted by Pivonia and Yang (2005), climatic conditions in the soybean
producing regions of the United States are suitable for similar yield losses. In 2009, soybean
rust has been detected in sixteen states including 576 counties along the southeastern
portion of the country (USDA Integrated Pest Management (IPM) web site;
http:/ /sbr.ipmpipe.org/cgi-bin/sbr/public.cgi). Its location boundaries in the US are
mostly due to its warm location preference in addition to the presence of an alternative host,
kudzu, in which it can overwintered. The invasive kudzu plant is an alternative hosts and
its massive presence in several locations in South Louisiana and along the Mississippi river
makes these locations of choice for soybean rust. Numerous studies have been conducted to
build a system model allowing prediction, detection and evaluation of the presence of SR in
soybean fields (Tao et al., 2009; Roberts et al., 2009).

1.1 Phakopsora pachyrhizi life cycle

The lifecycle of P. pachyrhizi is typical of the majority of other rust fungi with some
particularities. Spores, named uredospores, are transported readily by air currents and can
be disseminated hundreds of miles in a few days. Weather conditions determine when the
spores begin their infection cycle, since they need a period where the temperature fluctuates
between 15°C and 28°C with high humidity for germination (Melching et al., 1989). When
germination occurs, the uredospore produces a single germ tube that grows across the leaf
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surface until an appressorium forms. Appressoria form over anticlinal walls or over the
center of epidermal cells, but rarely over stomata, in contrast to the habit of many other
rusts. Thus, penetration is direct rather than through natural openings or through wounds
in the leaf tissue. Penetration hyphae, stemming from the appressorium cone, pass through
the cuticle to emerge in the intercellular space where a septum is formed to produce the
primary hyphae. The primary hypha grows between spongy mesophyll cells where it forms
the haustorium. This new infection structure is a specialized organ produced to allow fungi
to obtain nutrients from the host. Other functions such as suppression of host defense
responses, redirection or reprogramming of the host’s metabolic flow, and biosynthesis
might be associated with this specialized organ, although direct evidence to date is lacking
(Voegele et al., 2004).

Once this first stage has been reached, additional hyphae emerge and spread through the
apoplast where many other haustoria are formed. At approximately 5 days after infection,
some necrosis of epidermal and mesophyll cells occurs that is visible at the upper surface of
the leaves as yellow mosaic discolorations. These symptoms appeared the same on a
resistant and a susceptible cultivar (Figure 1A). Hyphae aggregate and a uredinium arises in

()
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Fig. 1. SR symptoms observed on soybean leaves. (a) Yellow mosaic discoloration observed
at 7 dai. (b) Tan lesions observed at 21 dai and (c) reddish-brown lesions observed at 14 dai.
Photos were taken at the United States Department of Agriculture-Agricultural Research
Service Stoneville Research Quarantine Facility in Mississippi.
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the spongy mesophyll cell layer. Uredinia can develop 5 to 8 days after infection by a
uredospore and its development might extend up to 4 weeks. The first uredospores
produced by the uredinia arise 9 to 10 days after initial infection. Figure 2 shows SR
development on a leaf. Spore production can be observed for up to 3 weeks. Secondary
uredinia may arise on the margins of the initial infection and extend spore production for an
additional 8 weeks. Thus, from an initial infection, there can be first generation uredinia that
maintain sporulation for up to 15 weeks (Koch et al., 1983; Mendgen and Hahn, 2002). This
really high rate of sporulation is typical of a susceptible reaction where lesions on the upper
surface of the leaf are tan (Figure 1B). Plants classified as resistant developed a dark,
reddish-brown lesion with few or no spores (Figure 1C) (Hartwig and Bromfield, 1983).
Figure 2 from Hahn (2000) depicted the entire soybean rust life cycle.

Uredinium
Spore
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Lipper epidermis > [ X =
{Adaxial surface) | B — k.
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N ) ’
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Fig. 2. Internal structure of a typical dicotyledon leaf showing the different cell layers and
infection by a rust fungus. GT, germ tube; AP, appressorium; PH, penetration hyphae; IH,
infection hyphae; H, haustorium. Schema was taken from Hahn (2000).

1.2 Preventing soybean rust

1.2.1 Fungicides application

Cultural practices such as planting date, row width, and crop rotation sequences have little
or no effect on soybean rust, so fungicides are the only option for managing soybean rust
until disease-resistant varieties are developed (Shaner et al. 2005). However, there are
currently only four chemicals fully registered by the U.S. Environmental Protection Agency
for foliar application on soybean. Fungicide application also is expensive and does not
always control the pathogen from flowering through pod fill. Timing of foliar fungicide
applications often is the key factor that determines success or failure to control fungal plant
pathogens. For soybean, fungicide timing has been shown to be critical for the control of
some foliar diseases. For example, the control of frogeye leaf spot of soybean (Cercospora
sojina) varied with applications of benomyl at different reproductive growth stages of the
crop (Akem, 1995). To manage soybean rust with fungicides, three strategies include
applying fungicides in a predetermined calendar-based schedule (Levy, 2005; Miles et al.,
2007), scouting and applying fungicide after first detection of soybean rust, and utilizing a
forecast system that monitors disease development in areas that are potential inoculum
sources and applying fungicides ahead of a predicted deposition of spores. A calendar-
based program with two or three applications provides the greatest level of yield protection;
the crop is protected from flowering through grain fill, however, this may result in



296 Soybean - Molecular Aspects of Breeding

unnecessary fungicide applications that increase production costs and may have unforeseen
consequences due to activity on non target fungi. Since the appearance of SR in the US.
continental, studies were mostly conducted in the aim of finding the best fungicide, the right
application time and the best way to do it (Mueller et al., 2009; Zhu, 2008; Miles et al., 2007).

1.2.2 Resistance gene discovery

Until now, studies have also been focused on genetic approaches to localize quantitative trait
loci (QTLs) on different genotypes of soybean and associate those to resistance soybean genes
against soybean rust. Scientists have screened over sixteen hundred soybean accessions for
resistance or tolerance to soybean rust (SR) (Miles et al., 2006 and 2008). Five resistance loci
have been found (Rpp1-Rppb) in five different accessions. Four have been known since at least
the mid-1980s; Rpp1 (McLean & Byth, 1980), Rpp2 and Rpp3 (Hartwig & Bromfield, 1983) and
Rpp4 (Hartwig, 1986). More recently, a new dominant resistance allele, Rpp5, was reported by
Garcia et al. (2008) and a recessive allele as well (Calvo et al., 2008). Other recent research
identified a new allele (Rpp1b, Chakraborty et al., 2009) of a known gene. One more rust
resistance gene, Rpp?, was identified and mapped by Monteros et al. (2007). However, none
are present in soybean cultivars commercially grown in the United States. Moreover, there are
many isolates of P. pachyrhizi and genes conferring resistance to all isolates have not been
found which mean that efforts need to be concentrated on finding alternative control
measures. From this perspective, understanding the molecular mechanism of the infection
process of rust fungi is critical for developing resistant soybean using biotechnology.

1.3 Understand soybean-soybean rust interaction

Only few molecular and biological analyses have been done on P. pachyrhizi and on the
interaction between P. pachyrhizi and its soybean host. One study analyzed gene expression
within P. pachyrhizi germinating spores (Posada-Buitrago and Frederick, 2005). Four
hundred eighty-eight unique expressed sequence tags (ESTs) were generated. One hundred
eighty-nine of these ESTs showed significant similarities (e-value <10%) to sequences
deposited in the NCBI non redundant protein database. This represents only 39% of the
entire library. This highlights the scarcity of genomic information available from pathogenic
fungi at that time. These genes were assigned putative roles in many different functional
categories. Gene encoding a protein similar to the dehydroshikimate dehydrogenase
involved in shikimate pathway leading to the biosynthesis of aromatic amino acids may be
use to metabolize metabolic intermediates as alternative carbon sources. Genes encoding
homologs of translation initiation factors and elongation factors involved in gene and
protein expression suggest that protein synthesis is required for spore germination. Genes
encoding a chitin deacetylase, an acetylxylan esterase and a chitin synthase may be involved
in cell structure and growth as important for dissolution and formation of the cell wall.
Genes encoding some calmodulin kinase homologs involved in cell signaling and cell
communication may suggest a calcium-signaling pathway which regulates urediniospore
germination as seen in other filamentous fungi. Approximately 30% matched hypothetical
proteins or proteins with unknown function. Since then, 47,732 additional ESTs from four
different ¢cDNA libraries (uredospores collected from infected soybean leaves, more
germinating uredospores on water surface, whole soybean leaf tissue 6-8 days after infection
(dai) and, whole soybean leaf tissue 13-15 dai) have been deposited in the NCBI database.



Soybean Rust: Five Years of Research 297

More recently, host gene expression has been studied in whole soybean leaves infected with
P. pachyrhizi using whole genome Affymetrix microarrays of soybean. Panthee et al. (2007)
found 112 genes significantly differentially expressed, over 35,611 unigenes present on the
array, in soybean plants inoculated with P. pachyrhizi 72 h after infection (hai). Forty-six of
these genes were up-regulated and 66 were down-regulated. From the up-regulated genes,
14 did not share similarity to known proteins. Most of the up-regulated genes showing
similarity to known genes were associated with general defense and stress responses such as
salicylic acid (SA)-related protein, heat shock proteins, a leaf senescence-associated receptor-
like protein kinase, a glutathione S-transferase, and a chalcone isomerase. Since, they used a
soybean cultivar with no known host response to soybean rust, this up-regulation of genes
indicated that plants attempt to mount a defense to the pathogen but this was ineffective.
There were 20 down-regulated genes that did not share similarity to known proteins. Most
of the down-regulated genes encoded peroxidase-related proteins. These proteins catalyzing
oxidation-reduction reactions are constitutively expressed in plants and they may be down-
regulated by the host during an infection process to divert resources to more pressing needs.
van de Mortel et al. (2007) added more information by studying soybean response to
soybean rust on a susceptible and a resistant host plant at 6, 12, 18, 24, 36, 48, 72, 96, 120 and
168 hai. They found 470 probe sets significantly differentially expressed in both genotypes,
whereas 1,046 and 424 probe sets were unique to either the susceptible or the resistant
genotypes, respectively. They also described biphasic mRNA changes in soybean in
response to SR infection. Within 12 hai, differential gene expression peaked in both
genotypes and most (62%) of the common probe sets showed similar expression profiles
corresponding basically to nonspecific recognition of SR and activation of basal defense. For
example, genes involved in the flavonoid biosynthesis pathway associated to plant defense
response were found. Many transcription factors also have been found differentially
expressed in a biphasic manner, specifically WRKY transcription factors which may be up or
down-regulated. Since WRKY transcription factors change host gene transcription to
modulate defenses, this differentially expression suggested complex positive and negative
regulation of soybean defense pathways. By 24 hai, mRNA expression of these genes mostly
returned to levels found in mock-inoculated plants. This lack of differential expression may
come from the low fungal growth at this stage of infection and from the inhibition of the
early host responses in the plants. However, a second phase of strong differential gene
expression was observed in both genotypes at late stages of infection, which started earlier
in the resistant genotype (72 hai) than in the susceptible genotype (96 hai). At these times,
only 6% of the common probe sets showed similar expression profiles. Genes encoding
components of a sugar transporter superfamily and monosaccharide transporters including
a sorbitol transporter as well as genes encoding sugar metabolism enzymes including citrate
synthase, isocitrate dehydrogenase, fructose-1,6-bisphosphatase, UDP-arabinose 4-
epimerase, and trehalose-6-phosphate synthase have been mostly found differentially
expressed in the susceptible genotype and may help to provide nutrients to support fungal
infection.

Soria-Guerra et al. (2009) studied gene expression in Glycine tomentella along a time-course of
infection with SR (12, 24, 48 and 72 hai) during a compatible and an incompatible interaction
using a 70-mer long-oligo soybean microarray representing about 38,400 genes covering
wide developmental stages and physiological conditions. This wild perennial soybean
species, as well as others (G. tabacina and G. argyrea) has been reported as resistant to SR. A
total of 1,342 genes were found to be differentially expressed at four time-points in resistant
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and susceptible genotypes. About 70% were up-regulated while about 30% were down-
regulated at all time-points. As previous studies, most of the up-regulated genes belonged
to those with metabolic and defense-related functions in both genotypes, and included
enzymes encoding phenylalanine ammonia-lyase involved in phenylpropanoid metabolism,
chalcone synthase involved in flavonoid biosynthesis, 4-coumarate-CoA ligase involved in
phenylpropanoid metabolism as well as jasmonic acid biosynthesis and lipoxygenases
involved in jasmonic acid biosynthesis which increased in expression at 12hai in the
resistant and at 24hai in the susceptible reaction. They also found pathogenesis-related
genes associated with the development of systemic acquired resistance and encoding anti-
microbial proteins up-regulated in the resistant genotypes and down-regulated in the
susceptible up to 48hai. Genes involved in cellular communication increased in transcript
abundance at all first three time-points in both genotypes has been observed. This included
genes encoding protein kinases and zinc fingers all related to the establishment of innate
immune response. Also consistent with previous studies, many WRKY transcription factors
have been found basically up-regulated later in the susceptible genotype then in the
resistant one. Most of the up-regulated genes belonged to the resistant genotype while the
down-regulated genes belonged to the susceptible genotype. Overall, all these studies were
focusing on gene involved in direct defense response while many more genes encoding
proteins involved in amino acid metabolism, nucleotide metabolism or protein destination
may be targeted to disturb fungal growth.

Based on what has already been observed about differences between gene expression in
infected areas and non infected area on a single infected leaf in regard to photosynthesis
(Scholes and Farrar, 1985; Buchanan et al.,, 1981), we can argue that avoiding background
coming from none infected area may provide a better idea about what is really happening at
the infection site of the plant in response to the pathogen. Laser capture microdissection
(LCM) is a useful tool for isolating infected cells from non-infected cells. Also, the limited
number of studies on pathogen infection structures comes from the difficulty in isolating
infection structures from the plant. As an obligate biotroph, the fungus cannot be grown on
culture medium; it needs live material in which it can proliferate and it can be difficult to
separate fungal cells from host cells. LCM can be used to isolate specific fungal infection
structures and minimize plant background. LCM has been used relatively recently in plant
research to study gene expression in different plant tissues (Kerk et al., 2003) and also to
study the interaction between root-knot nematodes, Meloidogyne spp., and their host
Lycopersicon esculentum (Ramsay et al., 2004). An extensive study has been done on the
interaction of the soybean cyst nematode, Heterodera glycines, with soybean plants using
LCM, wherein nematode feeding sites (syncytia) were isolated from soybean roots.
Expression levels in those roots were determined using EST and microarray analysis (Klink
et al., 2007, 2010). van Driel et al. (2007) succeeded in isolating septa from hyphae of the
filamentous basidiomcyete Rhizoctonia solani grown on an artificial medium. Also, Tang et al.
(2006) succeeded in isolating individual maize stalk cells associated with Colletotrichum
graminicola hyphae at an early stage of infection and they identified a number of fungal
transcripts associated with early infection of stalk parenchyma by microarray analysis.
Kankanala (2007) used positioning ablation laser microdissection (PALM) technology and
succeeded to isolate and purify biotrophic invasive hyphae of Magnaporthe oryzae 34 hai of
rice plants. Both up and down-regulated genes were identified in invasive hypha relative to
mycelium, grown in 3 g yeast extract, 3 g casamino acids, 3 g sucrose liquid medium, using
M. oryzae microarrays.
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The main objectives of our study was to improve understanding of SR infection on soybean
plants by analyzing (i) the gene expression profile in one of the latest fungal infection
structures, the uredinium, and (ii) the soybean genes expression pattern at late stage of
infection (240 hai). To achieve these objectives, working on a susceptible genotype, we first
constructed a cDNA library from selected uredinium cells of soybean leaves infected with P.
pachyrhizi isolated using LCM. Resulting sequences allowed identification of specific fungal
genes expressed during the infection process. Second, we isolated soybean mesophyll and
palisade layer cells using LCM based on morphological changes in the tissues. RNA was
extracted from these cells; then ¢cDNA was synthesized, fluorescently labeled and
hybridized to a soybean GeneChip® containing 37,744 Glycine max probe sets. Microarray
results identified sets of genes whose expression patterns show significant alterations in SR
inoculated plants. Third, the utilization of a deep sequencing Solexa/Illumina platform on
the mesophyll/palisade layer cell samples was tested to analyze the potential offered by this
new technology to identify more fungal genes as well as more soybean genes involved in
the infection process. Genes identified as involved in the infection process may be used to
broaden soybean resistance to P. pachyrhizi.

2. Identification of SR genes involved in soybean infection

2.1 Methodology

A Phakopsora pachyrhizi isolate (MS06-1) was obtained from urediniospores harvested from
field-collected kudzu leaves in Jefferson County, Mississippi in August 2006 and its identity
was confirmed by microscopy, enzyme-linked immunosorbent assay (ELISA) and
polymerase chain reaction (PCR) as previously described (Li et al., 2007). Urediniospores
were increased on a susceptible soybean cultivar, Williams 82 (Hyten et al., 2009) in the
Stoneville Research Quarantine Facility in Mississippi. The isolate was then purified by
picking up a single uredinium using a fine needle under an Olympus SZX12 dissecting
microscope, and reinoculating it on leaves of Williams 82. Urediniospores from this purified
culture were harvested using a Cyclone Surface Sampler (Burkard Manufacturing Co. Ltd)
connected to a vacuum pump, beginning 240 to 336 hai and continuing at weekly intervals.
Inoculum was prepared using freshly collected urediniospores from Williams 82. Spore
suspensions were filtered through a 100-pm cell strainer to remove any debris and clumps
of urediniospores. Urediniospores were diluted to a final concentration of 1.1 x 105
spores/mL. Three plants per 10 cm-pot with three replicates (pots) were inoculated using 3-
week-old seedlings of Williams 82. Inoculant was applied with a Preval sprayer (Younkers)
at rate of one milliliter of spore suspension per plant. The same solution minus spores was
used for a mock inoculation on three pots of plants to monitor the infection. After
inoculation, plants were placed in a dew chamber in the dark at 22°C overnight
(approximately 16 h) and then moved to Conviron growth chambers where temperatures
were maintained at 23°C during the day and 20°C at night under a 16-h photoperiod with a
light intensity of 280 pEm2 s-1. SR inoculated and mock-inoculated plants were kept in two
different growth chambers.

Soybean leaf tissue was harvested 240 hai. The leaf tissue was cut into 1 cm square pieces
and vacuum-infiltrated with Farmer’s solution (FS) composed of 75% ethanol and 25% acetic
acid (Sass, 1958) at room temperature for 1 h. Fresh FS was added to the samples and tissue
was subjected to an incubation step of 12 h at 4°C. The fixative was removed, and leaves
were dehydrated with a graded ethanol series (75%, 85%, 100%, 100%), 30 min each. Ethanol
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was replaced with 1:1 xylene:ethanol for 30 min, followed by three, 100% xylene
incubations (30 min each). Xylene was then replaced with paraffin by placing the specimens
into a 58°C oven and infiltrating the leaves sequentially in 25, 50 and 75% (1x) and 100% (3x)
Paraplast + tissue embedding medium (Tyco Healthcare Group LP) in each step for 3 h.
Tissue was cast and mounted for sectioning. Serial sections of leaves were made on an
American Optical 820 microtome (American Optical Co.) at a section thickness of 10 um.
Serial sections were placed onto a pool of RNAse-free dH;O, on Leica PEN-Membrane 2.0
uM membrane slides.

About five million square microns surface of uredinium sites from infected leaves (Figure
3A-B) were collected by LCM 240 hai using a Leica ASLMD microscope (Leica®).

RNA was extracted and isolated from LCM-collected uredinia cells using an isolation Kit
specific for small RNA quantity (Arcturus Bioscience Inc.). A unidirectional cDNA library
was constructed using an improved method for library construction from microdissected
cells (Peterson et al., 1998).

Sequencing was conducted using BigDye 3.1 chemistry (Applied Biosystems). Reactions
were analyzed on an Applied Biosystems 3730XL sequencer. Sequence base-calling was
performed using PHRED (http:/ /www.phrap.org) (Ewing and Green, 1998; Ewing et al.,,
1998) with a quality score of 20 (99% confidence). Vector and low quality sequences were
removed using Lucy (Chou and Holmes, 2001). The trimmed sequences were assembled
into consensus sequences using CAP3 (Huang and Madan, 1999) to reduce redundancies.

Fig. 3. LCM of uredinium site from soybean leaf 10dai with soybean rust. (A) Longitudinal
section of soybean leaf with a uredinium on the lower leaf surface before LCM visualized at
40X magnification. (B) The same section after LCM with the microdissected uredinium
region absent from the section. (C) Longitudinal section of soybean leaf showing brown
coloration inside the mesophyll/palisade cells before LCM visualized at 40X. (D) The same
section after LCM showing that the microdissected palisade region is absent from the
section. Scale bar represents 50 pm.
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The data presented here represents the later assembly process and the resulting contigs and
singletons were designated as unisequences. Appropriate Paracel Blast (Striking
Development, http:/ /www.paracel.com/) algorithms were used to analyze the contigs and
singelton sequences against the following databases: NCBI Vector (current to 2006), NCBI nr
nucleotide (current to December, 2007), NCBI nr protein (current to December, 2007), NCBI
est-others (current  to December, 2007), NCBI Glycine  max  trace
(ftp:/ / ftp.ncbi.nih.gov/pub/TraceDB/glycine_max current to December 2007), NCBI
Phakopsora pachyrhizi trace (ftp://ftp.ncbi.nih.gov/pub/TraceDB/phakopsora_pachyrhizi)
current to 16 June 2004).

2.2 Results and discussion

Of the five cDNA libraries from P. pachyrhizi represented in NCBI public databases, all came
from either uredospores germinating on water or from non-germinating or whole infected
leaf tissue. This work represents the first LCM-derived cDNA library specifically enriched
from the uredinium stage of SR development. This reddish or black pustule-like structure
comprises the uredospores-producing fruiting body that is formed on the tissue of infected
plants. At 240 hai the uredinium contains uredospores at all developmental stages, not only
the mature stage. It also contains other kinds of fungal cells including peripheral paraphyses
(Berndt, 2005; Hernandez et al., 2003). Unlike germinating spores, which are rapidly
growing and preparing to enter the host, uredinia produce spores for dispersal and survival
of a new generation. Hence, genes involved in spore production, spore development, and
genes expressed in mature uredospores can be found.

A total of 925 clones were sequenced from both ends of the cDNA inserts. The generated
sequences resulted in an average of 568 nucleotides readable after editing. The term
unisequences is used to identify the assembled products regardless if they are represented
by contigs or singletons. A total of 130 unisequences from CAP3 were identified of which 70
were singletons and 60 were contig assemblies representing multiple clones at frequencies
ranging from 2 to 431. Over the 130 unisequences identified, 117 displayed similarity to
sequences available in NCBI Phakopsora pachyrhizi trace, EST-others and nucleotide
databases (nucleotide blast; cut-off set e-value < 105). Thirteen unisequences displayed
similarity to sequences from Glycine max trace, EST-others and nucleotide databases
(nucleotide blast; cut-off set e-value < 10-5). Forty unisequences with significant hits to the
NCBI nr protein database (blastx; cut-off set e-value < 10%) were grouped according to their
putative function (Table 1). Approximately half (21) of those unisequences correspond to
hypothetical proteins of unknown function (Table 1). For deduced protein sequences that
lacked significant similarity to proteins or sequence translations from GenBank, an extra
comparison was done against the InterPro database of protein domains and functional sites
(http:/ /www.ebi.ac.uk/Tools/InterProScan/), revealing the presence of conserved
domains in several unisequences (Table 1). The expression of seventeen unisequences out of
the forty with significant homology, chosen for their high homology with proteins or
conserved protein domains that might be involved in the infection process, or their high
homology with other ESTs found in a uredospore library of P. pachyrhizi isolate TW 72-1,
have been analyzed using quantitative PCR at eight additional time-points (time-zero, 2, 7,
20, 24, 48, 96 and 168 hai) (data not showed).
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Unisequence Accession Description Species e-value| Clone
9 No. P P (10X) | frequency
Metabolism
Singleton6l | g ayygrgy | Tonb-dependent |y iiqcoi | -0 1
vitamin B12 receptor
Energy
Isocitrate Cryptococcus
Contigb XP_567378 dehydrogenase | neoformans var. | -57 2
(NAD+) neoformans
Cell growth, cell division and DNA synthesis
Singleton30 EDO65226 activator 1 ?.’7 kDa Neurospora crassa| -70 1
subunit
Transcription
Histone
Contigb8 ABNG66688 acetyltransferase Pichia stipitis -17 2
SAGA
Protein synthesis
. Ribosomal protein Arabidopsis
Contig 24 AAA84030 s17 thaliana -25 12
Protein destination
. dolichyl-phosphate- . .
Singleton48 EAL73572 | mannose alpha-1,3- ch.tyOf;telzum -10 1
discoideum
mannosyltransferase
Putative
Contig 38 BAB33421 senescence- Pisum sativum -35 3
associated protein
Cellular biogenesis
. Nucleosome C. neoformans
Contigh4 AAW43806 . -35 97
assembly protein | var. neoformans
Singletonl | Apr11142 Peroxinl6 Penicillium 1 s 1
chrysogenum
Cellular communication/signal transduction
Serine/threonine- .
Contig10 XP_00154100 protein phosphatase Ajellomyces -56 11
1 capsulatus
PP1
Cell rescue, defense, cell death and ageing
Singleton44 UV excision repair Neosartorya
EAW24135 protein (RadW) fischeri -12 1
Cellular organization
Singleton22 | g A poo7s1 Histone 3 Conocephalum -\ 1
conicum
Transposon, insertion sequence and plasmid proteins
Contigl7 | AAD03794 |Tcl-like transposase| 1oPIeles 14 8
gambiae
Contig27 | ABGe6123 | REWOWANSPOSON | o 0 crivg | 05 3

protein
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Unisequence Accession Description Species e-value| Clone
9 No. P P (10X) | frequency
Contig33 3
EAL59155 Transposase Wolbachia -36
. endosymbiont
Singleton60 1
. . Anopheles
Contigl7 AADO03794 |Tcl-like transposase . -14 8
gambiae
Unclassified
Singleton49 ABX34586 p.utatlve phage' Delftza 57 1
major head protein acidovorans
Singleton52 AAZ28943 polyprotein Phanerochqete 1 1
chrysosporium
. Hypothetical Sclerotinia
Contigl EDO03956 protein SS1G_06437 |  sclerotiorum -06 H
. Hypothetical C. neoformans
Contig2 EAL20633 protein CNBE2980 | var. neoformans 05 27
Contig3 CAN72993 Hypothetical Vitis vinifera | -06 6
protein
Contig7s EAUS9149 Chrom(?-domam- . Coprinopsis 38 6
like cinerea okayama
. Transposase C. cinerea
Contig9a EAU89356 Tc1/Tc3 okayama 21 6
Contig28: | EAUS0277 DNA/RNA C. cinerea 43 3
polymerase okayama
. Hypothetical C. cinerea
Contig3> EAUBAS77 protein CC1G_01373 okayama 24 2
Contigd% | EDN29539 | LDOCI related Bofryotinia | 1, 2
fuckeliana
Contig42s EDJ99713 RetrotranspQSOn gag Magngporthe 15 3
protein grisea
. Hypothetical . .
Contig43 CAK45797 protein An08g11260 Aspergillus niger | -07 31
Contig44a -09 3
. . . C. cinerea
Singleton36 EAU87561 Signal peptide okayama -06 1
. 1
Singleton562 -20
Contig46 EDR00494 | Predicted protein | Laccaria bicolor -09 6
Singleton10 | XP_00150162 Hypothe.ztlcal Equus caballus 07 1
0 protein
Singleton12 CANT3669 Hypothetical V. vinifera 13 1

protein
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Unisequence Accession Description Species e-value| Clone
9 No. P P (10X) | frequency

Singleton13 hypothetical protein|  Malassezia

EDP41532 MGL_4081 globosa -08 1
Singleton14a EAU91239 Phospholipase- C. cinerea 19 1

related okayama

Singleton28 hypothetical protein . .

EAKS86148 UMO04768.1 Ustilago maydis -20 1
Singleton55 hypothetical protein| Bradyrhizobium

ABQ37728 BBta_5781 sp. -08 1
Singleton672 . . .

EDN30101 Signal peptide B. fuckeliana -11 1
Singleton68 EDNO03050 | predicted protein A. capsulatus -12 1

Table 1. Unisequences displaying similarity (e-value < 10-5) to proteins in the nonredundant
protein NCBI database, grouped in functional categories. @ Unisequence displaying
similarity to an hypothetical protein but displayed similarity to a specific conserved domain.

Libraries constructed from whole infected plants typically contain many more plant genes
than fungal genes. By using LCM to collect infection sites, we reduced the number of plant
ESTs versus fungal ESTs generated from infected leaf tissue. Sixty-three percent of the
unisequences shared similarity to proteins from fungi (including yeast) while 16% encoded
plant protein sequences. The other 21% encoded protein sequences with higher similarity to
other organisms, including bacteria, viruses, insects and other invertebrates. These
percentages are similar to results obtained by other research groups studying filamentous
fungi (Lee et al., 2002a; Trail et al., 2003).

Twenty-nine of the 40 unisequences presented in Table 1 are novel P. pachyhrizi sequences.
While eleven unisequences corresponded to existing P. pachyhrizi sequences, none matched
the sequences described by Posada-Buitrago and Frederick (2005) from a cDNA library from
mature spores. Considering that this library is one of the few P. pachyrhizi cDNA libraries
that have been analyzed thus far, our results demonstrate that a different gene set is
expressed in uredinium compared to germinating spores.

The infection process includes three major steps: germination and penetration, proliferation
and sporulation (Solomon et al., 2003; Zhang et al., 2008). At 240 hai, sporulation occurs.
Identifying genes involved in sporulation events is a necessary first step toward using
disruption of these genes as a way to prevent disease dissemination. Several of the
unisequences from the uredinium-enriched library were identified as having similarity to
proteins or domains that are consistent with functions known to be necessary for
sporulation.

Fungi need energy at different stages of development. For aerobic fungi, the oxidation of
glucose or fatty acids into the tricarboxylic acid cycle can provide up to 38 ATP molecules.
One enzyme involved in this cycle is isocitrate dehydrogenase (Contig6), which catalyzes
the oxidative decarboxylation of isocitrate to produce a-ketoglutarate and carbon dioxide
while it converts the NAD* coenzyme into NADH. NADH can interact with the electron
transport chain, resulting in the production of ATP (Isaac, 1992). Contig6, which showed
significant sequence similarity to isocitrate dehydrogenases, was expressed most highly at
20, 48 and 240 hai. In rust fungi, the initial haustorial mother cell typically forms between 24
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and 48hai, consistent with the time frame of Contigé expression. Jakupovié¢ et al. (2006)
found many different genes involve in energy production expressed in a haustorium cDNA
library. But at 240 hai, the uredinium needs energy to produce uredospores.

Reversible protein phosphorylation is a key mechanism to modulate the activity of proteins.
It plays a central role in a variety of types of cellular regulation, including control of
metabolism, cell cycle, cell proliferation, and differentiation (Stark, 1996). Protein
phosphorylation can be conducted by enzymes such as protein kinase C, cyclic AMP
(cAMP)-dependent protein kinase, mitogen-activated protein (MAP) kinase, and type 1, 2A,
and 2B serine/threonine phosphatases. Clones representing transcripts of some of these
enzymes have been found in multiple cDNA libraries from filamentous fungi (Sacadura and
Saville, 2003; Zhang et al., 2008). Our results indicate that Contigl0 has similarity with a
serine/threonine protein phosphatase PP1 from Ajellomyces capsulatus, while Contig4l
encodes a serine/threonine protein kinase domain. Formation and differentiation of
uredospores within the uredinium requires several proteins that are found during normal
growth (Hall et al., 1999; Lengeler et al., 2000). Since protein phosphorylation is involved in
many differentiation processes, PP1 might be one of the important enzymes playing a role in
spore differentiation at 240 hai. Expression of Contigl0 at 2hai might be involved in a quick
cell proliferation at the beginning of the infection.

The DNA sequence of Contigl3 is 100% identical to an EST found in P. pachyrhizi TW 72-1
germinating spores, but the function of that EST is unknown. However, this unisequence is
expressed in the early steps of the infection process (between 2 and 24 hai). At 240 hai, this
unisequence is expressed at higher levels than at the beginning of the infection and higher
than the other unisequences tested by quantitative PCR. It would be expected that all of
these genes would be strongly expressed at 240 hai, because they were derived from the
uredinia collected at that time. Some of the genes we identified not only are expressed at 240
hai but at other time points as well, indicating that they have important roles during
infection and growth, as well as during spore development. van de Mortel et al. (2007) found
a distinct biphasic change in mRNA expression in soybean in response to SR. If this kind of
response can be observed in soybean, it is possible that a similar response also occurs in the
pathogen. One possible explanation is that at the beginning of infection, the pathogen
concentrates its energy and effort on infecting the leaf, and many different genes are needed
at this stage. Thus, this step may represent the first burst of gene expression. The host plant
responds to this infection by its own first burst of gene expression. Then the pathogen
proliferates within the plant leaf, coinciding with a second burst of gene expression.
Therefore, Contigl3 might represent an important gene involved in many steps during
fungal infection, proliferation and reproduction.

Contig39, which contains a domain similar to LDOC1 domain, is expressed in the plant
before the inoculation. LDOC1 domain in mammalian cells was found to be involved in
negative regulation of cell proliferation and in differentiation of cancer cells (Nagasaki et al.,
1999). The presence of this kind of domain in plants or fungi has not been described
previously, but its expression in our library along with its known function in mammalian
cells attracts attention.

Protein secretion is a critical process in the life cycle of fungi, and filamentous species
display a natural ability to secrete large amounts of native proteins. For example, many Avr
proteins are secreted from extracellular fungal pathogens, as occurs with bacterial Avr
proteins (Luderer et al., 2002; Rep et al., 2004). In biotrophic fungi such as rust and mildew,
virulence and avirulence factors and pathogenicity mechanisms are difficult to study. The
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first rust Avr protein identified, AvrL567 of the flax rust Melampsora lini, contains a
predicted signal peptide, suggesting that it is secreted (Dodds et al., 2004). In the oomycetes,
a specific conserved motif has been found in different secreted protein sequences (Ellis et al.,
2006). Although many of our unisequences appear to encode a signal peptide, this “RxLR”
motif was not observed in any of our unisequences. Furthermore, all of the unisequences
containing signal peptides that were analyzed by quantitative PCR showed specific
expression late in the infection process, not earlier.

A phospholipase-related domain was encoded by Singleton14. Phospholipase proteins are
secreted proteins, and in Candida albicans and Cryptococcus neoformans, phospholipase B
protein has been identified as the virulence factor (Cox et al., 2001; Ghannoum, 2000).
Because the expression of this unisequence was limited to 240 hai and rather low, the
significance of the phospholipase domain is not clear.

Contigb0 was the most abundant sequence in our library, comprises of 431 ESTs. Contigl1
was third in abundance, containing 63 sequences. Neither of these contigs showed similarity
with protein or P. pachyrhizi sequences in NCBI databases. While they were highly
represented in our library, each was expressed only at 240 hai.

Transposable elements (TE) have been found and studied in filamentous fungi (Daboussy
and Capy, 2003; Kempken and Kiick, 1998). Our results show several unisequences
(Contig9, Contigl7, Contig27, Contig33 and Singleton60) with high homology to
transposases in the Tcl/mariner family or containing stretches of sequence similar to a
transposase Tcl/Tc3 domain. Since most of the similarity was with genes encoding TE from
flies, plants and bacteria, we don’t know if these expressed genes were coming from the rust
side or the plant side. We know that plant genome stability is affected by abiotic stresses
(Lebel et al., 1993; Puchta et al., 1995) but there are only few evidences about it during biotic
stresses. Lucht et al. (2002) found that there is an increase in somatic recombination
frequency in Arabidopsis following the infection with the oomycete pathogen Peronospora
parasitica. With these results, they were tempted to speculate that somatic recombination
events stimulates by pathogen stress might be involved in the evolution of plant R-gene
clusters and new pathogen specificities. Since only few soybean cultivars have resistance to
SR isolates, the TEs identified in our experiment may play some role in the lack of resistance
in soybean plants. A similar phenomenon was observed in rice, where Pot3 transposon
introduced into the promoter of AVR-Pita, an avirulence gene of Magnaporthe grisea, caused
the gain of virulence toward Yashiro-mochi, a rice cultivar containing the disease resistance
gene Pi-ta (Kang et al., 2001).

3. Identification of soybean genes involved in response to SR infection

3.1 Methodology

A microarray study was performed to identify soybean genes expressed in response to SR.
Trifoliate leaves of soybean cv. Williams 82 inoculated with P. pachyrhizi isolate MS06-1 240
hai showed brown coloration in the mesophyll/palisade cells layer most of the time close to
an uredinium but sometimes far from an uredinium (Figure 3C-D). Three million square
microns of mesophyll/palisade cells showing this brown coloration were collected by LCM
as well as 3,000,000 pm? of noninfected mesophyll/palisade cells serving as control. RNA
was extracted from each 1,000,000 um? of mesophyll/palisade cells (three replicates from
each infected and noninfected samples) by using the same technique used to extracted RNA
from uredinium-enriched samples. RNA was amplified to increase starting material. The
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GeneChip® Soybean Genome Array (Affymetrix®) was used for the microarray analyses.
The array contains 37,744 G. max probe sets (35,611 transcripts). Details of the GeneChip®
Soybean Genome Array can be obtained at (http:/ /www.affymetrix.com/index.affx).

3.2 Results and discussion

A total of 2,020 genes were found to be significantly differentially expressed (fold-changes
of > 2.0 and p-values < 0.05 and a false-discovery rate of 5%) in mesophyll/palisade cells
infected by SR, as compare to non-infected control plants. Out of the 2,020 differentially
expressed genes, 380 were induced, and 1,640 were suppressed.

There were 1,442 down-regulated genes identified that share similarity with genes encoding
known proteins, while 60 down-regulated genes share similarity with unknown proteins
and 138 genes share no similarity (e-value < 102). All annotations were obtained by
performing  BLASTX  from  the  Affymetrix ID  accession available at
http:/ /affymetrix.com/index.affx. The fifty most down-regulated genes are listed in Table
2. Most of the down-regulated genes with similarity to genes encoding known proteins were
included in the metabolism and energy functional categories (Figure 4A).

During an infection, a lot of changes occur in the host plant tissues (Hoch, 1993). The first
major change consists of a decrease in the rate of photosynthesis correlated with an increase
in the area of infected tissues. When broad beans are infected by rust and sugar beets by
powdery mildew (Farrar and Lewis, 1987), chloroplasts lose their structural integrity due to
the pathogen infection. This change in the chloroplast ultrastructure corresponds to a
reduction in the capacity for sucrose production. Early in the infection process of leaves by
rust, the photosynthetic rate is unaltered; after sporulation there is a decrease in the ability
of the plant to fix carbon, which seems to be related to the destruction of the chloroplasts,
the degradation and the loss of chlorophyll concentration.

The infection of the plant causes a block in the non-cyclic electron transport chain by
reducing the amount of cytochromes without affecting the integrity of the photosystems I
and II. Indeed, our results show that photosynthesis in soybean leaves is highly affected 240
hai by SR as well as carbon fixation. Numerous genes encoding enzymes involved in
photosynthesis are suppressed compared to the uninfected plant including genes encoding
chlorophyll A-B binding proteins (LHCA2, LHCB4.2, LHCB4.3, CAB, LHCA3.1, LHB1B1,
LHB1B2, LHCB2.1, LHCB2.3, LHCB3, etc), photosystem I reaction center (subunit II, III,
psaK, PSI-N, V, VI, XI) and photosystem II proteins, ferredoxin proteins, and fructose-
bisphosphate aldolase. These results are in agreement with Polesani ef al. (2008), who
studied transcriptome changes in grapevine infected by Plasmopara viticola causing mildew.
The most striking transcriptional down-regulation in grape leaves infected with mildew was
observed in genes involved in photosynthesis e.g. chlorophyll a-b binding proteins and
photosystem components, consistent with a measurable reduction in chlorophyll content
during pathogenesis. Transcriptional down-regulation of photosynthesis-related genes has
been reported previously also during compatible interactions between potato and P.
infestans (Moy et al., 2004) and between soybean and P. sojae (Restrepo et al., 2005).

The second major change consists of the uncoupling of oxidative phosphorylation in the
chloroplast. This uncoupling prevents ATP synthesis via the electron transfer chain and
favors the accumulation of ADP and the increase in rate of oxygen uptake. This increase in
the rate of respiration is probably due to the presence of respiring fungal tissues. Such
increased respiratory levels lead to the rapid depletion of the plants carbohydrate reserves.
Since there is less carbohydrate available for production of ATP molecules, an increase in
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Probe set Gene Annotation clljgrll(;lge Va’iue
(109
Down-regulated
Gma.10892.5.51_at Carbonic anhydrase -929,3 -05
Gma.5294.1.51_at gibberellin-regulated family protein -624,9 -04
Gonadotropin, beta chain; Gibberellin 4996 07
Gma.1379.2.A1_at regulated protein ’
Gma.10892.1.51_a_at | Carbonic anhydrase -498,9 -03
Gma.1201.1.A1_at Hypothetical protein -475,5 -04
Plant lipid transfer/seed storage/ trypsin- 3914 05
Gma.3304.1.51_at alpha amylase inhibitor !
Gma.11116.4.51_at Major intrinsic protein -387,0 -03
Gma.3241.1.51_a_at | Germin-like protein -363,6 -04
Gma.11116.2.51_at Expressed protein -342,6 -05
Gma.3208.2.51_a_at Oxalic acid oxidase -241,5 -05
Gma.15007.1.A1_s_at | Ferredoxin [2Fe-25], plant -237,0 -03
Gma.15091.2.51_at unknown protein -232,6 -04
Glycine cleavage system H protein, 2317 05
Gma.10591.2.51_at mitochondrial precursor ’
Gma.1355.2.51_s_at ribosomal protein L17 family protein -230,5 -06
Gma.4575.1.51_at Fructose-bisphosphate aldolase -226,4 -05
Gma.11254.2.51_at SAHY protein -224.2 -05
Gma.5294.1.51_s_at gibberellin-regulated family protein -214,0 -03
Gma.1992.1.51_at Hypothetical protein -204,3 -04
Gma.3161.1.51_at Glutamine synthetase -187,3 -03
Light harvesting chlorophyll a /b binding 1865 04
Gma.17554.1.51_a_at | protein of PSII ’
Gma.4385.1.51_s_at | fasciclin-like arabinogalactan protein FLA2 -183,7 -04
NADH-dependent hydroxypyruvate 1810 04
Gma.10620.1.51_at reductase ’
Gma.10151.1.51_at thylakoid soluble phosphoprotein -175,8 -04
Gma.2224.1.51 s_at Tubulin beta-1 chain -175,6 -04
Gma.10771.1.A1_a_at | thiamin biosynthesis protein -171,0 -05
Photosystem I reaction center subunit VI, 1709 07
Gma.15376.1.A1_s_at | chloroplast precursor !
Gma.1160.1.51 at Ferritin-3, chloroplast precursor 1 68:5 15 -04
Ribulose bisphosphate carboxylase small 1614 04
Gma.289.1.51_s_at chains, chloroplast precursor !
Gma.9720.1.51_at Transketolase, C-terminal-like -155,6 -04
NADH-dependent hydroxypyruvate 1510 03
Gma.2503.1.51_at reductase i
Gma.1955.4.51_a_at Chloroplast oxygen-evolving enhancer protein | -148,4 -03
Gma.11116.4.51_s_at | Major intrinsic protein -148,1 -04
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Probe set Gene Annotation cllfgrll(;e Va’iue
(-109)
Photosystem I reaction center subunit II, 1398 03
Gma.10852.2.51_at chloroplast precursor !
Gma.15830.1.51_s_at | Expressed protein -137,6 -04
Gma.5785.1.51_at endo-1,4-beta-glucanase, / cellulase, putative -135,8 -05
Gma.1791.1.51_at Ferredoxin-B -135,8 -05
Oxygen-evolving enhancer protein 1, 1356 0
Gma.11034.1.51_at chloroplast precursor !
Ribulose bisphosphate carboxylase small 1355 05
Gma.289.1.51_x_at chains, chloroplast precursor ’
Light harvesting chlorophyll a /b binding 1346 05
Gma.2360.1.51_at protein of PSII !
Gma.15462.1.51_a_at | RNA-binding region RNP-1 -129,8 -03
Gma.3317.2.51_a_at peroxiredoxin Q, putative -128,7 -02
Light harvesting chlorophyll a /b binding 1045 03
Gma.2360.3.51_at protein of PSII ’
Gma.16678.1.51_at Chloroplast thioredoxin M-type -124,0 -06
Gma.16829.1.51_x_at | Nodulin-26 -124,0 -02
Gma.7309.2.51_s_at Glycolate oxidase -122,8 -02
50S ribosomal protein L12, chloroplast 1221 04
Gma.15620.1.51_at precursor ’
Xyloglucan endotransglycosylase/hydrolase 1211 03
Gma.15814.1.A1_at 16 protein ’
Gma.10771.3.51_x_at | thiamin biosynthesis protein -118,4 -06
cytochrome b6f complex subunit (petM), 1171 04
Gma.12822.1.51_at putative ’
Gma.14123.1.51_at Hypothetical protein -116,1 -04
Up-regulated
Gma.15636.2.51_x_at | Hypothetical protein 6214 -03
Gma.3702.1.51_at Endochitinase PR4 precursor 492,6 -05
Gma.17733.1.51_s_at | Proteinase inhibitor 13, potato inhibitor I 458,2 -03
Gma.6999.2.51_s_at Stress-induced protein SAM22 438,6 -02
Gma.2821.1.51_at Osmotin 416,8 -04
Gma.6999.1.51_s_at Stress-induced protein SAM22 409,0 -02
Gma.3734.1.51_at Proteinase inhibitor I13, potato inhibitor I 366,6 -06
Gma.5574.1.51_s_at Pleiotropic drug resistance protein 12 335,8 -06
Gma.6999.1.51_x_at Stress-induced protein SAM22 220,7 -03
Gma.3713.1.51_s_at Aldo/keto reductase AKR 183,8 -04
Gma.2593.1.51_s_at Glutathione S-transferase GST 15 182,2 -03
Gma.772.1.51_at Hypothetical protein 143,1 -03
NAD(P)H-dependent 6'-deoxychalcone 1338 04
Gma.5529.1.51_at synthase !
Gma.12045.1.51_at Asparagine synthetase 1 128,3 -04
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Probe set Gene Annotation cllfgrll(;e Va’iue
(-10%)
Gma.9397.1.51_at NHL3 (NDR1/HIN1-like 3) 125,4 -04
Gma.16547.1.51_at WRKY86 116,9 -03
Gma.6327.1.51_s_at B12D protein 114,5 -04
Gma.5950.1.51_s_at Dirigent protein 107,8 -04
Gma.10717.1.51_a_at | integral membrane family protein 105,5 -03
Gma.2096.1.51_at Protein At2g29340 104,2 -03
Gma.3604.1.51_at Caffeoyl-CoA O-methyltransferase 1 93,3 -05
Gma.5709.1.51_at unknown protein 87,8 -03
Gma.9947.1.51_at Hypothetical protein 84,4 -05
Gma.16778.1.51_at VQ motif-containing protein 83,1 -04
Gma.744.1.51_at WRKY transcription factor 41 77,9 -04
Gma.4185.1.51_at ATEXLB1 (EXPANSIN-LIKE B1) 77,8 -04
Coatomer protein complex, beta prime; beta'- 746 03
Gma.1654.1.51_s_at | COP protein ’
Gma.7559.1.51_s_at Polyphenol oxidase 72,6 -05
Gma.16709.1.51_s_at | Cytochrome P450 monooxygenase CYP82E13 67,8 -05
disease resistance-responsive protein-related / 66.9 04
Gma.15568.1.51_at dirigent protein-related i
Gma.2821.2.51 a_at thaumatin-like protein 66,7 -04
Gma.17802.1.51_at UvIl 63,0 -04
Gma.17305.1.51_at alpha-hydroxynitrile lyase 62,4 -04
Gma.4375.1.51_s_at Cytosolic glutamine synthetase beta2 57,0 -02
Gma.2523.1.51_s_at R 14 protein 50,3 -05
Gma.1537.1.51_at Vesicle-associated membrane protein 725 50,0 -03
Gma.8331.1.51_at Aldehyde dehydrogenase [Vitis 49,6 -05
Gma.15664.1.51_at 2'-hydroxydihydrodaidzein reductase 49,1 -03
Gma.2821.2.51_at thaumatin-like protein 48,6 -03
Gma.7728.1.51_at LacZ protein 48,0 -03
Gma.8401.1.A1_at Cytochrome P450 71D8 48,0 -02
Gma.1748.1.51_at NAC domain protein NAC1 47,5 -05
Gma.17594.1.A1_at FIN19.23 47,1 -04
Gma.2773.2.51_at F12P19.3 46,9 -03
pyridine nucleotide-disulphide 46,8 03
Gma.5129.1.51_at oxidoreductase family protein ’
Gma.4483.1.51_at AMP-binding protein 46,3 -03
Gma.17929.1.A1_at Transferase 45,7 -04
Gma.2578.1.51_at endo-1,3-beta-glucanase 454 -05
Gma.12031.2.51_x_at | F1707.4 45,2 -04
Gma.8113.1.A1_at No apical meristem (NAM) protein-like 44,9 -03

Table 2. List of the fifty most greatly induced and suppressed annotated genes in soybean
cv. Williams 82 10 dai by SR (pValue < 0.05).




Soybean Rust: Five Years of Research 311

pentose phosphate metabolism is needed. This is what is seen in some plant-fungal
interactions such as rice infected by the sheath blight fungus, Rhizectonia solani (Danson et
al., 2000). In this case, the PEP carboxylase is down-regulated. However in our experiment,
we observed a massive decrease in the abundance of transcripts of genes important in the
pentose phosphate metabolism as well as most of the other pathways of carbohydrate
metabolism that produce ATP, including the tricarboxylic acid (TCA) cycle, starch and
sucrose metabolism, galactose metabolism, inositol phosphate metabolism, glycolysis, and
the pentose phosphate pathway. This shutdown was reflected by the down-regulation of
many genes involved in carbohydrate metabolism as well as carbon fixation such as genes
encoding ribulose-bisphosphate carboxylase, ribulose-phosphate 3-epimerase, transketolase,
sedoheptulose-bisphosphatase, fructose-bisphosphate aldolase, triosephosphate isomerase,
glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase. The overlay of
all significantly differentially expressed genes on Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways has been used to facilitate results interpretation. PAICE, a tool
for coloring KEGG pathways given Enzyme Commission (EC) accessions
(http:/ / paice.sourceforge.net) has been used to perform this analysis. This bioinformatics
software was employed for its ability to handle duplicate gene-copies as well, color genes
with large variances between time points, as well as color accessions given fold-change
values.  Figure 5 represents the pentose phosphate metabolism where enzymes
corresponding to encoded genes expressed in our dataset have been colored depending on
their expression level. Some of energy required by plants for respiration is probably coming
from the conversion of lactate to pyruvate by lactate dehydrogenase. Pyruvate goes to the
TCA cycle to produce ATP molecules needed. This alternative way of producing ATP
molecules is highlighted in our study by the up-regulation of some enzymes involved in the
pyruvate metabolism.

Pentose phosphate metabolism is the main pathway for production of phenolic compounds,
which are responsible for the activation of defense mechanisms. Suppression of expression
of many genes encoding proteins involved in pentose phosphate pathway, including genes
encoding transketolase, ribulose-phosphate 3-epimerase, ribose-phosphate
pyrophosphokinase 1 and fructose-bisphosphate aldolase, present in our results suggest that
pentose phosphate metabolism is down-regulated during SR infection which agrees with
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Fig. 4. Functional categorization of the probe sets (a) down- (%) and (b) up-regulated (%) in
soybean cultivar Williams 82 infected by SR 10dai.
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Fig. 5. Expression levels of genes encoding enzymes overlaid on the pentose phosphate
pathway. The expression level for each gene encoding enzymes is associated with a specific
color. Enzymes colored in red are down-regulated, the ones colored in green are up-
regulated (regular red or green when expression falls in plus or minus 25% the mean
expression value range, dark red or green when expression is greater than 25% of the mean
expression value and light red or green when expression is lower than 25% of the mean
expression value), the ones colored in orange are extremely down-regulated while the ones
colored in aqua are extremely up-regulated and finally the ones colored in yellow indicates
that this specific gene encodes for different forms of the same enzyme and those different
copies are differentially regulated. The color code is the same for fig.6.

the fact that susceptible plant don’t succeed to build an efficient defense mechanism. However,
we found that many genes encoding enzymes involved in the biosynthesis of
phenylpropanoids are up-regulated including genes encoding caffeoyl-CoA 3-O-
methyltransferase and chalcone synthase (Figure 6). Also, the gene encoding PEP carboxylase
was up- regulated in our experiment; this enzyme can convert 3-dehydroshikimate to p-
coumarate, which is the substrate driving the production of phenylpropanoid compounds.
There were 316 up-regulated genes that shared similarity with genes encoding known
proteins, while 15 genes shared similarity with unknown proteins and 49 genes were not
similar to other genes (e-value < 10-2). The fifty most highly induced genes are listed in Table
2. Most of the up-regulated genes with similarity to genes encoding known proteins were
related to defense and disease and metabolism (Figure 4B).

Some genes encoding proteins involved in plant defense were up-regulated, but no defense
pathway appeared to be completely activated at the transcript level. Genes were induced
that encode p-1,3-glucanase, glutathione S-transferase, thaumatin -like protein, osmotin,
disease resistance-responsive proteins-related, stress-induced protein and the pathogenesis-
related protein 10 (PR-10). All are induced by salicylic acid (SA), which is produced in
response to pathogen infection (Murphy et al., 2000; Narusaka et al., 1999). However, no
genes encoding enzymes necessary for synthesis of SA were noted as induced. Other genes,
such as those encoding polyphenol oxidase and cysteine protease inhibitor, which are
induced following jasmonic acid (JA) synthesis (Thaler et al., 2001; Farmer et al., 1992), were
also induced. Also, genes were enduced that encoded the enzymes 12-oxophytodienoate
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Fig. 6. Expression levels of genes encoding enzymes overlaid on the phenylpropanoid
biosynthesis pathway.

reductase and allene oxide synthase (AOS) that are involved in JA synthesis. However
phospholipase A2 and lipoxygenase 2 were suppressed. A gene encoding chitinase IV was
up-regulated as were genes encoding chitinase proteins. These are well known digestive
enzymes that break down glycosidic bonds in chitin which comprise the cell wall of fungi.
They are also induced following JA synthesis (Davis et al., 2002; Rakwal et al., 2004).
However, induction of all these genes is not sufficient to elicit an effective defense response
against SR in this susceptible soybean cultivar, but it is apparent that the plant continues to
fight the infection process by expressing defense-related genes.

One condition that contributes to the rust infection on grasses is low nitrogen levels in the
soil (Doubrava and Blake, 1999; Hagan, 2005). By shutting down nitrogen metabolism, the
fungus improves its ability to infect. Indeed, a decrease in nitrate reductase activity has been
observed by Sadler and Scott (1974) during the first 2 days of infection of barley leaves by
Erysiphe graminis. However, most studies report that nitrogen assimilation increases after
this early stage of infection (Jenkin, 1977; Walters et al., 1984). van de Mortel et al. (2007)
demonstrated that there is a biphasic change in mRNA accumulation in response to SR
infection. There is an increase in levels of transcripts encoding enzymes involved in nitrogen
metabolism after 24 hai, then a decrease at 10 dai. In our experiment, we also saw a decrease
in expression of genes encoding enzymes involved in nitrogen metabolism including genes
that encode nitrate reductase, nitrilase, glutamate synthase, glutamine synthase, and
aminomethyltransferase. However, we found that transcripts encoding asparagine synthase,
also involved in nitrogen metabolism, had a different expression profile at 10 dai, its
expression increased. Asparagine synthase activity has been reported to increase in barley
leaves infected by E. graminis at later stages of infection (Sadler and Scott, 1974). However,
in barley other enzymes (NAD+ glutamate dehydrogenase, NADP+ glutamate
dehydrogenase and glutamine synthase) involved in nitrogen assimilation were also
increased. In our experiments with soybean, asparagine synthase expression could
ultimately be used to produce alanine, a precursor of pyruvate which would allow the
soybean leaves infected with SR to produce ATP via the TCA cycle.

Many studies on biotrophic interaction between a fungus and its host plant show that
translational activity as well as ribosomal biogenesis is reduced at the early stage of
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infection reflecting a major change in gene translation (Mould and Heath, 1999; Heath,
1997). Yamamoto et al. (1976) demonstrated that this reduction in protein synthesis is really
specific to the early stage of infection up to 3 dai. After 3 dai, protein synthesis increases
(Heinz et al., 1990). On the other hand, Polesani et al. (2008) showed at the latest stage of
infection of grapevine with Plasmopara viticola, that genes involved in protein metabolism
are predominantly repressed suggesting a repression of protein synthesis and turnover
(Polesani et al., 2008). These results are in agreement with our data which show a down-
regulation of protein synthesis at 10 dai reflected by the down-regulation of many genes
encoding ribosomal proteins such as the large subunit of the ribosomal protein L3 and the
small subunit of the ribosomal protein S17.

If we compare our study resulting from laser capture microdissected tissues to the study of
van de Mortel et al. (2007) using whole leaves of a susceptible genotype at 7 dai, we find that
out of our 380 up-regulated genes, 75 were identified in infected leaf tissue by van de Mortel
et al (2007) as well, while 305 genes were unique, identified only in our experiment which
focused on gene expression specifically at the infection site. All genes classified in our
dataset as related to cell growth and division and intracellular traffic functional categories
were unique. Eighty percent of genes we identified as members of the energy category were
unique including phosphoenolpyruvate (PEP) carboxylase. About 75% of our genes
included in cell structure, protein destination and transcription categories were unique to
our experiment. Finally, 58% of our genes classified as involved in signal transduction were
unique to our LCM isolated material. Out of 1,640 down-regulated genes identified in our
experiment, 1,601 were unique as compared to the results of van de Mortel et al. (2007). Of
the 39 genes in common with those identified by van de Mortel et al. (2007) were
triosephosphate isomerase and transketolase involved in carbon fixation and many 50S
ribosomal proteins. These results indicate that there are many different changes occurring
between 7 and 10 dai in a susceptible soybean plant infected by SR. Some changes have
already been seen in other fungi including other rusts but many changes seem to be specific
to SR.

4. Deep sequencing assay to identify SR and soybean genes from infected
plants

Since 2004, many companies have been working in the area of next generation sequencing to
provide high throughput and deep sequencing technology at low cost. In 2006 Solexa
developed a next generation genetic analysis system. This system has been used for multiple
applications rely on sample preparation. It allows DNA sequencing, transcriptome analysis
and gene regulation analysis. RNA analysis through the mRNA-Seq assay to provide
transcriptome analysis has been available since October, 2008. Since then, there have been
numerous manuscripts describing the utilization of mRNA-Seq application on the Solexa
platform to perform transcriptome analysis firstly focusing on mammals and yeasts, and
more recently on plants. However, only few analyses have been done on infected plants.

4.1 Methodology

We have performed an mRNA-Seq assay using the Solexa platform to test the potential
offered by this new technology to identify more SR and soybean genes expressed under
specific conditions as well as new genes from both organisms. Williams 82 soybean trifoliate
leaves were collected at 240 hai and before inoculation (time-zero). Fragmented mRNA from
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these samples was used as template for cDNA synthesis using a standard protocol. The
Genomic DNA Sample Preparation Kit from Illumina was used to complete the cDNA
library preparation.

Four picomolar of cDNA at 240 hai and eight picomolar of cDNA at time-zero were
hybridized to the flow cell surface in a cluster generation station (Illumina). The libraries
were sequenced as 36-mers for 240 hai and 80-mers for time-zero on the Genome Analyzer
IIx (GAIIx) (Illumina). Illumina Genome Analyzer pipeline v1.4 has been used to analyze the
images generated by the GAIlx, to do the base-calling and to align reads onto a reference
Soybean genome. In aligning of RNA-Seq reads to the Soybean reference genome, the
Soybean (Glycine max) v5.0 genome build was utilized (www.phytozome.net/soybean).

In relation to the Soybean v5.0 build used for read mapping, corresponding functional
annotations were derived from the JGI Soybean ftp site (ftp://ftp.jgi-
psf.org/pub/JGI_data/phytozome/v5.0/Gmax). Mapping of reads and derivation of
transcript abundance was made possible using TASE (Hosseini et al., 2010), an open-source
read-counting tool designed for Solexa datasets. TASE enables the ability to calculate how
many reads mapped onto genomic transcripts thereby providing a mode of transcript
expression. The resulting number of reads have been normalized by divided the number of
reads for a given gene in an experiment by the total number of annotated reads in the same
experiment multiplied by a constant (100,000). Executing TASE was made possible using
KOG (clusters of euKaryotic Orthologous Groups) homology-based annotations, Soybean
build v5.0 mRNA transcript genomic start and end sites, and the Solexa dataset containing
reads for all sequenced lanes. Output from TASE contained the genomic region for a given
transcript (in a specific chromosome and lane), with the number of reads mapping to that
given region. PAICE was used to overlay genes expressed on different metabolic pathways
and color enzymes.

4.2 Results and discussion

Solexa reads were aligned to the soybean genome using Phytozome version 5.0. Three
categories of reads were identified. First were reads aligning to annotated regions of the
soybean genome. Second were reads aligning to regions of the soybean genome wherein no
annotation is present to indicate the presence of a gene. However, many of these
unannotated regions appear to containing genes according to our data. Approximately 61
percent of the total number of reads (around 15 million reads) aligned to the soybean
genome and fell into the first two categories. In spite of efforts to identify the function of all
protein-coding loci, there are still unannotated regions of the genome that encode mRNA
regions without any functional annotation. We refer to these regions as positionally-
unannotated genes. Among all reads aligning to the soybean genome, an average of 54
percent mapped to positionally-annotated genes which represent over 18,000 protein-coding
loci, while the remainder of these reads mapped to positions currently unannotated in
Phytozome. Sequence homology searches of the positionally-unannotated genes using
several different public databases such as NCBI and InterPro revealed that 70% of the
sequences share similarity with genes found in other plant organisms. Approximately 30%
of sequences remained unknown.

The third category of reads contains those that did not align to the soybean genome. About
39 percent (around 10 million) of reads fall into this third category. These may represent
soybean genes encoded in gaps in the present version of the soybean genome or they may
be SR genes. Some of these reads could be positively identified as being SR genes, however,
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the sequence and assembly of the genome of SR is not available. Some of these reads had
high identity with genes of other fungi. The majority of these reads did not have high
homology to other fungal genes nor the limited number of known SR genes. We presume
that many of these represent newly discovered SR genes.

4.2.1 Soybean gene expression profile

To characterize the differential expression of soybean genes at 10 dai, we analyzed the tag
count for a specific gene at 10 dai sample versus the tag count at time-zero which give us a
fold-change. Forty-three percent of our positionally-annotated genes were down-regulated
at 10dai while 31% were up-regulated. Twenty-six percent seemed to maintain the same
expression level at 10 dai compared to time-zero. Figure 7 shows in which functional
category down- and up-regulated genes are involved.
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Fig. 7. Functional categorization of (A) down- and (B) up-regulated genes expressed in
soybean Williams 82 10 dai with SR compare to time-zero.

Compared to microarrays, deep sequencing technology allowed the identification of 17,363
more genes and changes in transcripts of genes encoding proteins of seventy-one more
metabolic pathways. General trends seen from the microarray results were still observed
using deep sequencing technology which means that more genes were down-regulated.
They were mostly involved in carbohydrate metabolism and protein synthesis but they were
also involved in nitrogen metabolism and carbon fixation. Fewer genes were up-regulated
and they were mostly involved in general defense mechanisms. In the down-regulated
pentose phosphate pathway, there more genes found expressed using deep sequencing
(Fig.5B) than microarrays (Fig.5A). The same observation can be done for the up-regulated
phenylpropanoid biosynthesis pathway (Fig.6) where more genes encoding enzymes were
found expressed using deep sequencing (Fig.6B) than microarray analysis (Fig.6A). Finding
more genes allowed confirming or refuting the regulation of many metabolic pathways
observed with our microarray results and also allowed linking between pathways.

While microarrays showed down-regulation of many genes encoding proteins involved in
protein synthesis, our deep sequencing results showed that numerous genes encoding
enzymes involved in almost all amino acid metabolic pathways were down-regulated as
well. Most of the encoding genes involved in glycine, serine and threonine metabolism were
down-regulated but the serine-glyoxylate transaminase, responsible for the conversion of
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glycine to serine to hydroxyl-pyruvate leading to the glyoxylate/dicarboxylate metabolism,
was clearly up-regulated. Since the glyoxylate/dicarboxylate metabolism is one of the only
pathways in carbohydrate metabolism found up-regulated, the up-regutation of this specific
gene make sense. Glyoxylate may be used by malate synthase to produce (S)-malate and
subsequently malate dehydrogenase would produce oxaloacetate, which could enter the
pathway for pyruvate metabolism or vice versa. This latest observation supports the belief
that pyruvate metabolism is truly up-regulated. Since glyoxytate can be produce by purine
metabolism, genes encoding enzymes responsible for its production have been found
expressed and up-regulated which refute microarray results indicating otherwise.
Successful development of many rust and mildew infections requires an adequate and
uninterrupted supply of nutrients from the host. Purines are nutrients needed for many
metabolic events in addition to nucleic acid synthesis in eukaryote organisms. With
pyrimidines, they are essential constituents of cytokinines (D" Agostino and Kieber, 1998). As
cyclic monophosphates and as ADP-ribose they are also involved in signal transduction
(Scheel, 1998). Moreover, they are involved in the synthesis of secondary products (Suzuki
and Takahashi, 1977). An obligate biotroph which is unable to synthesize purines de novo,
must obtain these nutrients from its host. Purines may be derived from the breakdown of
host nucleic acids and some enzymes involved in purine salvage are present in both host
and pathogen. In barley infected with powdery mildew (Butters et al., 1985), appressoria
metabolize adenine and adenosine and converted these compounds mostly into inosine.
Guanosine metabolism was more limited and hypoxanthine was neither absorbed nor
metabolized. In a healthy plant, adenosine was converted into other purines, but inosine
was not the major metabolite. In soybean infected with soybean rust, changes in purines
metabolism were also observed. Genes responsible for guanine and xanthine production
seemed to be up-regulated compare to those responsible for hypoxanthine and adenine
production.

Even if microarrays showed that genes encoding enzymes involved in terpenoid and steroid
biosynthesis pathways were down-regulated, it did not showed any expression of genes
encoding proteins involved in brassinosteroid biosynthesis. In our deep sequencing
experiment, many genes encoding enzymes involved in this pathway were found as down-
regulated. Brassinosteroids (BRs) are a class of plant polyhydroxysteroids that are
ubiquitously distributed in the plant kingdom. BRs are involved in many different cellular
responses such as cell elongation, pollen tube growth, xylem differentiation, leaf epinasty,
and root inhibition (Clouse and Sasse, 1998; Mandava, 1988). Their role in plant resistance to
diverse environmental stresses has been confirmed in many studies (Ikekawa and Zhao,
1991, Kamuro and Takatsuto, 1991). The potential of BRs to enhance plant resistance
specifically against fungal pathogen infection has been investigated as successful in many
studies (Khripach et al., 1999, 2000). However, BRs have also been found as stimulant for
fungal growth and disease progression (Krishna, 2003) which mean that protective or
deprotective type of BRs activity depend on the concentration of BRs, where it is expressed
and is connected with the different stimulating points of either the plant or the pathogen
(Korableva et al., 2002). Since most of the gene family involved in BRs biosynthesis included
up and down-regulated genes, it is hard from our experiment to know if this pathway was
up or down-regulated. But the interest stills the same about the involvement of BRs in plant
defense.

Genes involved in transport facilitation were strongly down-regulated. These genes mostly
encoded aquaporins. In many cases infection of plants by pathogens can lead to water stress.
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In plants compatible to Phytphthora spp. there is a decline in stomatal conductance upon
infection, which can cause water stress (Manter et al., 2007). Aquaporin encoding genes,
responsible for water transport, occur as multiple isoforms. For example, Arabidopsis thaliana
encodes 35 aquaporin homologues and maize encodes at least 31 aquaporin homologues
(Luu and Maurel, 2005; Chaumont et al., 2001). This may explain the high number of
aquaporin encoding genes found in our fifty most down-regulated genes. On the other
hand, down-regulation of genes encoding aquaporins in soybean infected by soybean rust is
similar to what has been reported in esca-infected grapevine where some aquaporin
encoding genes were repressed at late stages of the infection (Letousey et al., 2010).

Deep sequencing allowed the analysis of expression of genes encoding proteins associated
with salicylic acid (SA) biosynthesis, which is involved in defense. Genes encoding
chorismate mutase, anthranilate synthase, isochorismate synthase as well as phenylalanine
ammonia-lyase were identified and expression analyzed. Some of these genes were not
present on the soybean array while some other were not found expressed using microarray.
Genes involved in other biosynthetic pathways closely related to defense were also up-
regulated such as genes encoding enzymes involved in jasmonic acid and ethylene
production but in less abundance.

Another set of up-regulated genes encoded enzymes involved in glycan metabolisms. In
eukaryotic cells, both soluble and membrane proteins that enter the endoplasmic reticulum
(ER) system may undergo a posttranslational modification called N-glycosylation. N-
glycosylation occurs in two phases, namely, core glycosylation in the ER and glycan
maturation in the Golgi apparatus (Kukuruzinska and Lennon, 1998; Helenius and Aebi,
2001). The biological functions of N-glycan modifications in the Golgi apparatus are well
established in humans, insect and yeast (Sarkar et al., 2006; Bates et al., 2006). In plants, the
first Arabidopsis thaliana mutant lacking complex N-glycans was reported in 1993 (von
Schaewen et al., 1993). Plants with altered N-glycan modification pathways that are devoid
of potentially immunogenic complex N-glycans are mostly used for the production of
pharmaceutical proteins (Strasser et al., 2008; Koprivova et al., 2004) and could serve as
potential food crops with reduced allergenicity. Until recently, however, complex plant N-
glycans have not been associated with essential biological functions in their host plants due
to lack of obvious phenotypes of mutant plants defective in complex N-glycan biosynthesis.
Kang et al. (2008) recently reported that mutants defective in complex N-glycans show
enhanced salt sensitivity, establishing that complex N-glycans are indispensable for certain
biological functions. However, there is still no report on the involvement of N-glycans in
response to biotic stresses. Our study showed that genes encoding enzymes involved in N-
glycan biosynthesis as well as genes encoding enzymes involved in high-mannose type N-
glycan biosynthesis were mostly up-regulated. Additional investigations on their role in
plant-pathogen interaction need to be done.

Genes involved in intracellular communication/signal transduction comprised 12% of the
most up-regulated genes. These mostly included genes encoding serine/threonine protein
kinases. The network of protein serine/threonine kinases in plant cells appears to act as a
“central processor unit”, accepting input information from receptors that sense
environmental conditions, phytohormones, and other external factors, and converting it into
appropriate outputs such as changes in metabolism, gene expression, and cell growth and
division (Hardie, 1999).Since these genes are involved in many biological processes, their
presence in the most up-regulated genes was expected.
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4.2.2 New soybean genes

The second category of reads are reads that align to the soybean genome on a position not yet
annotated for presence of a gene or not yet annotated for functionality. This category includes
about 5,500,000 reads. These reads were assembled into to get contigs using Velvet (Zerbino
and Birney, 2008). About 12,000 contigs were built ranging from 30 to 801 nucleotides. Open
reading frames were found for each of these contigs and used to find similarity against NCBI
proteins database and Interpro database for conserved domains. Table 3 shows a subset of
contigs not yet annotated but sharing similarity with gene encoding proteins, gene encoding
conserved domains and/or microRNA (miRNA) from these different databases. Even if only
few new genes shared similarity to genes directly related to defense, this additional
information will be useful to complete annotation of the soybean genome sequence.

Chromo Contig Chromo Profeu? Conserved MiRNA
Source Length Location Description Domain (Evalue)
(bp) (Evalue)
G. max | Signal peptide, | Physcomitrella
9210964- unknown Transmembran | patens miR414
Gm07 166 9310713 (-07) e regions (-05)
Glycine max
proline-rich cell
18746483- wall protein 3
Gmll 249 18786222 (-77) NA NA
Populus
trichocarpa-
6192322- miR530b
Gm14 327 6213926 NA NA (-04)
Vitis vinifera | Copper
Vitis vinifera | transport
4037946- Top of Form protein ATOX1-
201 4050174 hypothetical related NA
protein
Gm14 (-05)
Arabidopsis
3369602- thaliana Top of
3374061 Form Histone H4 NA
HIS4; DNA
binding
Gm15 153 (-84)
Signal peptide,
24487406- G. max SRC1 Transmembran
Gm17 185 24721204 (E-49) e regions NA

Table 3. Contigs displaying similarity to proteins, conserved domains and miRNA in the
nonredundant protein NCBI, InterPro and miRNA databases. NA for none applicable.

Since their discovery in 1993, miRNAs have been largely identified in eukaryotic organisms
(Lee et al. 1993). They are post-transcriptional regulators playing multiple roles in negative
regulation (transcript degradation and sequestering, translational suppression) and possible



320 Soybean - Molecular Aspects of Breeding

involvement in positive regulation (transcriptional and translational activation). By affecting
gene regulation, miRNAs are likely to be involved in most biologic processes (Cuellar and
McManus, 2005; Wilfred et al., 2007). In plants, miRNAs function to control tissue (leaf, root,
stem, and flower) differentiation and development, phase switching from vegetative growth
to reproductive growth, signal transduction, and the response to biotic and abiotic stress
(e.g., salinity, drought, and pathogens) (Chen 2005; Zhang et al. 2006). There are 229 miRNA
identified in soybean while there is about 1441 miRNAs identify in A. thaliana, 2641 in rice,
2780 in Populus trichocarpa, and 395 in Medicago truncatula (Zhang et al., 2010). Their
identification is still important since they may play a role in plant defense.

There was also one contig sharing similarity to a gene encoding cold-stress protein srcl from
G. max itself. As it name tell us, the expression of this gene is activated early in response to
temperature stress (Takahashi and Shimosaka, 1997). However, an increase in its transcript
abundance had also been observed following drought, wounding and infection with
soybean mosaic virus. Theis evidence showed that this gene may be involved in plant
defense against pathogens.

The expression of genes encoded by contigs aligning to the soybean genome on a position
not yet associated with functionality and by contigs corresponding to potential new genes
without similarity to known sequences, will be compared with that in A. thaliana to try to
find information about their role in plant development and maybe plant defense.

4.2.3 Soybean rust gene expression

The third category of reads are reads not aligning to the soybean genome included about
10,000,000 reads. These reads were assembled into contigs using Velvet. About 33,000
contigs have been built ranging from 50 to 1,991 nucleotides. An automated homology
search against NCBI database found that only about seven percent of the contigs shared
similarity to annotated genes. This result reflected the lack of information concerning
filamentous fungi in general. Figure 8 shows with which functional category these genes
have been associated.

B Hetabolion
mEnergy
w Cell grawh, cell divigan and DHA synthe sis
B Transuiption
B ProteinSynthess
 Protein e stination
B Tranapont Facilitadion
W intraceBular Transport
B Cellubsr bivgenesis
B Cellular communization/agnal transduction
W Cellrescue, defense, cell death and ageing
o lonic homeostasis
celluar organization
Development
Unichazsified
Hypothetical/Predicted

Undmaam

Fig. 8. Functional categorization of soybean rust genes expressed in soybean Williams 82 10
dai.
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Metabolism and protein destination were the two functional categories where most of the
annotated SR genes were included.

In metabolism category, the amino acid metabolism and the carbohydrate metabolism were
the most populated with genes. Many genes encoding enzymes involved in cysteine and
methionine metabolism have been found including genes encoding S-adenosylmethionine
decarboxylase, adenosylhomocysteinase and 5-methyltetrahydropteroyltriglutamate-
homocysteine methyltransferase. Mutation of Fusarium graminearum cystathionine beta-lyase
gene and methionine synthase gene involved in cysteine and methionine metabolism have
been reported to reduce virulence of the fungus indicating that methionine synthesis is
critical for plant infection (Seong et al., 2005). In Magnaporthe grisea, a methionine
auxotrophic mutant was also reduced in virulence (Balhadere et al., 1999) and mutant
defective for methionine synthase gene expression of Cryptococcus neoformans was
nonpathogenic (Pascon et al., 2004). Auxotrophic mutants of other fungal pathogens
defective in other amino acid metabolisms, such as histidine synthesis in M. grisea (Sweigard
et al.,, 1998) and arginine synthesis in Fusarium oxysporum (Namiki et al., 2001), have also
been reported to be reduced in virulence.

Many genes encoding enzymes involved in carbohydrate metabolism have been identified.
Some genes were encoding enzymes involved in glyoxylate metabolism such as malate
dehydrogenase and malate synthase. Other genes were encoding enzymes involved in
citrate cycle such as aconitate hydratase, succinate dehydrogenase, citrate synthase and
isocitrate dehydrogenase. Presence of these enzymes as well as other involved in citrate
cycle and glyoxylate metabolism in rust spores has been reported by Caltrider et al. (1963),
Frear and Johnson (1961), and Staples and Stahmann (1964). This suggested that the TCA
cycle and its glyoxylate shunt are present in urediniospores and are potentially very active.
Small amounts of substrates which penetrate urediniospores membranes are rapidly
converted via these pathways to the numerous products.

In protein destination, we have found genes encoding proteins such as ubiquitin-
conjugating enzyme, ubiquitin-activating enzyme, proteasomes and different proteases.
This kind of enzymes has been often found associated with the fungus germination and
appressorium formation steps. Liu and Kolattukudy (1998) found an ubiquitin-conjugating
enzyme induced by hard surface contact of Colletotrichum gloeosporioides conidia. Kim et al.,
(2004) were studying the proteome of Magnaporthe grisea and found that 20S proteasomes
were present during appressorium formation. Fungal genes encoding proteases such as
aspartyl proteases and serine proteases mostly belonging to the subtilisin class have been
discovered to be expressed during infection (Mendgen and Deising, 1993; Carlile et al.,
2000). Their role into pathogenicity is still circumstantial but there is some evidences
suggesting a direct action of fungal proteases on host plant proteins from plasma membrane
(Tseng and Mount,1974) or cell wall (Movahedi and Heale, 1990) for example, by
degradation of plant cell wall proteins (Carlile et al., 2000; Dow et al., 1998;). Fungal
proteases have been also found involved in the adhesion of fungal pathogens to host cells
(Borg von Zepelin et al., 1999). Indirect evidence for a role of proteases in plant disease is
that plants frequently react to microbial infections by the accumulation of fungal protease
inhibitors (Chen et al., 1999; Vernekar et al., 1999). However, there is no mention in the
literature about expression of fungal proteases late in the infection process but they also may
be involved in degradation of cell wall proteins to allow expulsion of mature spores from
the host in combination to turgor pressure.
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For the remaining 93% of the contigs, open reading frames have been found and used to
manually find similarity against NCBI proteins database, Consortium for the Functional
Genomics of Microbial Eukaryotes (COGEME) proteins database specific for
phytopathogenic fungi and oomycetes and Interpro database for conserved domains. This
additional analysis allow us to identify more genes sharing similarity to genes encoding
proteins involved in many biological processes such as transcriptional control (LIM class
homeodomain transcription factor, Lhx6/8 subclass from Branchiostoma florida), translation
(translation elongation factor from Cryptococcus neoformans var. mneoformans), lipids, fatty
acid and isoprenoid biosynthesis (acetyl-CoA acetyl transferase and cyclopropane-fatty-
acyl-phospholipid synthase from Laccaria bicolor, fatty acid elongase from Saccharomyces
cerevisiae), proteolysis and protein folding (dipeptidyl peptidase III from Neosartorya fischeri,
FK506-binding protein 3 from Pyrenophora tritici-repentis, Hsp90 co-chaperone Cdc37 from
Paracoccidioides brasiliensis) and glycolysis (mitochondrial pyruvate dehydrogenase E1
component beta subunit from L. bicolor).

Genes sharing similarity to genes encoding protein involved in defense against oxidative
stresses such as a catalase from Botryotinia fuckeliana and Taiwanofungus camphorates and a
peroxidase from Talaromyces stipitatus and Gibberella zeae have also been found. Plants
defend themselves against pathogen attack by invoking a myriad of mechanisms, including
the hypersensitive response, the production of antimicrobial metabolites, cell-wall
fortification and the papilla response. One of the most rapid responses to pathogen attack is
the production of active oxygen species (AOS) at sites of invasion, named the oxidative
burst (Zhang et al., 2004).On the other hand, very little is known about the effect of AOS and
the response to AOS from the pathogen perspective. If AOS do have roles in plant defence
then the evolution of antioxidant detoxifying systems may arm a pathogen with a major
selective advantage in possible suppression of host defenses. But what may be the function
of this detoxifying system at late stage of the infection still to be understood.

During infection process, fungi face the challenges of recognizing susceptible hosts,
overcoming physical and chemical barriers to invade plant tissues, withstanding host
defense mechanisms, extracting nutrients for proliferation, and eventually disseminating to
a new host. Morphological transitions during the infection process are an integral aspect of
fungal phytopathogenesis. In this regard, the virulence arsenal of a fungal phytopathogen
may include the ability to exhibit reversible switching between specialized morphological
types of cells, the production of infection structures such as appressoria or haustoria, and
the ability to produce spores as agents of dispersal. These morphological aspects of
virulence are tightly regulated by environmental signals and signaling pathways that
operate throughout infection. Fungal cells employ sophisticated signal transduction
programs to sense and respond to specific environmental cues that drive changes in cell
morphology and physiology. Signaling mechanisms that regulate fungal proliferation and
differentiation include the highly conserved MAP kinase and cAMP (cyclic adenosine
monophosphate) signaling cascades (Lee et al.,, 2002b). Probably part of the signaling
pathway in SR, we also found an additional gene sharing high similarity to gene encoding a
protein involved in intracellular communication and signal transduction, the
serine/threonine protein phosphatase PP1 from Coprinopsis cinerea okayama.

Genes sharing similarity to genes encoding proteins involved in the biogenesis of fungus
cell wall have also been identified including genes encoding chitinase from Puccinia triticina
and chitin deacetylase from Alternaria brassicicola.
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In addition, couple more genes encoding proteins containing a signal peptide have been
pointed out.

5. Conclusion

In this study, we focused on a susceptible interaction between one US commercial soybean
cultivar and one US SR isolate. This specific interaction was chosen so that we could obtain
enough material during the time-course to be able to study gene expression specifically in
specific infection sites. In spite of obtaining a limited number of unisequences from the cDNA
library sequencing, this experiment allowed us to identify a number of novel fungal mRNAs
expressed in uredinia that are in some way associated with infection and/ or proliferation.
Some of the fungal genes from our cDNA library sequencing in addition to fungal genes
from the deep sequencing assay may be further examined through gene silencing in soybean
infected with P. pachyrhizi. Genes that contain signal peptides represent viable targets for
gene silencing as well as genes encoding proteins involved in defense against oxidative
stresses and biogenesis of cell wall to delay or even stop the infection process.

Some of the soybean genes found expressed by our microarray assay represent interesting
candidate genes for over-expression to control SR infection. For example, the reduction in
nitrogen metabolism and protein synthesis that occurs in the plant at the end of the infection
process may be an important trigger for sporulation of the fungus. Zuk et al. (2005) found
that a repression of 14-3-3 proteins, well known for their interaction with other proteins,
affect nitrogen fixation by regulating nitrate reductase (NR). Since NR is a key enzyme in
nitrogen assimilation, they found that repression of these 14-3-3 proteins also boosts protein
content. It may be possible to use 14-3-3 proteins to up-regulate instead of down-regulate
nitrogen metabolism and protein synthesis at 10 dai with ASR and perhaps stop the fungus
sporulation and its spread into the environment. Another example may be the over-
expression of genes involved in purine metabolism. This may change the metabolite balance
in favor of the plant and inhibit fungal sporulation.

Overall, our experiment provides new information about the infection process both from the
pathogen side and from the plant side. It gives us a better understanding of gene expression
in the fungus and the plant during the life cycle and this may help us to identify approaches
to broaden the resistance of soybean to SR. It provides insight into the needs of the pathogen
and what genes are required and not needed for the pathogen to sporulate. Furthermore,
our results show that the LCM procedure is a valid and powerful tool to collect specific
infected portions of the plant for further examination. Thus, we can study gene expression
patterns in a very specific infection structures, such as in the uredinium of SR, find genes
essential to fungus development, and use those genes to try to build resistance into the
plant. Moreover, our results using deep sequencing technology shows the performance of
this quite new technology to increase our knowledge in a time effective manner. Finally, our
study expands our knowledge about the development of this new exotic pathogen that
threatens soybean production.

6. References

Akem, C. N. (1995). The effect of timing of fungicide applications on the control of f
rogeye leaf spot and grain yield on soybeans. European Journal of Plant Pathology,
Vol.101, No.2 (March, 1995),183-187, 0929-1873



324 Soybean - Molecular Aspects of Breeding

Balhadere, P. V., Foster, A. J. & Talbot, N. J. (1999). Identification of pathogenicity mutants
of the rice blast fungus Magnaporthe grisea by insertional mutagenesis. Molecular
Plant-Microbe Interactions, Vol.12, No.2 (February, 1999), 129-142, 0894-0282

Bates, S., Hughes, H.B., Munro, C.A., Thomas, W.P., MacCallum, D.M., Bertram, G., Atrih,
A., Ferguson, M.A., Brown, A.]., Odds, F.C. & Gow, N.A. (2006). Outer chain N-
glycans are required for cell wall integrity and virulence of Candida albicans. The
Journal of Biological Chemistry, Vol.281, No.1 (6 January 2006), 90-98, 0021-9258

Berndt, R. (2005). An unusual new Phakopsora from Tanzania. Mycological Progress, Vol.4,
No.4 (November, 2005), 339-341, 1617-416X

Borg von Zepelin, M., Meyer, 1., Thomssen, R., Wurzner, R., Sanglard, D., Telenti, A. &
Monod, M. (1999). HIV-protease inhibitors reduce cell adherence of Candida albicans
strains byinhibition of yeast secreted aspartic proteases. Journal of Investigative
Dermatology, Vol.113, No.5 (November, 1999), 747-751, 0022-202X

Buchanan, B.B., Hutcheson, S.W., Magyarosy, A.C. & Montallini, P. (1981). Photosynthesis in
healthy and diseased plants. In : Effect of Disease on the Physiology of the Growing
Plant, P.G. Ayres (Ed.), 13-28, Cambridge University Press, 0 521 23306 2 ,
Cambridge

Butters, J.A., Burrells, M.M & Hollomon, D.W. (1985) Purine metabolism in barley powdery
mildevk and its host. Physiological Plant Pathology, Vol.27, No.1 (July, 1985), 65-74,
0048-4059

Caltrider, P.G., Ramachandra, S. & Gottlieb, D. (1963). Metabolism during germination and
function of glynxylate enzymes in uredospores of rust fungi. Phytopathology, Vol.53,
86-92, 0031-949X

Calvo, E.S,, Kiihl, R.AS,, Garcia, A., Harada, A. & Hiromoto, D.M. (2008). Two major
recessive soybean genes conferring soybean rust resistance. Crop Science, vol. 48,
No.4 (July, 2008),1350-1354, 0011-183X

Carlile, A.J., Bindschedler, L.V., Bailey, A.M., Bowyer, P., Clarkson, ].M., Cooper, R M.
(2000). Characterization of SNP1, a cell walldegrading trypsin, produced during
infection by Stagonospora nodorum. Molecular Plant Microbe Interactions, Vol.13, No.5
(May, 2000), 538-550, 0894-0282

Chakraborty, N., Curley, J., Frederick, R.D., Hyten, D.L., Nelson, R.L., Hartman, G.L. &
Diers, B.W. (2009). Mapping and confirmation of a new allele at Rpp1 from soybean
PI 594538A conferring RB lesion type resistance to soybean rust. Crop Science,
Vol.49, No.3 (May, 2009), 783-790, 0011-183X

Chaumont, F., Barrieu, F., Wojcik, E., Chrispeels, M.J. & Jung R. (2001) Aquaporins
constitute a large and highly divergent protein family in maize. Plant Physiology,
Vol.125, No.3 (March, 2001), 1206-1215, 0032-0889

Chen, C.F., Ridzon, D.A., Broomer, A.J., Zhou, Z.H., Lee, D.H., Nguyen, ]J.T., Barbisin, M.,
Xu, N.L., Mahuvakar, V.R., Andersen, M.R., Lao, K.Q,, Livak, K.J. & Guegler, KJ.
(2005). Real-time quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids
Research, Vol.33, No.20 (December, 2005), €179, 0305-1048

Chen, Z.Y., Brown, R.L.,, Lax, A.R,, Cleveland, T.E., Russin, J.S. (1999). Inhibition of plant-
pathogenic fungi by a corn trypsin inhibitor overexpressed in Escherichia coli.
Applied and Environmental Microbiology, Vol.65, No.3 (March, 1999), 1320-1324, 0099-
2240



Soybean Rust: Five Years of Research 325

Chou, H.-H. & Holmes, M.H. (2001). DNA sequence quality trimming and vector removal.
Bioinformatics, Vol.17, No.12 (December, 2001), 1093-104, 1367-4803.

Clouse, S.D. & Sasse, ].M. (1998). Brassinosteroids: essential regulators of plant growth and
development. Annual Review of Plant Physiology and Plant Molecular Biology, Vol.49
(June, 1998), 427-451, 1040-2519.

Cox, G.M., McDade, H.C,, Chen, S.C.A,, Tucker, S.C., Gottfredsson, M., Wright, L.C., Sorrell,
T.C., Leidich, s.D., Casadevall, A. Ghannoum, M.A. & Perfect, J.R. (2001).
Extracellular phospholipase is a virulence factor in experimental cryptococcosis.
Molecular Microbiology, Vol.39, No.1 (January, 2001), 166-175, 0950-382X

Cuellar, T. L. & McManus, M. T. (2005). MicroRNAs and endocrine biology. Journal of
Endocrinology, Vol.187, No.3 (December, 2005), 327-332, 0022-0795

Daboussy, M.-]. & Capy, P. (2003). Transposase elements in filamentous fungi. Annual
Review of Microbiology, Vol.57 (October, 2003), 275-299, 0066-4227

D’Agostino, I.B. & Kieber, J.J. (1999). Molecular mechanisms of cytokinin action. Current
Opinion in Plant Biology, Vol.2, No.5 (1 October 1999), 359-364, 1369-5266

Danson, J., Wasano, K. & Nose, A. (2000). Infection of rice plants with the sheath blight
fungus causes an activation of pentose phosphate and glycolytic pathways,
European Journal of Plant Pathology, Vol.106, No.6 (July, 2000), 555-561, 0929-1873.

Davis, ].M., Wu, H., Cooke, J.E., Reed, ].M., Luce, K.S. & Michler, C.H. (2002). Pathogen
challenge, salicylic acid, and jasmonic acid regulate expression of chitinase gene
homologs in pine, Molecular Plant Microbe Interaction, Vol.15 (April, 2002), 380-387,
0894-0282.

Dodds, P.N., Lawrence, G.J.,, Catanzariti, A., Ayliffe, M.A. & Ellis, J.G. (2004). The
Melampsora lini AvrL567 avirulence genes are expressed in haustoria and their
products are recognized inside plant cells. Plant Cell, Vol.16, No.3 (March, 2004),
755-768, 1040-5641

Doubrava, N. & Blake, J. (1999). Leaf disease of lawns. Clemson Cooperative Extension.
HGIC 2152, 3pp. Available: http:/ /www.clemson.edu/extension/hgic/

Dow, ]J.M., Davies, H.A., Daniels, M.J. (1998). A metalloprotease from Xanthomonas
campestris that specifically degrades proline/hydroxyproline-rich glycoproteins of
the plant extracellular matrix. Molecular Plant Microbe Interactions, Vol.11, No.11
(November, 1998), 1085-1093, 0894-0282

Ellis, J., Catanzariti, A.-M. & Dodds, P. (2006). The problem of how fungal and oomycete
avirulence proteins enter plant cells. Trends Plant Science, Vol.11, No.2 (February,
2006), 61-63, 1360-1385

Ewing, B. & Green, P. (1998). Base-calling of automated sequencer traces using phred. IL.
Error probabilities. Genome Research, Vol.8, No.3 (March, 1998), 186-94, 1088-9051

Ewing, B., Hillier, L., Wendl, M.C. & Green, P. (1998). Base-calling of automated sequencer
traces using phred. I. Accuracy assessment. Genome Research, Vol.8, No.3 (March,
1998), 175-85, 1088-9051

Farmer, E.E., Johnson, RR. & Ryan, C.A. (1992). Regulation of expression of proteinase
inhibitor genes by methyl jasmonate and jasmonic acid, Plant Physiology, Vol.98,
No.3 (March, 1992), 995-1002, 0032-0889.

Farrar, J.F. & Lewis, D.H. (1987). Nutrient relations in biotrophic infections, In: Fungal
infection of plants, Pegg GF, Ayres PG (Eds), 92-132, Cambridge University Press,
0521324572, Cambridge



326 Soybean - Molecular Aspects of Breeding

Frear, D.S. & Johnson, M.A. (1961). Enzymes of the glyoxylate cycle in germinating
uredospores of Melampsora lini (Pers.) Lév. Biochimica et Biophysica Acta, Vol.47, 419-
421, 0304-4165

Garcia, A., Calvo, ESS, Kiihl, R.S., Harada, A., Hiromoto, D.M. & Vieira, L.G.E. (2008).
Molecular mapping of soybean rust (Phakopsora pachyrhizi) resistance genes:
discovery of a novel locus and alleles. Theoretical Applied Genetics, Vol.117, No.4
(August, 2008), 545-553, 0040-5752

Ghannoum, M.A. (2000). Potential role of phospholipases in virulence and fungal
pathogenesis. Clinical Microbiology Reviews, Vol.13, No.1 (January, 2000), 122-143,
0893-8512

Hagan, A. (2005). Leaf spot and rust diseases of turfgrasses. Alabama Cooperative Extension
System. ANR-621, 6pp. Available: www.aces.edu

Hahn, M. (2000). The rust fungi. Cytology, physiology and molecular biology of infection.
In: Fungal Pathology, Kronstadt, J. (Ed.), 267-306, Kluwer Academic Publisher,
Dordrecht

Hall, A.A., Bindslev, L., Rouster, J.,, Rasmussen, SW., Oliver, R.P. & Gurr, S.J. (1999).
Involvement of cAMP and protein kinase A in conidial differentiation by Erysiphe
graminis f. sp. Hordei. Molecular Plant-Microbe Interactions, Vol.12 (November, 1999),
960-968, 0894-0282

Hardie, D.G. (1999). PLANT PROTEIN SERINE/THREONINE KINASES: Classification and
Functions. Annual Review of Plant Physiology and Plant Molecular Biology, Vol.50
(June, 1999), 97-131, 1040-2519

Hartwig, E.E. (1986). Identification of a fourth major gene conferring resistance to soybean
rust. Crop Science, Vol.26, No.6 (Nov-Dec, 1986), 1135-1136, 0011-183X

Hartwig, E.E. & Bromfield, K.R. (1983). Relationships among three genes conferring specific
resistance to rust in soybeans. Crop Science, Vol. 23, No.2 (March 1983), 237-239,
0011-183X

Heath, M. C. (1997). Signaling between pathogenic rust fungi and resistant or susceptible
host plants, Annals of Botany, Vol.80, No.6 (December, 1997), 713-720, 0305-7364.

Heinz, R. A., Esteban Hopp, H. & Favret, E.A. (1990). Proteins associated with specific host-
pathogen relationships in infections with wheat rust, Plant and Cell Physiology,
Vol.31, No.8 (January, 1990), 1221-1227, 0032-0781.

Helenius, A. & Aebi, M. (2001). Intracellular functions of N-linked glycans. Science, Vol.291,
No.5512 (23 March 2001), 2364-2369, 0036-8075

Hernandez, J.R., Koike, S.T., Scheck, H.]. & Palm Hernandez, M.E. (2003). First Report of the
Rust Miyagia pseudosphaeria on Sonchus oleraceus in the Americas. Plant Disease,
Vol.87 (June, 2003), 752, 0191-2917

Hoch, H.C. (1993). Fungal-Plant Interactions. The Quarterly Review of Biology, Vol.68, No.3
(September, 1993), 438, 0033-5770

Hosseini, P., Tremblay, A., Matthews, B.F. & Alkharouf, N.W. (2010). An efficient annotation
and gene-expression derivation tool for Illumina Solexa Datasets. BMC Research
Notes, Vol.3 (2 July, 2010), 183, 1756-0500

Huang, X. & Madan, A. (1999). CAP3: A DNA Sequence Assembly Program. Genome
Research, Vol.9, No.9 (September, 1999), 868-77, 1088-9051

Hyten, D.L., Smith, J.R., Frederick, R.D., Tucker, M.L., Song, Q. & Cregan, P.B. (2009).
Bulked segregant analysis using the GoldenGate assay to locate the Rpp3 locus that



Soybean Rust: Five Years of Research 327

confers resistance to soybean rust in soybean. Crop Science, Vol.49, No.1 (January,
2009), 265-71, 0011-183X

Ikekawa, N. & Zhao, Y.J. (1991). Application of 24-epibrassinolide in agriculture, In:
Brassinosteroids: Chemistry, Bioactivity and Applications, Cutler HG, Yokota T, Adam
G (Eds.), 280-291, American Chemical Society, 9780841221260, Washington DC

Isaac, S. (1992). Fungal-plant Interactions. Chapman & Hall, 0412353903, London

Jakupovié, M., Heintz, M., Reichmann, P., Mendgen, K. & Hahn, M. (2006). Microarray
analysis of expressed sequence tags from haustoria of the rust fungus Uromyces
fabae. Fungal Genetics and Biology, Vol.43, No.1 (January, 2006), 8-19, 1087-1845

Jenkin, J. F. (1977). Nitrogen and leaf diseases of spring barley. In: Fertilizer plant use and
plant health, 119-128, International Potash Institute, Berne, Switzerland.

Kamuro, Y. & Takatsuto, S. (1991). Capability for and problems of practical uses of
brassinosteroids, In: Brassinosteroids: Chemistry, Bioactivity and Applications,
Cutler HG, Yokota T, Adam G (Eds.), 292-297, American Chemical Society,
Washington DC

Kang, S., Lebrun, M.H., Farrall, L. & Valent, B. (2001). Gain of virulence caused by insertion
of a Pot3 transposon in a Magnaporthe grisea avirulence gene. Molecular Plant-
Microbe Interactions, Vol.14 (May, 2001), 671-674, 0894-0282

Kang, ]J.S., Frank, J., Kang, CH., Kajiura, H., Vikram, M., Ueda, A., Kim, S., Bahk, ].D.,
Triplett, B., Fujiyama, K., Lee, S.Y., von Schaewen, A. & Koiwa, H. (2008). Salt
tolerance of Arabidopsis thaliana requires maturation of N-glycosylated proteins in
the Golgi apparatus. Proceedings of the National Academy of Sciences USA, Vol.105,
No.15 (April 15, 2008), 5933-5938, 1091-6490

Kankanala, P. (2007). Cell biology and gene expression profiling during the early biotrophic
invasion by the rice blast fungus Magnaporthe oryzae. Manhattan, Kansas, United
States: Kansas State University, PhD thesis.

Kempken, F. & Kiick, U. (1998). Transposons in filamentous fungi—facts and perspectives.
BioEssays, Vol.20, No.8 (August, 1998), 652-659, 1521-1878

Kerk, N.; Ceserani, T., Tausta, SL.; Sussex, I.& Nelson, T. (2003). Laser-capture
microdissection of cells from plant tissues. Plant Physiology, Vol.132, No.1 (May
2003), 27-35, 0032-0889

Khripach, V., Zhabinskii, V. & de Groot, A. (1999). Brassinosteroids A New Class of Plant
Hormones. Academic Press, 0124063608, San Diego, CA

Khripach, V., Zhabinskii, V. & de Groot, A. (2000). Twenty years of brassinosteroids:
steroidal plant hormones warrant better crops for the XXI century. Annals of Botany,
Vol.86, No.3 (September, 2000), 441-447, 0305-7364

Kim, S.T., Yu, S., Kim, S.G., Kim, H.J., Kang, S.Y., Hwang, D.H., Jang, Y.S. & Kang, K.Y.
(2004). Proteome analysis of rice blast fungus (Magnaporthe grisea) proteome during
appressorium formation, Proteomics, Vol.4, No.11 (November, 2004), 3579-3587,
1615-9861

Klink, V.P., Overall, C.C., Alkharouf, N.W., MacDonald, M.H. and Matthews, B.F. (2007).
Laser capture microdissection (LCM) and comparative microarray expression
analysis of syncytial cells isolated from incompatible and compatible soybean
(Glycine max) roots infected by the soybean cyst nematode (Heterodera glycines).
Planta, Vo0l.226, No.6 (November, 2007),1389-1409, 0032-0935



328 Soybean - Molecular Aspects of Breeding

Klink, V.P., Hosseini, P., Matsye, P., Alkharouf, N.-W. and Matthews, B.F. (2010). Syncytium
gene expression in Glycine max[PI 88788] roots undergoing a resistant reaction to
the parasitic nematode Heterodera glycines. Plant Physiology and Biochemistry,
Vol.48, No.2-3 (February-March, 2010), 176-193, 0981-9428

Koch, E.; Ebrahim-Nesbat, F. & Hoppe, H.H. (1983). Light and electron-microscopic studies
on the development of soybean rust (Phakopsora pachyrhizi Syd) in susceptible
soybean leaves. Phytopathol Z Vol.106, 302-320

Koprivova, A., Stemmer, C., Altmann, F., Hoffmann, A., Kopriva, S., Gorr, G., Reski, R. &
Decker, E.L. (2004). Targeted knockouts of Physcomitrella lacking plant-specific
immunogenic N-glycans. Plant Biotechnology Journal, Vol.2, No.6 (November, 2004),
517-23, 1467-7644

Korableva, N.P., Platonova, T.A., Dogonadze, M.Z. & Evsunina, A.S. (2002). Brassinolide
effect on growth of apical meristems, ethylene production, and abscisic acid content
in potato tubers, Biologia Plantarum, Vol.45, No.1 39-43, 0006-3134

Krishna, P. (2003) Brassinosteroid-Mediated Stress Responses. Journal of Plant Growth
Regulation, Vol.22, No.3 (September), 289-297, 0721-7595

Kukuruzinska, M.A. & Lennon, K. (1998). Protein N-glycosylation: molecular genetics and
functional significance. Critical Review in Oral Biology and Medecine, Vol.9, No.4, 415-
448, 1045-4411

Kumudini, S;; Godoy, C.V.; Board, ].B.; Omielan, J. & Tollenaar, M. (2008). Mechanisms
involved in soybean rust-induced yield reduction, Crop Science, Vol.48, No.6
(November 2008), 2334-2342, 0011-183X

Lebel, E.G., Masson, ], Bogucki, A. & Paszkowski, ]. (1993). Stress-induced
intrachromosomal recombination in plant somatic cells. Proc. Natl Acad. Sci. USA,
Vol.90, No.2 (Jenuary 15, 1993), 422-426, 0027-8424

Lee, S.H., Kim, B.G., Kim, K], Lee, ].S., Yun, D.W., Hahn, ]J.H., Kim, G.H., Lee, KH., Suh,
DS., Kwon, S.T., Lee, C.S. & Yoo, Y.B. (2002a). Comparative analysis of sequences
expressed during the liquid-cultured mycelia and fruit body stages of Pleurotus
ostreatus. Fungal Genetics and Biology, Vol.35, No.2 (March, 2002), 115-134, 1087-1845

Lee, T.I,, Rinaldi, N.J., Robert, F., Odom, D.T., Bar-Joseph, Z., Gerber, G.K., Hannett, N.M.,
Harbison, C.T., Thompson, C.M., Simon, 1., Zeitlinger, J., Jennings, E.G., Murray,
H.L., Gordon, D.B., Ren, B., Wyrick, J.J., Tagne, J.-B., Volkert, T.L., Fraenkel, E.,
Gifford, D.K. & Young, R.A. (2002b). Transcriptional regulatory networks in
Saccharomyces cerevisiae. Science, Vol.298, No.5594 (25 October, 2002), 799-804,
0036-8075

Lee, R. C,, Feinbaum, R. L. & Ambros, V. (1993). The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell, Vol.75, No.5
(December 3, 1993), 843-854, 0092-8674

Lengeler, K.B., Davidson, R.C., D’souza, C., Harashima, T., Shen, W.C., Wang, P., Pan, X,,
Waugh, M., & Heitman, J. (2000). Signal transduction cascades regulating fungal
development and virulence. Microbiology and Molecular Biology Review, Vol.64, No.4
(December, 2000), 746-785, 1098-5557

Levy, C. (2005). Epidemiology and chemical control of soybean rust in southern Africa. Plant
Disease, Vol.89, No.6 (June, 2005), 669-674, 0191-2917

Letousey, P., Baillieul, F., Perrot, G., Rabenoelina, F., Boulay, M., Vaillant-Gaveau, N.,
Clément, C. & Fontaine, F. (2010). Early Events Prior to Visual Symptoms in the



Soybean Rust: Five Years of Research 329

Apoplectic Form of Grapevine Esca Disease. Phytopathology, Vol.100, No.5 (May
2010), 424-431, 0031-949X

Li, S., Moore, W.F., Spinks, B.L., Wells, B.C., Sciumbato, G.L., Robinson, S.]. & Libous-Bailey,
L. (2007). Occurrence of Asian soybean rust caused by Phakopsora pachyrhizi in
Mississippi. Plant Health Progress, (17 Sept., 2007), 1535-1025

Liu, Z.-M. & Kolattukudy, P.E. (1998). Identification of a gene product induced by hard-
surface contact of Colletotrichum gloeosporioides conidia as a ubiquitin-conjugating
enzyme by yeast complementation, Journal of Bacteriology, Vol.180, No.14 (July
1998), 3592-3597, 0021-9193

Lucht, ].M., Mauch-Mani, B., Steiner, H.-Y., Metraux, J.-P., Ryals, J. & Hohn, B. (2002).
Pathogen stress increases somatic recombination frequency in Arabidopsis. Nature
Genetics, Vol.30 (March, 2002), 311-314, 1061-4036

Luderer, R., Takken, FE.W., de Wit, P.J.G.M. & Joosten, M.H.A ]. (2002). Cladosporium fulvum
overcomes Cf-2-mediated resistance by producing truncated AVR2 elicitor
proteins. Molecular Microbiology, Vol.45, No.3 (August, 2002), 875-884, 0950-382X

Luu, D.-T. & Maurel, C. (2005). Aquaporins in a challenging environment: molecular gears
for adjusting plant water status. Plant, Cell and Environment, Vol.28, No.1 (January,
2005), 85-96, 0140-7791

Mandava, N.B. (1988) Plant growth-promoting brassinosteroids. Annual Review of Plant
Physiology and Plant Molecular Biology, Vol.39 (June, 1988), 23-52, 1040-2519

Manter, D.K,, Kelsey, R.G. & Karchesy, J.J. (2007). Photosynthetic Declines in Phytophthora
ramorum-Infected Plants Develop Prior to Water Stress and in Response to
Exogenous Application of Elicitins. Phytopathology, Vol.97, No.7 (July, 2007), 850-
856, 0031-949X

McLean, R. & Byth, D.E. (1980). Inheritance of resistance to rust (Phakopsora pachyrhizi) in
soybean. Australian Journal of Agricultural Research, Vol. 31, No.5 (1980), 951-956,
0004-9409

Melching, J.S.; Dowler, W.M.; Koogle, D.L. & Royer, M.H. (1989). Effects of duration,
frequency, and temperature of leaf wetness periods on soybean rust. Plant Disease,
Vol.73 (February 1989), 117-122, 0191-2917

Mendgen, K. & Deising, H. (1993). Infection structures of fungal plant pathogens—a
cytological and physiological evaluation. New Phytologist, Vol.124, No.2 (June,
1993), 193-213, 1469-8137

Mendgen, K. & Hahn, M. (2002). Plant infection and the establishment of fungal biotrophy.
Trends in Plant Science, Vol.7, No.8 (August 1, 2002), 352-356, 1360-1385

Miles ,M.R,; Frederick, R.D. & Hartman, G.L.(2003) Soybean rust: Is the U.S. soybean crop at
risk? APS net (http:/ /www.apsnet.org/online/feature/rust/).

Miles, M.R.; Frederick, R.D. & Hartman, G.L. (2006). Evaluation of soybean germplasm for
resistance to Phakopsora pachyrhizi. Plant Health Progress, (4 January 2006), 1535-1025

Miles, M. R;; Levy, C.; Morel, W.; Mueller, T.; Steinlage, T.; van Rij, N.; Frederick, R. D. &
Hartman, G. L. (2007). International fungicide efficacy trials for the management of
soybean rust. Plant Disease, Vol.91, No.11 (November, 2007), 1450-1458 0191-2917

Miles, M.R.; Morel, W.; Ray, J.D.; Smith, ].R.; Frederick, R.D. & Hartman, G.L. (2008). Adult
plant evaluation of soybean accessions for resistance to Phakopsora pachyrhizi in the
field and greenhouse in Paraguay, Plant Disease, Vol.92, No.l (January, 2008), 96-
105, 0191-2917



330 Soybean - Molecular Aspects of Breeding

Monteros, M.]J.; Missaoui, A.M.; Phillips, D.V.; Walker, D.R. & Boerma, H.R. (2007).
Mapping and confirmation of the ‘Hyuuga’ red-brown lesion resistance gene for
Asian soybean rust. Crop Science, Vol.47, No.2 (March, 2007), 829-834, 0011-183X

Mould, M. J. R. & Heath, M. C. (1999). Ultrastructural evidence of differential changes in
transcription, translation, and cortical microtubules during in planta penetration of
cells resistant or susceptible to rust infection, Physiological and Molecular Plant
Pathology, Vol.55, No.4 (October, 1999), 225-236, 0885-5765.

Movahedi, S. & Heale, ].B. (1990). The roles of aspartic proteinase and endo-pectin lyase
enzymes in the primary stages of infection and pathogenesis of the various host
tissues by different isolates of Botrytis cinerea Pers ex. Pers. Physiological and
Molecular Plant Pathology, Vol.36, No.4 (April, 1990), 303-324, 0885-5765

Moy, P., Qutob, D., Chapman, B.P., Atkinson, I. & Gijzen, M. (2004). Patterns ofgene
expression upon infection of soybean plants by Phytophthora sojae, Molecular Plant
Microbe Interaction, Vol.17 (October, 2004), 1051-1062, 0894-0282

Mueller, T. A.; Miles, M. R.; Morel, W.; Marois, J. ].; Wright, D. L.; Kemerait, R. C.; Levy, C.
& Hartman, G. L. (2009). Effect of fungicide and timing of application on soybean
rust severity and yield. Plant Disease, Vol. 93, No.3 (March, 2009), 243-248, 0191-
2917

Murphy, A.M., Holcombe, L.J. & Carr, J.P. (2000). Characteristics of salicylic acid-induced
delay in disease caused by a necrotrophic fungal pathogen in tobacco, Physiological
and Molecular Plant Pathology, Vol.57, No.2 (August, 2000), 47-54, 0885-5765.

Nagasaki, K., Manabe, T., Hanzawa, H., Maass, N., Tsukada, T. & Yamaguchi, K. (1999).
Identification of a novel gene, LDOC1, down-regulated in cancer cell lines. Cancer
Letters, Vol.140, No.1-2 (01 June, 1999), 227-234, 0304-3835

Namiki, F., Matsunaga, M., Okuda, M., Inoue, I, Nishi, K., Fujita, Y., & Tsuge, T. (2001).
Mutation of an arginine biosynthesis gene causes reduced pathogenicity in
Fusarium oxysporum £. sp. melonis. Molecular Plant-Microbe Interactions, Vol.14 (april,
2001), 580-584, 0894-0282

Narusaka, Y., Narusaka, M., Horio, T. & Ishii, H. (1999). Comparison of local and systemic
induction of acquired disease resistance in cucumber plants treated with
benzothiadiazoles or salicylic acid, Plant and Cell Physiology, Vol.40, No.4 (January,
1999), 388-395, 0032-0781.

Pascon, R. C., Ganous, T. M., Kingsburry, J. M., Cox, G. M. & McCusker, J. H. (2004).
Cryptococcus neoformans methionine synthase: Expression analysis and requirement
for virulence. Microbiology, Vol.150, No.9 (September, 2004), 3013-3023, 1350-0872

Panthee, D.R.; Yuan, J.S.; Wright, D.L.; Marois, ].J.; Mailhot, D. & Stewart Jr., C.N. (2007).
Gene expression analysis in soybean in response to the causal agent of Asian
soybean rust (Phakopsora pachyrhizi Sydow) in an early growth stage. Functional &
Integrative Genomics, Vol.7, No.4 (October 2007), 291-301, 1438-793X

Peterson, L.A., Brown, M.R., Carlisle, A.J., Kohn, E.C,, Liotta, L.A., Emmert-Buck, M.R. &
Krizman, D.B. (1998). An improved method for construction of directionally cloned
c¢DNA libraries from microdissected cells, Cancer Research, Vol.58, No.23 (Dec. 1,
1998), 5326-5328, 0008-5472

Pivonia, S. & Yang, X.B. (2005). Assessment of epidemic potential of soybean rust in the
United States, Plant Disease, Vol.89 (June 2005), 678-682, 0191-2917



Soybean Rust: Five Years of Research 331

Polesani, M., Desario, F., Ferrarini, A., Zamboni, A., Pezzotti, M., Kortekamp, A. &
Polverari, A. (2008). cDNA-AFLP analysis of plant and pathogen genes expressed
ingrapevine infected with Plasmopara viticola, BMC Genomics, Vol.9 (26 March,
2008), 142-156, 1471-2164

Posada-Buitrago, M.L. & Frederick, R.D. (2005). Expressed sequence tag analysis of the
soybean rust pathogen Phakopsora pachyrhizi. Fungal Genetics and Biology, Vol.42,
No.11 (November 2005), 949-962, 1087-1845

Puchta, H., Swoboda, P. & Hohn, B. (1995). Induction of intrachromosomal homologous
recombination in whole plants. Plant ]. Vol.7, No.2 (February, 1995), 203-210, 0960-
7412

Rakwal, R., Yang, G. & Komatsu, S. (2004). Chitinase induced by jasmonic acid, methyl
jasmonate, ethylene and protein phosphatase inhibitors in rice, Molecular Biology
Reports, Vol.31, No.2 (June, 2004), 113-119, 0301-4851.

Ramsay, K.; Wang, Z. & Jones, M.G.K. (2004). Using laser capture microdissection to study
gene expression in early stages of giant cells induced by root-knot nematodes.
Molecular Plant Pathology, Vol.5, No.6 (November 2004), 587-592, 1464-6722

Rep, M., van der Does, H.C., Meijer, M., van Wijk, R., Houterman, P.M., Dekker, H.L., De
Koster, C.G. & Cornelissen, B.J.C. (2004). A small, cysteine-rich protein secreted by
Fusarium oxysporum during colonization of xylem vessels is required for I-3-
mediated resistance in tomato. Molecular Microbiology, Vol.53, No.5 (September,
2004), 1373-1383, 0950-382X

Restrepo, S., Myers, K1, del Pozo, O., Martin, G.B., Hart, A.L., Buell, CR, Fry, WE. &
Smart, C.D. (2005). Gene profiling of a compatible interaction between Phytophthora
infestans and Solanum tuberosum suggests a role for carbonic anhydrase, Molecular
Plant Microbe Interaction, Vol.18 (September, 2005), 913-922, 0894-0282

Roberts, M.J.; Schimmelpfennig, D.; Livingston, M.]. & Ashley, E. (2009). Estimating the
value of an early-warning system. Review of Agricultural Economics, Vol.31, No.2,
303-329, 1058-7195

Sacadura, N.T. & Saville, B.J. (2003). Gene expression and EST analyses of Ustilago maydis
germinating teliospores. Fungal Genetics and Biology, Vol.40, No.1 (October, 2003),
47-64, 1087-1845

Sadler, R. & Scott, K.J. (1974). Nitrogen assimilation and metabolism in barley leaves
infected with the powdery mildew fungus, Physiological Plant Pathology, Vol.4, No.2
(April, 1974), 235-247, 0048-4059.

Sarkar, M., Leventis, P.A., Silvescu, C.I., Reinhold, V.N., Schachter, H. & Boulianne, G.L.
(2006). Null mutations in Drosophila N-acetylglucosaminyltransferase I produce
defects in locomotion and a reduced life span. The Journal of Biological Chemistry,
Vol.281, No.18 (5 May 2006), 12776-12785, 0021-9258

Sass, J.E. (1958). Botanical Microtechnique. Iowa State College Press, AmesScheel, D. (1998).
Resistance response physiology and signal transduction. Current Opinion in Plant
Biology, Vol.1, No.4 (August, 1998), 305-310, 1369-5266

Schneider, R.W.; Hollier, C.A.; Whitam, H.K.; Palm, M.E.; McKemy, ].M.; Hernandez, J.R.;
Levy, L. & DeVries-Paterson, R. (2005). First report of soybean rust caused by
Phakopsora pachyrhizi in the continental United States. Plant Disease, Vol.89 (July
2005), 774, 0191-2917



332 Soybean - Molecular Aspects of Breeding

Scholes, ].D. & Farrar, J.F. (1985). Photosynthesis and chloroplast functioning within
individual pustules of Uromyces muscari on bluebell leaves, Physiological and
Molecular Plant Pathology, Vol.27, 387-400, 0885-5765.

Shaner, G. E.; Alexander, C.; Christmas, E.; Conley, S. P.; Dobbins, C. L.; Hurt, C. A; Patrick,
G. F,; Rane, K. K. & Ruhl, G. E. (2005). Preparing for Asian Soybean Rust. Available
at
http:/ /www.ncpdn.org/Library/ ViewDocument.pdf?filetype=pdf&Documentld=
914. Accessed 15 January 2007; verified 31 January 2009. Purdue University
Cooperative Extension Service, West Lafayette, IN.

Seong, K., Hou, Z., Tracy, M., Kistler, H. C, and Xu, J.-R. 2005. Random insertional
mutagenesis identifies genes associated with virulence in the wheat scab fungus
Fusarium graminearum. Phytopathology, Vol.95, No.7 (July, 2005), 744-750, 0031-
949X

Solomon, P.S., Tan, K.C. & Oliver, R.P. (2003). The nutrient supply of phytopathogenic
fungi; a fertile field for study. Molecular Plant Pathology, Vol.4, No.3 (May, 2003),
203-210, 0885-5765

Soria-Guerra, R.E., Rosales-Mendoza, S., Chang, S., Haudenshield, ].S., Padmanaban, A.,
Rodriguez-Zas, S., Hartman, G.L., Ghabrial, S.A. & Korban, S.S. (2010).
Transcriptome analysis of resistant and susceptible genotypes of Glycine tomentella
during Phakopsora pachyrhizi infection reveals novel rust resistance genes. Theoritical
and Applied Genetics, Vol. 120, No.7 (May, 2010), 1315-1333, 0040-5752

Staples, R.C. & Stahmann, M.A. (1964). Changes in protein and several enzymes in
susceptible bean leaves after infection by the bean rust fungus. Phytopathology,
Vol.54, 760-764, 0031-949X

Stark, M.]. (1996). Yeast protein serine/threonine phosphatases: Multiple roles and diverse
regulation. Yeast, Vol.12, No.16 (December, 1996), 1647-1675, 1097-0061

Strasser, R., Stadlmann, J., Schahs, M., Stiegler, G., Quendler, H., Mach, L., Glossl, J.,
Weterings, K., Pabst, M. & Steinkellner, H. (2008). Generation of glyco-engineered
Nicotiana benthamiana for the production of monoclonal antibodies with a
homogeneous human-like N-glycan structure. Plant Biotechnology Journal, Vol.6,
No.4 (May, 2008), 392-402, 1467-7644

Suzuki, T. & Takahashi, E. (1977). Biosynthesis of purine nucleotides and methylated
purines in higher plants. Drug Metabolism Reviews, Vol.6, No.2, 213-242, 0360-2532

Sweigard, J. A., Carroll, A. M,, Farrall, L., Chumley, F. G. & Valent, B. (1998). Magnaporthe
grisea pathogenicity genes obtained through insertional mutagenesis. Molecular
Plant-Microbe Interactions, Vol.11, No.4 (April, 1998), 404-412, 0894-0282

Takahashi, R. & Shimosaka, E. (1997). cDNA sequence analysis and expression genes in
soybean. Plant Science, Vol.123, No.1-2 (28 March 1997), 93-104, 0168-9452

Tang, W.; Coughlan, S.; Crane, E.; Beatty, M. & Duvick, ]J. (2006). The application of laser
microdissection to in planta gene expression profiling of the maize anthracnose
stalk rot fungus Colletotrichum graminicola. Molecular Plant-Microbe Interactions,
Vol.19 (November 2006), 1240-1250, 0894-0282

Tao, Z.; Malvick, D.; Claybrooke, R.; Floyd, C.; Bernacchi, C.J.; Spoden, G.; Kurle, J.; Gay, D.;
Bowersox, V. & Krupa, S. (2009). Predicting the risk of soybean rust in Minnesota
basedon an integrated atmospheric model. International Journal of Biometeorology,
Vol.53, No.6 (November, 2009), 509-521, 0020-7128



Soybean Rust: Five Years of Research 333

Thaler, J. S., Stout, M. ], Karban, R. & Duffey, S. (2001). Jasmonate-mediated induced plant
resistance affects a community of herbivores, Ecological Entomology, Vol.26, No.3
(June, 2001), 312-324, 1365-2311.

Trail, F., Xu, J.R., San Miguel, P., Halgren, R.G. & Kistler, H.C. (2003). Analysis of expressed
sequences tags from Gibberella zeae (anamorph Fusarium graminearum). Fungal
Genetics and Biology, Vol.38, No.2 (March, 2003), 187-197, 1087-1845

Tseng, T.C. & Mount, M.S. (1974). Toxicity of endopolygalacturonate trans-eliminase,
phosphatidase and protease to potato and cucumber tissue. Phytopathology, Vol.64,
No.2 (February, 1974), 229-236, 0031-949X

van de Mortel, M. ; Recknor, J.C. ; Graham, M.A. ; Nettleton, D. ; Dittman, J.D., Nelson, R.T. ;
Godoy, C.V.; Abdelnoor, R.V,; Almeida, AM.R.; Baum, T.J. & Whitham, S.A.
(2007). Distinct biphasic mRNA changes in response to Asian soybean rust
infection. Molecular Plant-Microbe Interactions, Vol.20 (August 2007), 887-99, 0894-
0282

van Driel, K.G.A.; Boekhout, T.; Wosten, H.A.B.; Verkleij, A.]. & Miiller, W.H. (2007). Laser
microdissection of fungal septa as visualized by scanning electron microscopy.
Fungal Genetics and Biology, Vol.44, No.6 (June 2007), 466-473, 1087-1845

Vernekar, J.V., Ghatge, M.S. & Deshpande, V.V. (1999). Alkaline protease inhibitors: a novel
class of antifungal proteins against phytopathogenic fungi. Biochemical and
Biophysical Research Communications, Vol.262, No.3 (7 September, 1999),702-707,
0006-291X

Voegele, RT. & Mendgen, K. (2003). Rust haustoria: nutrient uptake and beyond. New
Phytologist, Vol.159, No.1 (July 2003), 93-100, 0028-646x

von Schaewen, A., Sturm, A., O'Neill, J. & Chrispeels, M. (1993). Isolation of a mutant
Arabidopsis plant that lacks N-acetyl glucosaminyl transferase I and is unable to
synthesize Golgi-modified complex N-linked glycans. Plant Physiology, Vol.102,
No.3 (July, 1993), 1109-1118, 0032-0889

Walters, D. R., Paul, N. D. & Ayres, P. G. (1984). Effects of mildew and nitrogen on grain
yield of barley artificially infected in the field, Annals of Botany, Vol.53, No.2
(February, 1984), 145-148, 0305-7364.

Wilfred, B. R., Wang, W. X. & Nelson, P. T. (2007). Energizing miRNA research: a review of
the role of miRNAs in lipid metabolism, with a prediction that miR-103/107
regulates human metabolic pathways. Molecular Genetics and Metabolism, Vol.91,
No.3 (July, 2007), 209-217, 1096-7192

Yamamoto, H., Tani, T. & Hokin, H. (1976). Protein synthesis linked with resistance of oat
leaves to crown rust fungus, Annals of the Phytopathology Society of Japan, Vol.42,
No.5 (December, 1976), 583-590, 0031-9473.

Zerbino, D.R. & Birney, E. (2008). Velvet: Algorithms for de novo short read assembly using
de Bruijn graphs. Genome Research, Vol.18, No.5 (May, 2008), 821-829, 1088-9051

Zhang, Z., Yu, ]., Li, D., Zhang, Z., Liu, F., Zhou, X., Wang, T., Ling, Y. & Su. (2010). PMRD:
plant microRNA database, Nucleic Acids Research, Vol. 38, Suppl 1, D806-D813,
0305-1048

Zhang, Y., Qu, Z., Zheng, W., Liu, B., Wang, X., Xue, X., Xu, L., Huang, L., Han, Q., Zhao, J.
& Kang, Z. (2008). Stage-specific gene expression during urediniospore
germination in Puccinia striiformis f. sp tritici. BMC Genomics, Vol.9 (01 May, 2008),
203-212, 1471-2164



334 Soybean - Molecular Aspects of Breeding

Zhang, B.H., Pan, X.P., Cobb, G.P. & Anderson, T.A. (2006). Plant microRNA: a small
regulatory molecule with big impact. Developmental Biology, Vol.289, No.1 (1
January, 2006), 3-16, 0012-1606

Zhang, Z., Henderson, C. & Gurr, S.J. (2004). Blumeria graminis secretes an extracellular
catalase during infection of barley: potential role in suppression of host defence,
Molecular Plant Pathology, Vol.5, No.6 (November, 2004), 537-547, 1364-3703

Zhu, H. (2008). Development of a canopy opener to improve spray deposition and coverage
inside soybean canopies: Part 2. Opener design with field experiments. Transactions
of the ASAE, Vol.51, No.6, 1913-1921, 0001-2351.

Zuk, M., Weber, R. & Szopa, ]J. (2005). 14-3-3 Protein down-regulates key enzyme activities
of nitrate and carbohydrate metabolism in potato plants, Journal of Agriculture and
Food Chemistry, Vol.53, No.9 (May 4, 2005), 3454-3460, 0021-8561.



