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Conidium (asexual spore) of Blumeria graminis f.sp. hordei, the obligate biotrophic fungus that causes
barley powdery mildew disease, 24h hours after landing on a barley leaf. The conidium first produces
a primary germ tube (bottom right of the spore) aimed at sensing the surface; it then develops a
secondary germ tube that differentiates a swollen, hooked appressorium (top left of the spore) from
which a penetrating peg is formed. The host cell perceives the attack and responds by synthesising
“papillae”: cell wall fortifications in correspondence of the two hyphae, visible as blue- and purple-
stained deposits below the fungal structures.
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Throughout their life, plants interact with all sorts of microbes. Some of these are detrimental
and cause disease; some interactions are mutually beneficial for both partners. It is clear that
most, if not all, of the interactions are regulated by highly complex checks and balances sustained
by signalling and exchange of messengers and nutrients. The interactions where both partners
are alive for a significant part of their time together are called biotrophic. In this e-book we
bring together 33 articles representing the current state-of-the-art in research about diverse
biotrophic plant-microbe associations aimed at describing and understanding how these complex
and ubiquitous partnerships work and ultimately support much of the land-based biosphere.
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Editorial on the Research Topic

Biotrophic Plant-Microbe Interactions

BIOTROPHS AND OTHER PARTNERS

Organisms inhabit the biosphere not as isolated entities: they interact with others. These may be
individuals of the same species. In fact, the most common interactions are likely to be with very
different beings. The interactions may be fleeting, or life-long, they may be simply sharing the same
space, or may be complex behavioral and developmental processes (Buxa et al.; Genre and Russo)
from which one or both partners derive an advantage and improve their reproductive success.

INTERACTIONS DEFINED BY EXCHANGE OF FOOD

Plants are no exception to this universal rule: they share their personal space with myriads of
microbes (Souza et al.). In the case of living plants, this may result in seemingly neutral (Shaw
et al.; Voisey et al.), mutually beneficial (Banhara et al.; Calabrese et al.; Manck-Gotzenberger
and Requena) or detrimental (Bindschedler et al.; Langenbach et al.) interactions; the respective
microbes are commonly called endophytes, symbionts and pathogens, respectively. The best
studied interactions are those which result in transfer of resources, such as nutrients, from one
partner to the other. These “trophic” relations are frequently used to categorize interactions
between plants and microbes. In simple terms, when the plants remain alive during the nutrient
exchanges, we talk of “biotrophic interactions” and refer to the microbes as “biotrophs” (Spanu
and Kédmper, 2010). This is typically the case in symbiotic relationships, but also in some instances
of parasitism. Biotrophy is thus contrasted to “necrotrophy,” that is when the microbes kill plant
cells and tissues, to feed off the remains, which is characteristic for several phytopathogens (Shaw
et al.). In practice, we recognize many intermediate states characterized by temporal and/or spatial
transitions between biotrophy and necrotrophy, and refer to these relations as hemibiotrophic
(Vleeshouwers and Oliver, 2014). When microbes are simply able to feed off dead plant remains
whilst playing no part in the killing, we call them saprotrophs (Lewis, 1973).

The consensus is that saprotrophy is the ancestral status for plant-associated microbes (Martin
et al.,, 2016). Requirements needed to access nutrients from dead plants include the ability to
degrade biopolymers, actively explore solid matter, and deal with potentially toxic compounds
left by the dead plant. Interacting with a live plant partner requires much more complex and
sophisticated mechanisms, first and foremost the capacity to deal with and take control of plant
immunity (Ruhe et al.), which evolved to protect plants from unwanted, harmful encroachment.
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The ability to manipulate host metabolism and to redirect
nutrients for their own benefit are further essential skills for these
types of microbes (Calabrese et al; Manck-Gotzenberger and
Requena). To realize these necessities, many microbial species
evolved secreted effector proteins that exert various activities in
the plant host (Kunjeti et al.; Petre et al.; Pitino et al.; Xiang et al.).

IS KILLING SIMPLER THAN SHARING?

For many years, biotrophy has been regarded as the most
complex form of trophic relation between organisms. This has
led many to consider biotrophy to be more “advanced” (Lewis,
1973)—perhaps a controversial and not particularly useful term.
In recent years, there has been a revision of this: true necrotroph
lifestyles are supported by highly sophisticated/evolved killing
mechanisms (Oliver and Solomon, 2010). They are not simple
blunderers that happen to have developed from saprotrophic
organisms (Delaye et al., 2013).

It has been widely accepted that the distinction between
biotrophic and necrotrophic interactions may also be evident
in distinct pathways that host plants use to signal responses to
the invading microbe. Thus, salicylic acid-mediated responses
are regarded as typical of reactions to biotrophic attack, while
jasmonic acid- and ethylene-mediated ones are believed to
be associated with necrotrophy (Glazebrook, 2005). This
distinction is now brought into question, with data revealing
roles for jasmonic acid signaling in the unquestionably
biotrophic interaction of grapevine with downy mildew
(Guerreiro et al.).

THE COMPULSION TO FEED OFF LIFE:
OBLIGATE BIOTROPHS

This revision notwithstanding, biotrophic microbes have
developed exquisitely complex mechanisms to access plant
resources. The rich niche represented by a plant host is
characterized by having fewer microbial competitors than,
say, soil or water. So, unlocking access confers a significant
advantage: abundant resources available with “predictable”
frequency throughout time and space. Once this space was
occupied, some microbes appear to have lost the original
capacity to grow on non-live material: these are recognized as the
“obligate biotrophs.” The most extreme of the obligate biotrophs
have become so dependent of a live host that we are unable
to recreate a suitable environment in axenic cultures under
laboratory conditions. Examples of these are the very ancient
mutualistic symbiont arbuscular mycorrhizal fungi (Buxa et al;
Genre and Russo) that are near ubiquitous colonizers of plant
roots, the common powdery mildew (Gafni et al; Xu et al;
Bindschedler et al.; Bourras et al.; Orton and Brown; Rajaraman
et al.; Zheng et al.) and rust (Tang et al.; Langenbach et al.; Liu et
al; Liu et al; Petre et al.) fungi (from taxonomically very distant
groups, namely ascomycetes and basidiomycetes), as well as
some of the oomycetes such as downy mildews (Guerreiro et al;
Kulkarni et al.; Raaymakers and van den Ackerveken) and white
rusts (Ruhe et al.).

It is important to remember that some organisms are likely
to be actually obligate biotrophs in nature, even if they are still
culturable in axenic conditions in the laboratory. The fungi that
cause smuts on several plant hosts, the Ustilaginaceae, are thus
naturally obligate biotrophs, in the sense that there is no record
of growth and reproduction in non-plant or soil environments,
in the wild (Brefort et al., 2009).

ONE HAUSTORIUM DOES NOT MAKE A
BIOTROPH (PACE ARISTOTLE)

In addition to complex molecular mechanisms aimed at tuning
plant immunity, many biotrophic microbial eukaryotes produce
complicated morphological structures exquisitely adapted at
abstracting nutrient from plant cells: these are termed haustoria.
They are terminal branch extensions of the microbial cells and
hyphae that penetrate through the cell walls. The most elaborate
of these are observed in the arbuscular mycorrhizae, which
produce the eponymous “arbuscules” resembling small trees or
bushes (hence the name; Calabrese et al.; Manck-Gotzenberger
and Requena). Similar structures are made by some of the
powdery mildews, in a marvelous example of the evolutionary
convergence principle (Parniske, 2000). At the other end of
the complexity spectrum, we find the simple bulbous haustoria
made by rust fungi and oomycetes. A common feature of all
true haustoria/arbuscules is that they are formed by hyphae
that penetrate the host cell wall, but do not perforate the plant
cell membrane. Rather, the plasma membrane invaginates and
gives rise to a new structure, the perihaustorial/periarbuscular
membrane, with very special properties that are distinct from
the contiguous plasma membrane (Koh et al, 2005). In the
organisms that make them, most of the crucial nutrient and
signaling exchanges are thought to happen here (Voegele and
Mendgen, 2003).

However, biotrophs are not restricted to haustoria-forming
fungi. There are plenty of purely apoplastic biotrophs, i.e.
biotrophs that do not establish any highly specialized haustoria.
Examples of this comprise the fungal tomato pathogen
Cladosporium fulvum (Joosten and de Wit, 1999) and the corn
smut pathogen U. maydis (Brefort et al., 2009). Self-evidently,
exchanges between plant host and the microbial “guest” must
take place in the apoplast in these instances. It should be
noted, though, that apoplastic signaling can also be relevant in
interactions where haustoria are formed (Raaymakers and van
den Ackerveken). A most extreme form of apoplastic biotrophy
is evident in the so-called “endophytic” microbes (Voisey et al.).
These are microorganisms that colonize plant hosts, prima facie
asymptomatically. In recent years, the importance and potential
of these interactions has been recognized and led to concerted
efforts at exploiting the advantages conferred on the host in
terms of enhanced resistance to pathogen infection, for example
(Johnson et al., 2013). Conversely, there are also pathogens
such as many of the Phytophthora species that are traditionally
regarded as necrotrophs (at least for the most agronomically
significant part of their infection cycle) that make bona fide
haustoria (Whisson et al., 2016).
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HEMIBIOTROPHS: INTERACTIONS THAT
STRADDLE THE DIVIDE

Typical hemibiotrophic microbes start off with an asymptomatic
phase (Di et al.), which then switches to a killing spree—
the necrotrophic phase when host cell death is commonly
associated with extensive microbial colonization and sporulation.
An intriguing question is whether the asymptomatic phase can
be equated with true biotrophy. The crucial point is whether
at this time the microbe is active, growing and taking up
nutrients from the host (in which case we have true biotrophy),
or whether they are simply surviving on endogenous stored
reserves (in which case they are not really biotrophs). A
further possibility is that the microbial partner is actually
dormant and hence it might be truly justified to call this
a latent phase. Of course, a last option is that the microbe
is simply undetectable, relative to the clearly visible biomass
at later stages, when exponential growth accompanies the
necrotrophic phase, and sporulation. Defining which of these
is true is challenging because there is very little microbial
biomass per plant tissue at this time. Molecular biology-based
methodologies or advanced transcriptome analysis are now
sensitive enough (O’Connell et al., 2012; Bindschedler et al;
Kulkarni et al; Kunjeti et al; Shu et al.), but biochemical
and physiological analysis may be difficult, or impossible, with
current methodologies.

If the first phase of infection in hemibiotrophs is truly
biotrophic, we may then ask ourselves what the position of
archetypal necrotrophs really is. In Botrytis, that phase is
usually described as latent. But is it? It is becoming apparent
that there are intriguing instances of truly endophytic Botrytis
species (Shaw et al.). These are normally concealed due to their
intrinsically asymptomatic nature. Then there are pathogens
that do not know what they are: take Leptosphaeria maculans,
the fungus that causes black-leg on brassicas (Sonah et al.).
These start off with a short a symptomatic/biotrophic infection
on leaves, which switch to necrotrophy visible as dead leaf
lesions. The disease then turns to an asymptomatic/biotrophic
and endophytic stage in which the fungus grows intercellularly,
reaching the crown of the mature plant where necrotrophic
cankers are formed. L. maculans is clearly a fungus with many
tricks up its sleeve.

THE TECHNICAL CHALLENGES OF
STUDYING BIOTROPHY

A significant number of microbes that grow on plants
causing disease, or even those with a mutualistic steady
state, cannot be grown in axenic (“pure”) culture. This big
drawback severely limits experimentation, as it is difficult
to collect enough biological material for biochemical and
physiological experimentation. All manipulations are to be done
in presence of a host, complicating biochemical and other
types of analyses. Additionally, with few exceptions, genetic
manipulations of these microorganisms are either extremely
laborious or impossible at present. This hampers tremendously

cell biological and functional analysis of the respective plant-
microbe interactions (Bindschedler et al.). Novel techniques
and methodologies, e.g., for the visualization of encounters
between plants and biotrophs (Ghareeb et al) are thus
highly desired to further expand the tool-box to study these
organisms.

RESISTANCE AGAINST BIOTROPHIC
PATHOGENS

The plant immune system evolved to cope also with biotrophic
pathogens. A key initial event of immunity is the perception
of pathogen-derived molecules (“patterns”) by membrane-
resident receptors (often dubbed pattern recognition receptors;
Raaymakers and van den Ackerveken; Rajaraman et al.).
A second layer of plant defense rests on the direct or
indirect recognition of secreted pathogen effectors (“avirulence
proteins”; Bourras et al.) by typically cytoplasmic immune
sensors (“resistance proteins”; also termed nucleotide binding-
oligomerisation domain (NOD)-like receptors) that usually
confer isolate-specific resistance (Williams et al.). Execution
of the actual defense response often involves re-organization
of the host cytoskeleton (Tang et al.) and secretory activity
(Xu et al; Liu et al). In addition, phytohormone signaling
(Di et al; Guerreiro et al.) and other plant components may
contribute to resistance (Liu et al.), or immunity might be
conditioned by the absence of essential host factors (Zheng
etal.).

MUTUAL INFLUENCE OF BIOTROPHS
AND OTHER MICROBES

A largely neglected aspect of the biology of interactions between
plants and biotrophic microbes is their modulation by any third
partner(s). In fact, the rhizosphere and phyllosphere of plants is
colonized by various epi-/endophytes, and multiple pathogens
and/or symbionts may occur at the same time on a given
plant. Thus, biotrophic microbes may need to compete with
other microorganisms for their ecological niche (Ruhe et al.).
This might cause altered infection phenotypes of biotrophic
pathogens in the presence of other pathogens (Orton and
Brown) or epi-/endophytes (Gafni et al.) and also could result
in modulation of symbiotic interactions by phytopathogens
(Souza et al.).

CONCLUDING REMARKS

Despite significant progress in various areas, the analysis of
interactions between plants and biotrophic microbes remains
a challenging business. In the short term, we expect that
expanding research efforts in those areas such as gen- and
other -omics is likely to yield dividends even for the
more intractable associations (Bindschedler et al.). Moreover,
we predict that a mechanistic understanding of how the
plethora of effectors, which appear to be encoded by all
microbes interacting with plants, will undoubtedly progress
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our knowledge of the complexities of interkingdom signaling.
It remains to be seen how all of this may eventually be
translated into a capacity to intervene to mitigate the action
of harmful pathogens and further the activity of desirable
ones.
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Hundreds of different microorganisms are attached to the surface of roots. Therefore, it is
not surprising that plants have the ability to distinguish threatening intruders from beneficial
microbiota (Toth and Stacey, 2015). Pathogens can be discriminated by plant cells through a myriad
of plasma membrane and intracellular receptors that recognize molecules released by microbes, in
a process called innate immune system. In spite of the immune ability of plants to prevent pathogen
infection, symbiotic signaling molecules are perceived by the host plant, triggering signaling
cascades that lead to symbiont infection and accommodation (T6th and Stacey, 2015). However,
some symbiotic signaling molecules can induce responses that are normally associated with plant
innate immunity (Pauly et al., 2006), and several observations that are consistent with a rapid,
defense-like response occurring in legumes when infected by rhizobia have been obtained, mainly
involving programmed cell death, cell wall thickening, reactive oxygen species (ROS) generation,
defense phytohormones and salicylic acid (SA) production (Jones and Dangl, 2006; Stacey et al.,
2006; Dodds and Rathjen, 2010; Montiel et al., 2012). Similar to bacterial pathogens, symbionts
alone also have the ability to actively suppress innate immune response, as previously shown (Liang
etal., 2013).

Plant-symbiont-pathogen interaction is an emerging topic, and several questions in this field
have been elucidated in the recent years. However, the main focus of these studies is commonly
limited to the effects of symbiont microorganisms on the activation of plant defense responses and
elicitation of induced systemic resistance to pathogens (Pieterse et al., 2001; de Vleeschauwer and
Hofte, 2009), which usually does not come with the normal costs of reduced growth rates and
reproductive outcomes in resistance-expressing plants (Spaepen et al., 2009). Studies considering
plant pathogens as limiting factors to the symbiosis establishment are still scarce (Faessel et al.,
2010; de Romadn et al,, 2011; van Dam and Heil, 2011; Ballhorn et al., 2014). However, such
studies are highly relevant for the use of symbiotic inoculum in particular in monocultures
of pathogen-susceptible crops. In this opinion article, we focus on rhizobial and mycorrhizal
symbiosis inhibition mediated by plant pathogens. We present the current state-of-the-art through
the compilation and comparison of available information that can help to elucidate intriguing
questions, as the sensing and signaling of plant-symbiont-pathogen interaction.

DIRECT ANTAGONISM BETWEEN PLANT PATHOGENS AND
SYMBIONT MICROORGANISMS

From the moment that plant pathogens and symbionts make plant tissues their major source of
space, C, N, and other nutrients, both start to compete frequently. One of the main mechanisms
employed in this contest is direct antagonism, which is well studied from the “symbiont against
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pathogen” perspective (Kumar et al., 2011). This antagonism
is based on the production of several antimicrobial products,
which act mostly on the rhizosphere (Mucha et al., 2006, 2009;
Zou et al., 2007). However, both involved players can attack,
defend and counterattack (Raaijmakers et al., 2009). Pathogens
are able to respond by inactivating symbiont genes responsible
for antimicrobial production, along with changing their own
metabolism in order to tolerate the attacks, or even synthesizing
substances able to inactivate the antimicrobial product (Duffy
et al., 2003; Schouten et al., 2004). Such defense mechanisms
against antimicrobial activities initiated by symbionts allow the
resistance of soil-borne (on the rhizosphere) and above ground
pathogens (on the shoots).

Plant pathogens are also able to attack their opponents
using similar molecular weapons (Duffy et al., 2003), which
include hydrogen cyanide (Benizri et al., 2005), alkaloids
(Antunes et al., 2008), and bacteriocins (Holtsmark et al,
2008). Most of the secondary metabolites produced by plant
pathogens are probably unknown, due to the fact that in
multi-species communities (as the rhizosphere environment),
the myriad of produced compounds tends to be different from
that produced in laboratory conditions, using isolated cultures
(Netzker et al., 2015). Using such weapons, plant pathogens
can modify the structure and abundance of soil microbial
populations, including plant symbionts (Mrabet et al., 2006; Liu
et al., 2010; Chihaoui et al., 2012), causing deleterious impacts
for both plant and microorganism. Even though some studies
report a reduction on the symbiosis process in plants inoculated
with plant pathogens or even an inhibition on the symbiont
development of in vitro dual culture, most of them do not
investigate the sequential events which lead to symbiosis or
symbiont development failure (Muthomi et al., 2007; Lahlali and
Hijri, 2010). Such sequential molecular events should be better
investigated preferably mimicking natural conditions, in order to
be applied to increase the success of agricultural inoculation and
plant symbiont interaction.

In a recent report, Sillo et al. (2015) used morphological
and gene expression analyses to show an inhibition of the
ectomycorrhizal growth caused by phytopathogenic fungus
in dual culture conditions. The expression analysis of genes
related to cell wall hydrolytic enzymes and hydrophobins,
putatively involved in the fungus-fungus interaction, allowed
the identification of significantly up- and down-regulated genes
in both symbiont and pathogens. Apparently, the inhibition
process involves chitinolytic enzymes. As the mRNA levels can
be different from the protein levels or activities, the study of both
fungal secretomes and metabolomes could be effective for a better
understanding of this process.

MYCORRHIZAL AND RHIZOBIAL
SYMBIOSIS INDIRECTLY INHIBITED BY
PLANT PATHOGENS

Plants present several mechanisms to control infections by
deleterious organisms. One of the most rapid defense reactions to
pathogen attack is the so-called oxidative burst, which includes

ROS production (Apel and Hirt, 2004; Gechev et al., 2006;
Nanda et al., 2010), along with synthesis of the endogenous
signaling molecule salicylic acid (SA—de Roman et al,, 2011).
ROS cause directly strengthening of cell walls via cross-linking
of glycoproteins (Delaney et al., 1994; Torres et al., 2006)
and SA activates synthesis of chitinase and B-1,3-glucanase,
which contribute to a broad-spectrum resistance against diverse
bacteria, fungi and viruses (de Roman et al., 2011).

Some of the resistance mechanisms, however, may exert
ecological costs when they have a negative effect on beneficial
plant-microbe interactions. Even though there is increasing
evidence that ROS are needed to fully establish the symbiosis,
Lohar et al. (2007), Cérdenas et al. (2008) and Munoz et al. (2012)
related that ROS elevation might provoke a rhizobial infection
abortion in Medicago truncatula, Phaseolus vulgaris, and Glycine
max plants, respectively. Since ROS can act as secondary
messengers impacting many processes during plant defense, the
elucidation of the mechanisms that control ROS signaling during
symbiosis could contribute in defining a powerful strategy to
enhance the efficiency of the symbiotic interaction. Also, Blilou
et al. (1999) and Stacey et al. (2006) showed that reduced levels
of SA results in increased rhizobial infection in Lotus japonicus,
M. truncatula, and Pisum sativum. Exogenous SA application in
alfalfa plants results in inhibition of nodule primordia formation
and reduction in emerging nodules number (Martinez-Abarca
et al,, 1998). Interestingly, exogenous SA application completely
blocks nodulation of Vicia sativa (vetch, an indeterminate-type
nodulating plant) by Rhizobium leguminosarum. In contrast,
addition of SA to Lotus japonicus (a determinate-type nodulating
plant) does not inhibit nodulation by Mesorhizobium loti (van
Spronsen et al, 2003). Further efforts should be made to
find molecular mechanisms that regulate the different signal
transduction pathways of indeterminate- and determinate-type
nodulating plants in response to SA.

Mycorrhizal infection is also probably being influenced
by SA-dependent defense mechanisms, since enhanced SA
levels are detected in mycorrhiza-resistant mutant (myc~) of
Pisum sativum in comparison to wild type plants (Blilou
et al,, 1999), and exogenous SA applied to rice roots reduces
mycorrhization at the early stage of plant infection (Blilou et al.,
2000). Also, SA reduction leads to elevation of mycorrhizal
colonization, infection units, and arbuscules. On the contrary,
in tobacco plants that constitutively produce elevated levels of
SA, lower colonization levels are observed (Herrera Medina
et al., 2003). During rhizobial colonization, SA seems to suppress
infection thread formation, but for mycorrhizal colonization
the exact stage of inhibition has not been described, although
prepenetration apparatus formation seems to be a good target
candidate (Gutjahr and Paszkowski, 2009).

Such negative effects may even cross the border between a
plant’s aerial parts and its roots (de Roman et al., 2011; van
Dam and Heil, 2011). Induction of SA-dependent resistance
to pathogens in foliar tissues of soybean plants, transiently
inhibit the mycorrhization of soybean roots (Faessel et al., 2010;
de Romdn et al,, 2011), confirming a negative impact of the
elicitation of foliar defenses on root-mycorrhizal interactions.
According to de Roman et al. (2011), the negative effect is likely
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linked to changes in the defense status of the plant rather than
to changes in resource allocation patterns, since no allocation
or fitness costs associated with the induction of resistance
are detected. Recently, Ballhorn et al. (2014) showed that an
aboveground hemibiotrophic plant pathogen induces a defense
response that inhibits the belowground mycorrhizal colonization,
and that systemically induced polyphenol oxidase activity
is functionally involved in this aboveground-belowground
interaction.

Induced plant resistance against pathogen causes no
significant effect on the frequency of mycorrhizal colonization
in soybean roots, but reduces the intensity of colonization
and the proportion of arbuscules, along with the number of
Bradyrhizobium nodules (Faessel et al., 2010). A similar pattern
was shown in pea myc~? mutants (Gianinazzi-Pearson et al.,
1991), in which the fungus is able to form appressoria and
penetrate into roots, but fails to form arbuscules. Also, the
mutant myc~> was characterized by an enhanced expression
of the Psam4 (Pisum sativum arbuscular mycorrhiza-regulated)
gene, which encodes a proline-rich protein, generally associated
with cell wall strengthening in plant-pathogen interaction
(Marsh and Schultze, 2001). In Medicago truncatula hairy roots,
PR-10 (pathogenesis-related-10) protein is upregulated in root
cells close to the hyphopodium and subsequently repressed
during formation and fungal passage of the prepenetration
apparatus (Siciliano et al., 2007). Only local, weak, and transient
defense responses are activated during early steps of beneficial
plant microbe interactions, and low amounts of ROS and SA are
necessary in the earlier steps of both rhizobial and mycorrhyzal
symbiosis (Faessel et al., 2010), facilitating the access of these
microorganisms inside the plant tissue. Local defense responses,
such as chitinase and B-1,3-glucanase activities are enhanced
during early steps of compatible mycorrhizal interactions (Pozo
and Azcon-Aguilar, 2007), but these enzymatic activities are
repressed at a later stage of mycorrhiza formation. Rhizobia
produce cyclic B-glucans suppressing the induction of plant
defense (Mithofer et al., 1996), starting cortical cells division
which lead to a nodule primordium (T6th and Stacey, 2015).
It would be interesting to test whether the spatio-temporal
expression pattern of PR-10 protein correlates with SA activity,
as well as combining SA application with high-resolution
imaging in order to check the effect of SA in early infection
structures.

It is important to highlight that some studies use acibenzolar
S-methyl (ASM) as a synthetic inducer of the SA pathway. ASM
induces successful disease resistance in many plant-pathogen
combinations, but there are also reports where it did not
significantly induce resistance (Heil, 2007). Therefore, effects of
ASM have to be evaluated for each plant-pathogen combination.
Unexpectedly, the P content of soybean increases when ASM is
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Botrytis species are generally considered to be aggressive, necrotrophic plant
pathogens. By contrast to this general perception, however, Botrytis species could
frequently be isolated from the interior of multiple tissues in apparently healthy hosts
of many species. Infection frequencies reached 50% of samples or more, but were
commonly less, and cryptic infections were rare or absent in some plant species.
Prevalence varied substantially from year to year and from tissue to tissue, but
some host species routinely had high prevalence. The same genotype was found to
occur throughout a host, representing mycelial spread. Botrytis cinerea and Botrytis
pseudocinerea are the species that most commonly occur as cryptic infections, but
phylogenetically distant isolates of Botrytis were also detected, one of which does not
correspond to previously described species. Sporulation and visible damage occurred
only when infected tissues were stressed, or became mature or senescent. There was
no evidence of cryptic infection having a deleterious effect on growth of the host,
and prevalence was probably greater in plants grown in high light conditions. Isolates
from cryptic infections were often capable of causing disease (to varying extents) when
spore suspensions were inoculated onto their own host as well as on distinct host
species, arguing against co-adaptation between cryptic isolates and their hosts. These
data collectively suggest that several Botrytis species, including the most notorious
pathogenic species, exist frequently in cryptic form to an extent that has thus far largely
been neglected, and do not need to cause disease on healthy hosts in order to complete
their life-cycles.

Keywords: gray mold, systemic infection, wild vegetation, Botrytis

INTRODUCTION

Botrytis is an ascomycete fungal genus of plant pathogens. Most members of the genus are
specialized species infecting a narrow range of monocotyledonous host plants. Typically, they
are aggressive, necrotrophic pathogens (Staats et al., 2005). Some have an extended quiescent
phase following infection (Botrytis allii). An exception to the rule of narrow host range is the
clade including the species Botrytis cinerea sensu lato. This clade is by far the most economically
damaging group within the genus; B. cinerea s.I. has a recorded host range including over 1400
(mostly dicotyledonous) hosts (Elad et al., 2015). The typical symptoms leading to economic
loss are the occurrence of spreading, fast-growing necrotic lesions bearing abundant pigmented,
hydrophobic, conidia.
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Cryptic, Asymptomatic Botrytis Infection

Botrytis conidia are dispersed in windy conditions. Rainfall
aids dispersal through the sharp motions of infected tissues
resulting from raindrop impact. Conidia require high humidity
to infect; infection tests in laboratory are typically performed
with high concentrations of spore suspensions (10%/ml). The
likelihood that conidia will produce a lesion is greatly increased
if a nutrient source is available due to host cell damage, insect
honeydew or exogenously supplied sugars (van den Heuvel, 1981;
Dik, 1992).

Typically B. cinerea causes loss in crops by damage to
the harvestable part of the crop, flowers, fruits, or leaves, or
by girdling stems. The tools to manage B. cinerea in crops
include (partial) host resistance, avoidance of damage allowing
saprophytic infections to occur and then spread, environmental
modification to reduce the probability of conditions suitable
for spore germination and dispersal, and the use of fungicide.
The latter can be effective, but typically there are no consistent
critical periods. Although in a single experiment, one or a few
fungicide application times may stand out as effective, these
application times may not be reproducible in repeat experiments
or easy to relate to environmental conditions (e.g., McQuilken
and Thomson, 2008). Spores are present in low concentrations
in the air over most of the year (Hausbeck and Moorman, 1996;
Kerssies et al., 1997; Boff et al., 2001; Boulard et al., 2008). A
common strategy for application of fungicides is to maintain
continuous cover. This is undesirable on environmental and
economic grounds and leads to rapid development of resistance
to new fungicides.

A number of publications have suggested that a range of
plant species may harbor infections by B. cinerea s.I. and other
species, including Botrytis deweyae, which cause no visible
symptoms on the plant at the initial time of infection, are
long-lived, can be isolated from newly grown host tissues, but
cause necrotic lesions as the plant moves into a reproductive
phase. Cultivated hosts in which this form of infection has
been studied include Hemerocallis (Grant-Downton et al., 2014),
hybrid commercial Primula (Barnes and Shaw, 2002, 2003), and
lettuce (Sowley et al., 2010). In wild-growing plants, Rajaguru and
Shaw (2010) found widespread infection in leaves of Taraxacum
and, to a lesser extent, wild Primula vulgaris. A sampling for
endophytes in Centaurea stoebe revealed the frequent occurrence
of Botrytis spp., including isolates not derived from known
species (Shipunov et al., 2008).

It is becoming increasingly clear that this situation is quite
common. A simple distinction between pathogens and non-
pathogens may not be possible for many fungal species, as
several pathogens have extended cryptic phases (Stergiopoulos
and Gordon, 2014). The most obvious examples, and most
similar to the Botrytis case, are seedborne smut fungi (Schafer
et al, 2010), with a cryptic phase from seed until flower
maturation. In a more complex example, isolates of Fusarium
oxysporum can cause devastating disease, with individual
fungal genotypes often displaying a very narrow host range
or be a benign root endophyte (Gordon and Martyn, 1997;
Demers et al., 2015), wherein both endophytic and pathogenic
behavior appear to be polyphyletic (Gordon and Martyn,
1997).

The discovery of distributed, symptomless infection by
Botrytis sp. in a range of hosts suggests that a proportion of
inoculum might arise from these sources, and that the fungus
may exist for an important part as an endophyte or intimate
phyllosphere inhabitant, with conidia only being produced when
the host approaches the end of its life-cycle. Understanding
this cryptic infection is important for controlling the disease in
hosts in which it happens, and for managing disease in other
hosts where the cryptic form may serve as an unexpected source
of inoculum. In this paper we draw together data on plant
species that act as hosts to symptomless distributed infections of
Botrytis; how the infection varies over time and location; whether
particular fungal clonal lineages are adapted to particular hosts;
the fungal species involved; the effect of the infection on the
host. The aim of experiments collated here was to explore an
unexpected mode of infection by a fungus often considered to
be a “model necrotroph.”

MATERIALS AND METHODS

Surface Sterilization

Samples of plant tissues were disinfected with 70% ethanol for
1 min followed by 50% solution of bleach (Domestos, Unilever:
5% NaOClI in alkaline solution with surfactants) for 1 min and
rinsed three times in sterile distilled water. In early work, sampled
tissues were dipped in paraquat before plating to kill the host
tissue and encourage pathogen outgrowth. Seed sterilization was
carried out by soaking 0.5 g of seed in 100 ml of 0.10 g/I of the
systemic fungicide “Shirlan” (active ingredient 500 g/I Fluazinam,
Syngenta Crop Protection UK Ltd.) for 2h and dried overnight
before sowing. This was chosen as the most effective and least
phytotoxic of a range of fungicides tested.

Isolation and Culturing, UK

Sampled tissues were placed on plates of Botrytis selective
medium (Edwards and Seddon, 2001). Samples which turned the
medium brown were observed under a dissecting microscope
after 12 d exposure to 12 h/day daylight 4 near UV illumination
at 18°C. Fungal colonies growing from the samples and showing
the characteristic erect, thick, black conidiophores with Botrytis-
like conidia were sub-cultured onto malt extract agar.

Isolation and Culturing, Netherlands

Botrytis-selective medium was prepared as described by
Kritzman and Netzer (1978) with some modifications. The
specific composition was (g/l): NaNOj, 1.0; K;HPOy, 1.2;
MgS04.7H,0, 0.2; KCl, 0.15; glucose, 20.0; agar, 15.0. pH was
adjusted to 4.5 and the medium sterilized for 20 min at 120°C.
After being cooled to 65°C the following ingredients were
added (g/1): tetracycline, 0.02; CuSQOy, 2.2; p-chloronitrobenzene
(PCNB), 0.015; chloramphenicol, 0.05; tannic acid, 5.

Statistical Test of Clustering

If the frequency of a tissue sample in plant i being infected is p;,
the proportion of infected samples on that plant, then a statistic
indicating the degree of clustering in a dataset of n plants was

Frontiers in Plant Science | www.frontiersin.org

May 2016 | Volume 7 | Article 625 | 17


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Shaw et al.

Cryptic, Asymptomatic Botrytis Infection

calculated as
> piln (py)
i

This weights multiple occurrences strongly. The probability of
the degree of clustering observed if infected samples occurred
independently was judged by repeatedly randomly allocating
the total number of positives seen among the total number
of samples, grouping the samples into sets representing the
individual plants, and recalculating the statistic above. The
observed value was compared with an ordered list of the test
statistic calculated on the randomizations.

Sampling Sites, Host Species, and
Collected Plant Material

England

The Reading University campus, about 130 ha, includes a
substantial area of grassland mown annually for hay, mown
amenity lawn, formal gardens, woodland, and a lake. Soils are
sandy loam overlying river alluvium. Samples of Taraxacum
officinale and Bellis perennis were collected across the campus
from mown grassland; Arabidopsis thaliana was collected from
cultivated beds across the campus and surrounding urban areas;
Tussilago farfara was collected from lake margins. Rubus fruticosa
agg and cultivated strawberry were collected from farms near
Reading, Brighton and Bath. Further samples of T. officinale and
P. vulgaris were collected from meadow areas near Brighton and
Bath.

Netherlands

T. officinale plants were sampled in four different sites in
Wageningen, representing different ecosystems with distinct
soil composition. Sampling sites were located around the
Wageningen University campus (surrounded by conventional
experimental fields and an organic farm with fruit orchards),
Binnenveld along the “Grift” canal (boulder clay, grassland with
intensive agricultural activities), the floodplain of the Rhine (river
clay, grassland grazed by sheep and occasional mowing) and the
“Wageningse Eng” (terminal moraine adjacent to the Rhine, loam
and sandy soil, recreational use). From each site 25 symptomless,
apparently healthy dandelion plants were collected and stored
overnight in a cold room until plating, which was done the
next day. Plants were cut into three different parts; two leaves,
the stem and the flower head. Each tissue sample was surface
sterilized by dipping for 30s successively in 5% bleach, 50%
ethanol, and clean water. The leaves, stem and flower head were
cut with clean scissors into pieces of 1cm, of which 3-5 pieces
were placed on Botrytis-selective medium as described above.
Cultures were incubated at room temperature for 6 days. Cultures
with the morphological characteristics of Botrytis and typical
dark-brown color were transferred. A subset of colonies was
transferred to fresh medium with lower concentration of CuSOy4
(2mg/L), and again incubated at room temperature for 2 days.
A Botrytis-specific immunoassay (Envirologix, Portland, Maine,
USA) (Dewey et al., 2008, 2013) was used to verify that cultures
represent a Botrytis species.

Genotyping, Gene Sequencing, and
Phylogenetic Analyses

Nine microsatellite primers (Bc1-Bc7, Bc9, Bcl0) for B. cinerea
developed by Fournier et al. (2002) were used to genotype isolates
randomly sampled from treatments. All isolates were genotyped
with all nine primer pairs. The PCR reaction contained 2 pl of
water, 5 pul PCR master-mix (Abgene, UK), 1 1 of each forward
and reverse primers, and 1l of template DNA. The program
cycles were: denaturing at 94°C for 3 min, 30 cycles of 94°C
for 30 s, annealing temperatures 50°C, (Bcl, Bc3, Bc6, and Bc9),
53°C (Bc2 and Bc5), or 59°C (Bc4, Bc7, and Bc10), and 72°C for
30s.

DNA isolation and the amplification of fragments of
three house-keeping genes (Heat Shock Protein 60, HSP60;
Glyceraldehyde 3-Phosphate Dehydrogenase, G3PDH; DNA-
dependent RNA Polymerase subunit II, RPB2) were performed
as described by Staats et al. (2005). Amplification of three
additional genes (G3890, FG1020, MRR1) was performed based
on sequences reported by Leroch et al. (2013). Gene fragments
were sequenced by Macrogen (Amsterdam, Netherlands), and
subsequent phylogenetic analysis was performed as described by
Staats et al. (2005).

All primers used for the amplification of microsatellite
markers or genes for sequencing are listed in Table S1.

Specific Experimental Designs

Experiment 1: Cryptic Systemic Infection in
Arabidopsis thaliana

A. thaliana plants were grown in a filtered air flow supplied to
individually covered pots in a CE room, with a 16 h light and 8 h
dark period. Inside the covers, day-time temperature was 26.5°C
and night 18.5°C; relative humidity in day and night ranged
between 80 and 85%. Light intensity was 200-250 pmol/m?/s.
The plants were watered from below so as to keep the compost
just moist: every day up to 2 weeks from sowing then at two-day
intervals. Spores were collected from plates of B. cinerea B05.10
using a cyclone collector and serially diluted in talc powder
through five stages, each by a factor of 10. Five milligrams of
diluted spore dust was dusted on plants 21 days after sowing
using a porthole in the top of the plant cover, otherwise kept
covered with sticky tape. Controls were dusted with talc powder
only. Ten replicates were maintained for each treatment and
control. Sampling of plant tissues was done on BSM plates 10 days
after inoculation. From each plant, two stem segments (~2 cm),
three rosette leaves, two stem leaves, a piece of root (~2cm
long), and two inflorescences were separately sampled as surface
disinfected and non-surface disinfected.

Experiment 2: Pathogenicity and Host Specialization

(A) Isolates ES13 (from lettuce), Gsel GO7 (from Senecio
vulgaris), Arab A07 (from wild A. thaliana), and Dan D07 (from
T. officinale) were inoculated onto detached leaves of A. thaliana,
T. officinale, S. vulgaris, T. farfara, and lettuce by placing a 5-mm
agar plug of the fungal culture grown on PDA on the adaxial side
of a surface sterilized leaf of the host to be tested. The leaf was
placed on damp filter paper in 20 x 10 cm plastic boxes with the
lid covered. A plug of PDA was used as a control. Ten replicates
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were made; a single box contained only one type of leaf. Sizes
of the necrotic lesion on the leaves were measured after 5 days,
as the maximum dimension on asymmetric leaves. Data were
analyzed by analysis of variance allowing for the split-plot design.
(B) Conidia were harvested from 8 to 10 day old cultures grown
on PDA and suspended in sterile water with 0.01% Tween-20
solution, separated by vortex-mixing and adjusted to 1000/l
Droplets of 51l were inoculated on 1cm? leaf pieces cut from
leaves of lettuce, S. vulgaris, T. farfara, and T. officinale. Infected
leaf pieces were counted after 5 days. Results were analyzed using
a generalized linear model with Bernouilli error and a logistic
transform.

Experiment 3: Pathogenicity and Host Specialization
Detached leaves of tomato (cv. Moneymaker) or leaves of whole
plants of Nicotiana benthamiana and T. officinale (grown from
surface-sterilized seeds) were inoculated with 2 pl droplets of
conidial suspensions of different Botrytis isolates (10°/ml in
Potato Dextrose Broth, 12 g/l). Inoculated plant material was
incubated in a plastic tray with transparent lid at 20°C in high
humidity. Disease development was recorded on consecutive
days from 3 to 7 days post inoculation. The proportion
of inoculation droplets clearly expanding beyond the site of
inoculation was taken as a measure for disease incidence (in %),
the diameter of an expanding lesion (in mm) was taken as a
measure for disease severity.

Experiment 4: Sporulation and Transmission in
Lettuce

Fungicide seed sterilization was carried out by soaking 0.5 g
of seeds in 100ml of (0.10 g/I) systemic fungicide “Shirlan”
(Syngenta) for 2 h and drying overnight before sowing. Seedlings
were transplanted to 1 L pots when three true leaves were
emerged; in half the pots ten 1cm plugs of a Trichoderma
harzianum T39 culture were placed in the compost at
transplanting. A suspension of Botrytis ES13 (10° spores/ml) was
sprayed onto half the plants 4 weeks after transplanting. Plants
were covered with polythene bags for 24 h to retain high humidity
following inoculation. Seed treated and untreated plants were
arranged in randomized blocks each containing a replicate of
the experiment (+seed sterilization x =Botrytis inoculation x
£ Trichoderma inoculation). At 14 weeks, plants were harvested
and samples plated on BSM. Five 1-cm diameter leaf disks from
five different leaves, five samples scraped from inside the stem,
and five 1-cm long pieces of tap and secondary root system
were randomly selected from each test plant. All samples were
from healthy tissue with no visual sign or symptoms of damage.
Samples were washed under running tap water, then surface
sterilized, and placed on BSM to detect Botrytis, as described
above.

Experiment 5: Transmission in Dandelion

Forty non-sterilized and 40 surface-sterilized seeds of T. officinale
(sampled on the river banks of the Rhine) were grown on BSM for
3 days to test whether they were infected by Botrytis. Seeds were
then transferred to wet filter paper for a week and 20 selected

germinated seedlings were transferred into an autoclaved sand-
soil (1:1) mixture. The plants were grown in separate plastic
pots for 2 months until they were of sufficient size for infection
assays. Symptomless Botrytis infection in T. officinale leaves was
monitored before the infection assay was performed. One leaf of
each plant was selected, surface sterilized and cultured on a BSM
plate. Botrytis outgrowth was evaluated by checking the color
change in the medium and subsequent sporulation.

Experiment 6: Effects on Host and Environmental
Interactions

Commercially produced lettuce seed cv. “All the Year Round”
was germinated in large seed trays. Two weeks later, seedlings
were transplanted to 1 L pots of John Innes 2 compost. Thirty
seedlings were tested for infection by Botrytis as before; no
infection was found. Pots were grouped in sets of four, inoculated
or not. A 2° factorial design with treatments inoculation
x temperature x shading x nitrogen form was then laid out
with six randomized blocks of inoculation x shading x nitrogen
form in each glasshouse (192 plants in total). Groups of four pots
were shaded using green mesh approximately 30 cm above the
pots, draped down the sides. Pots were fertilized twice weekly
with either 4mM KNOj3; or 4 mM (NHy4),SO4 +2 mM K,SO4.
Thirty-six days after sowing, the pots to be inoculated were
moved to a separate glasshouse. They were arranged in trays
of 16 and inoculated with dry spores by tapping a plate above
the tray, followed by enclosure in black plastic for 30 min to
allow spores to settle. At 1, 2, and 3 months after sowing one
plant was removed from each set of four and dissected to give
12 tissue samples: edge and central samples from an old leaf, a
mature leaf, and a young leaf, three stem and three root samples.
These were plated on BSM as before and the presence of Botrytis
noted. At the third harvest, both remaining plants were cut at
the base and oven-dried before weighing. The weight of the
tissues that were removed to test for the presence of Botrytis was
negligible. Temperature effects are confounded with glasshouse
block effects in this design, but this was unavoidable; differences
in nitrogen form are also confounded with sulfate supply, also
this was unavoidable. The two compartments had the same
aspect, shape and shading patterns, so the largest single difference
was temperature.

RESULTS

Host Range and Prevalence

Botrytis species were frequently isolated from the interior of
multiple tissues in apparently healthy hosts of many species
(Table 1). Prevalence reached 50% of samples or more (as in
T. officinale), but was usually less, and cryptic infections other
than in flowers were rare or absent in T. farfara, B. perennis,
or P. vulgaris. Prevalence varied substantially from tissue to
tissue. Species in which fruit infection is frequently reported did
not necessarily harbor latent infection in other tissues of the
plant: in R. fruticosa agg. and cultivated strawberries Fragaria
x ananassae, leaf infection was not found. There was no clear
association with particular plant families in the small sample
represented here, nor with perenniality. Repeated surveys are
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TABLE 1 | Percentage of samples showing cryptic infection with Botrytis in various host plant species.

Family Host species Growth form Growing Location? Sample Flower sample Organ isolated from Randomly associated?
situation? size sizeP
Fruit or Leaf Stem Root
petals
Asteraceae Tussilago farfara Perennial Lake edge RU 45 10 0° 0 0 2 n/ad
cryptophyte
Bellis perennis Perennial Lawn RU 55 21 0 0 3 0 n/a
herb
Gerbera x hybrida Perennial Indoor crop RU 96 96 0 0 0 0 n/a
herb
Taraxacum officinale Perennial Open RU 107 75 27 29 21 16 P < 0.001
complex herb grassland,
lawn
WU 100 100 72 87 72 - n.te
Cirsium vulgare Perennial Open RU 24 18 2 4 1 0° P>05
herb grassland
Senecio vulgaris Ruderal Cultivated RU 82 62 31 37 26 9 P =0.002
ground
Centaurea scabiosa Perennial Wild RU 35 23 22 49 23 21 P=0.6
cryptophyte
Achillea millefolium Perennial Open RU 44 35 56 32 16 11 P =0.002
herb grassland
Brassicacae Arabidopsis thaliana Short-lived Wild RU 66 41 30 48 41 5 P < 0.001
annual herb
Primulacae  Primula vulgaris Perennial Wild SE 382 - - 8 - - n/a
herb
Rosaceae  Potentilla fruticosa Perennial Landscape RU 100f - - 8 7 - P < 0.001
shrub planting
Rubus fruticosa agg. Perennial Hedges SE 219 219 101 0 0 0 n/a
climber
Fragaria x ananassae  Perennial Crop SE 203 203 77 0 0 0 n/a
herb

4RU: grounds of Reading University, UK; SE: several locations across southern England; WU, four locations around Wageningen, NL.

b Fruiting structures were not necessarily present in all plants sampled.

€0: no infection found; — not sampled.

9Test not applicable: infestation found in only one organ per plant.

¢Not tested.

"Three bushes, samples 40, 40, 20. All infections came from the bush with sample size 20.

available for the perennial herb T. officinale and the short-
lived annual A. thaliana. Prevalence varied substantially from
year to year, from place to place and from tissue to tissue
(Table 2).

Evidence for Spread in and Over a Single

Host: Experiment 1

Published evidence about the spread of Botrytis in a single host
is available for cultivated hybrid Primula (Barnes and Shaw,
2003) and lettuce (Sowley et al, 2010). In the majority of
host species in which isolations could be made from distinct
tissues, multiple isolations from a single plant were more
common than expected (Tables 1, 2). A. thaliana that were
grown in a sterile air-stream and inoculated as seedlings with
dry conidia at low density developed normally and did not
show any disease symptoms or evidence of stress. Botrytis
could be isolated from multiple tissues, many of which only

developed after the time of inoculation (Experiment 1). Isolations
were strongly clustered in individual plants, consistent with
systemic spread in the plant (Figure1; randomization test
P < 0.001).

In Cyclamen persicum, inoculation of four plants with a spore
suspension followed by enclosure in a plastic bag led to serious
necrosis development with abundant sporulation. The plants
recovered upon removal of the bags and produced new flushes of
leaves and eventually flowered, without further signs of Botrytis.
Of 14 seed capsules examined (381 seeds) one capsule yielded
two Botrytis infected seeds (out of 47) and a second capsule
yielded 56 Botrytis infected seeds (out of 57). The seeds from
the other 12 capsules were completely free of Botrytis. Isolations
were attempted from leaves, roots, exterior and interior samples
from the corms. B. cinerea s.I. was isolated from roots of two
plants and the exterior and interior of the corm of two others
(Table 3).
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TABLE 2 | Percentage of tissue samples of wild-growing Taraxacum officinale complex and Arabidopsis thaliana from which Botrytis could be isolated

after surface sterilization, at different locations and years.

Species Year Location Source Root % Leaf % Stem % Flower % Sample size
T. officinale 2005-62 Reading Cooray 5 6 b - 100
2005-62 Bath Cooray 13 5 b - 110
2005-62 Brighton Cooray 0 4 b - 132
2007-82 Reading Shafia 18 29 -b 27 108
2008 Reading Thriepland 17 31 b - (182)°
2014 Reading Emblow 0 1 b 6 24
2014 Wageningen Onland and Hoevenaars -b 87 72 72 100
A. thaliana 2007-82 Reading Shafia 50 41 29 66
2010 Reading Shaw 10 20 0 0 20
2013 Reading Emmanuel 4 2 3 3 76
2014 Reading Emmanuel 0 0 5 22
2014 Reading Emblow 0 0 0 31
aData were sampled separately in autumn, spring and summer; proportions of samples infested were homogenous (x2 P > 0.2).
b_ not sampled.
CFrom nine seedling families. There were no significant differences between families (x°-test, P = 0.2).
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red; note the strong clustering of infected samples in individual plants (P < 0.001).
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FIGURE 1 | Clustering of recovery of B. cinerea B05.10 from surface sterilized tissues of Arabidopsis thaliana grown in a sterile airflow and inoculated
with dry spores at the two leaf stage. Each drawing of a plant represents the samples into which it was dissected. B. cinerea was recovered from samples colored

TABLE 3 | Recovery of Botrytis from different tissues of four Cyclamen
persica plants cv. Midori earlier inoculated and diseased, but recovered
and symptomless at the time of sampling.

Plant Root Flower Petal Leaf Outer Inner
pedicel corm corm
Midori White (plant #1) 1 1 1 0 0 0
Midori White (plant #2) 0 1 0 0 1 0
Midori Scarlet (plant #1) 1 1 0 0 0 0
Midori Scarlet (plant #2) 0 1 0 0 0 1

Phylogeny and Species Variation of

Internal Infections in Dandelion

We aimed to test whether strains of Botrytis developing cryptic
asymptomatic infection form a separate phylogenetic group,
distinct from strains that cause necrotic infections. A preliminary
phylogenetic clustering of 47 Botrytis isolates sampled from
asymptomatic dandelion in Netherlands was performed based
on HSP60 and G3PDH gene sequences (not shown). Thirty-
five out of forty-seven isolates grouped with the B. cinerea
species complex and 10 grouped with Botrytis pseudocinerea, all
members of clade 1 in the genus Botrytis (Staats et al., 2005).

Two other isolates grouped into clade 2, i.e., isolates DANS5
and DAN39. Based on this result, eight isolates grouping with
B. cinerea and three isolates grouping with B. pseudocinerea,
together with the unknown isolates DAN5 and DAN39, were
selected for additional analysis of the RPB2 gene sequence.
Using as backbone the multiple sequence alignment of 29 known
species of the genus Botrytis (Hyde et al., 2014), the concatenated
sequences of three genes (HSP60, G3PDH, and RPB2) from the
13 isolates sampled from asymptomatic dandelion were included
for phylogenetic tree construction (Figure 2). Eight isolates were
related, but not identical, to B. cinerea type isolate MUCL?7.
Three isolates were related but not identical to B. pseudocinerea
isolate VD110. Isolate DAN5 clustered with, but is not identical
to, Botrytis caroliniana and Botrytis fabiopsis, while DAN39
clustered very tightly with two Botrytis mali isolates and is
probably a member of this species. There was good agreement
between phylogenetic trees for individual gene sequences HSP60,
G3PDH, and RPB2 (Figures S1-S3). In order to provide a better
phylogenetic resolution of isolates that were most closely related
to B. cinerea, 16 isolates were analyzed in more detail for the
sequences of three additional genes (G3890, FG1020, MRRI;
Figures $4-S6). The combined phylogeny for these three genes
(not shown) revealed that nine of the 16 isolates were closely
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Botrytis narcissicola MUCL2120
Botrytis gladiolorum MUCL3865
Botrytis polyblastis CBS287.38
Botrytis tulipae BT9830

Botrytis globosa MUCL444
] 100[Botrytis sphaerosperma MUCL 21481

98 Botrytis croci MUCL436
1 OOIBotrytis hyacinthi MUCL442

Botrytis galanthina MUCL435
100 DAN5

100|—Botrytis caroliniana CB15
83L Botrytis fabiopsis BC-2
Botrytis convoluta MUCL 11595

Botrytis paeoniae MUCL16084

56l Botrytis mali B26
4‘ DAN39
100
63

63| Botrytis mali B48

Botrytis aclada MUCL8415
Botrytis sinoalli HMAS250008

Botrytis ficariarum MUCL376
7 100| (L Botrytis ranunculi CBS178.63

82 Botrytis squamosa MUCL1107
g9|—Botrytis elliptica BE9714

160 73LBotrytis deweyae CBS134649

Botrytis porri MUCL3324

Botrytis calthae MUCL1089
99¢Botrytis pseudocinerea VD110

100 DAN14

~Botrytis fabae MUCL98
DAN41
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DAN12

DAN33
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78
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53 Botrytis cinerea MUCL87
74]|PAN4
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DAN37
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Monilinia fructigena 9201

—

0.01

Sclerotinia sclerotiorum 484

FIGURE 2 | Phylogenetic position of 13 Botrytis isolates from asymptomatic dandelion (labeled by DAN and a number) in the genus based on
concatenated HSP60, G3PDH, and RPB2 sequences. Recognized Botrytis species are taken from Hyde et al. (2014). Phylogenetic tree construction used a

maximum likelihood method with 1000 bootstraps. Only bootstrap values higher than 50% are displayed at the nodes.
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related to Botrytis type S, a subgroup of isolates within the B.
cinerea complex that was initially predominantly sampled from
strawberry and is typified by a characteristic insertion of 21
nucleotides in the MRR1 gene (Leroch et al., 2013). The other
seven isolates were closely related to B. cinerea but distinct from
both B. cinerea groups N and S (not shown).

Mating Type Analysis

To investigate the mating type of the 47 isolates sampled from
asymptomatic dandelion in Netherlands, PCR reactions were
carried out that amplify a gene in the MAT locus (Amselem et al.,
2011). Both mating type alleles (MAT1-1 and MAT1-2) were
found in similar proportions in the isolates from the B. cinerea
species complex and from B. pseudocinerea. In both cases the
mating types were present in close to a 1:1 ratio. This observation
does not necessarily imply that the isolates are progeny from
sexual reproduction but at least they have the possibility of
finding compatible mating partners within the same host species.
Isolate DANS has mating type MAT1-1 and isolate DAN39 has
mating type MAT1-2 (Table 4).

Pathogenicity and Host Specialization
Ifisolates from asymptomatic plants are distinct from pathogenic
strains and unable to cause disease, they would not pose
a threat to neighboring plants and especially crops. If such
isolates, however, have the capacity to cause necrotic symptoms
(given the right circumstances), they could at some point
in time strongly increase the risk of disease development,
either in the symptomless host, or in neighboring (crop)
plants. In the next two experiments we therefore aimed to
test the capacity of Botrytis isolates from symptomless plants
to cause necrotic symptoms on host species from which they
were recovered, as well as on other plant species. Artificial
inoculation under laboratory conditions requires a suitable spore
density, availability of nutrients, and proper environmental
conditions to accomplish necrotic infection. We therefore used
standard methods with either mycelium on agar plugs or spore
suspensions as inoculum.

Experiment 2

Isolates sampled from five different host species (A. thaliana,
T. officinale, S. vulgaris, T. farfara, and lettuce; one isolate per
host origin) were inoculated on newly grown, asymptomatic
plants of four host species (the same as above with the exception
of T. farfara) in all possible combinations. Inoculations were
performed with cultures grown on an agar plug and lesion sizes

TABLE 4 | Distribution of mating types in 47 Botrytis isolates from
dandelion, as determined by diagnostic PCR.

Species Mating type Mating type
MAT1-1 MAT1-2

B. cinerea 19 16

B. pseudocinerea 5 5

DANS, related to B. caroliniana and B. fabiopsis 1 -

DANBS9, putative B. mali - 1

were monitored (Figure 3). In this test there were differences in
virulence (P < 0.001) and in host susceptibility (P < 0.001)
and a significant (P = 0.001) but minor interaction between host
susceptibility and pathogen virulence in both cases. There was no
tendency for isolates to be more pathogenic or less pathogenic on
their host of origin. Results were similar when inoculation was
performed with spore suspensions.

Experiment 3

Eight Botrytis isolates sampled from asymptomatic dandelion in
Netherlands were selected for artificial infection assays on leaves
of tomato, N. benthamiana and T. officinale plants. Three isolates
were selected from the B. cinerea species complex, three were
from B. pseudocinerea and the remaining two were isolates DAN5
(related to B. caroliniana and B. fabiopsis) and DAN39 (putative
B. mali). As a reference, the commonly aggressive B. cinerea
strain B05.10 was always inoculated on the opposite leaf half.
Results of these infection experiments are shown in Figure 4.
The B. cinerea and B. pseudocinerea isolates all produced
expanding lesions on leaves of tomato and N. benthamiana,
disease incidence was 100%. On T. officinale leaves, disease
incidence for all isolates from asymptomatic dandelion was below
40%, while for B. cinerea strain B05.10 it ranged from 60 to 90%.
Isolate DANS5 was entirely unable to cause disease on the three
hosts tested. At most it caused small black dots at the inoculation
sites, which never developed into expanding lesions at later time
points. Isolate DAN39 was able to cause expanding lesions on
tomato and N. benthamiana, but not on T. officinale leaves. The
lesion diameters differed between isolates and hosts. In general,
the diameters of lesions caused by B. cinerea and B. pseudocinerea
isolates on tomato leaves were similar to those of strain B05.10,
while on N. benthamiana leaves, the lesions were smaller than
those of B05.10 (Figure 4). Symptoms on T. officinale leaves were
generally few and mild. B. pseudocinerea isolates sampled from
symptomless dandelion differed in disease severity on dandelion,
the most virulent isolate (DAN40) caused lesions of similar size
as those caused by B. cinerea B05.10 whereas the two others
(isolates DAN14 and DAN28) caused lesions quite smaller than
those of B05.10 (Figure 4). The experiments above show that
Botrytis isolates sampled from asymptomatic plant species have
the capacity to cause necrotic lesions on the hosts from which
they were sampled, as well as on distinct, unrelated plant species.

Sporulation, Vertical Transmission, and
Closure of the Life-Cycle

The following experiments were designed to examine whether
cryptic infections can be long-lived within a plant and can pass
from seeds to mature plants.

Experiment 4, Lettuce

This experiment was intended to test the hypothesis that
cryptic infection would reduce host growth, and that competing
endophytes would reduce this effect. A batch of lettuce seed was
used from plants grown outdoors and displaying a 98% frequency
of seed infection with B. cinerea. A randomized block full
factorial experiment was done with treatments combining seed
disinfection with fluazinam, spray inoculation with B. cinerea
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spore suspension 4 weeks after transplanting (approximately at
10 leaf stage) and compost inoculation with a T. harzianum T39
isolate thought to be a possible biocontrol agent for the internal
Botrytis. There were no significant differences in the proportion
of plant samples from which Botrytis was recovered (28 % 3%),
so the hypothesis could not be assessed. Only two of the 17 plants
from which isolated Botrytis cultures were further characterized
displayed symptoms of Botrytis infection. Treatment with T.
harzianum neither had a detectable impact on the colonization
of the lettuce plants by Botrytis nor on the genotypes recovered
from plants exposed to T. harzianum.

To further investigate the results, microsatellite haplotypes
were determined from 15 isolates from different tissues of
fungicide treated plants and from 13 isolates from untreated
plants (Table 5). All the isolates from fungicide untreated plants
were identical to each other (haplotype B), but distinct from
the isolate used for inoculation (haplotype C). The fungicide
treated plants contained six different haplotypes including three
recoveries of the inoculated isolate (haplotype C) and a single
representative of haplotype B, characterizing the fungicide
untreated plants (Table 5; randomization test P < 0.001 against
the null hypothesis of random recovery).

This observation suggests that a pre-existing cryptic infection
originating from a seed-borne isolate of Botrytis excluded further
infection until an advanced phase of plant growth, and that the
level of internal infection sustained was similar regardless of the
source of inoculum.

Experiment 5, Taraxacum officinale

Two batches of dandelion plants were grown, one from non-
sterilized seeds and the other from surface-sterilized seeds.
Placing untreated seeds directly on selective medium established
that Botrytis cultures grew out from 100% of the seeds. Both
batches of dandelion plants were symptomless throughout their
growth. There was no significant difference in the number

of leaves or leaf lengths between plants grown from surface-
sterilized seeds and the plants grown from untreated seeds
(not shown). Botrytis infection in leaves was investigated after
2 months of growth, when plants reached maturity. Botrytis
infection was observed in four out of 20 leaves from dandelion
plants derived from non-sterilized seeds in the first trial, and
1 out 17 leaves in the second trial. All the plants derived from
surface-sterilized seeds were free of Botrytis. The difference is
significant at P = 0.02. Therefore, in dandelion, seed infection
can survive and grow throughout a proportion of plants until
flowering produces the next generation of seed.

Effects on the Host and Environmental

Interactions: Experiment 6

Cryptic infection might impose a defensive load on a host plant.
This experiment was designed to test whether factors tending to
improve host growth, and thereby reducing resources available
for defense, would reduce infection. To measure the effect of
cryptic Botrytis infection on growth, commercial seed with a
low level of Botrytis contamination was used and half of the
plants deliberately dusted with Botrytis spores. Temperature,
fertilization and light were varied to produce different growing
conditions.

Inoculation of lettuce with Botrytis spores not leading to
necrotic infection did not result in changes in the frequency with
which Botrytis could be isolated from the plants (factorial anova
P = 0.8). Infection frequencies were approximately doubled in
unshaded plants compared to plants grown in shaded conditions,
and approximately doubled in plants grown at 20°C compared
to plants grown at 14°C (Figure 5). Ammonium and sulfate
fertilization gave about a 10% relative increase in infection over
nitrate fertilization (P = 0.07).

At final harvest, the Botrytis-inoculated plants were 19%
lighter in weight than the uninoculated plants (anova P =
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FIGURE 4 | Lesion diameter on leaves of Taraxacum officinale at 5
days after inoculation (N = 6), tomato at 3 days after inoculation (N = 8)
and N. benthamiana at 3 days after inoculation (N = 3), following
inoculation with Botrytis isolates or B. cinerea strain B05.10. Data
presented are means with standard deviations indicated with the error bars.

0.02) in unshaded conditions and 23% lighter in weight (anova
P = 0.05) in shaded conditions. This result was quantitatively
reproducible. The relation between the weight of a lettuce plant
and the proportion of Botrytis-infected surface sterilized samples
from the same plant depended on whether plants were shaded
or unshaded (Figure 6). In unshaded plants there was a weak
positive relation between cryptic infection and weight (4 0.3
percentage points per 1 percentage point increase in infection,
P = 0.01). In shaded plants there was a weak and non-significant
negative relation (—0.3 percentage points per 1 percentage point
increase in infection, P = 0.2).

This experiment establishes that cryptic infection was not
limited by inoculum supply (confirming experiment 4), that
conditions favoring host growth, especially light, also favored

TABLE 5 | SSR genotypes, based on eight loci, of Botrytis isolates
recovered from a randomized block factorial experiment on lettuce with
treatments of fungicide seed treatment, spray inoculation with isolate
ES13 (haplotype C) at the 4-leaf stage and soil inoculation with

T. harzianum T39.

Fluazinam B. cinerea T. harzianum T39 PlantID Root Stem Leaf

inoculation inoculation?
+ + — 6 C,C
7 E
17 E>  DDP
- + 8 F
13 B
16 A
- 3 CF
4 A
5 A
_ . 4 2 B.B,B,B
9 B,B
- 1 B,B,B,B
14 B
- + 11 B
15 B
- 10 B
12 B

Letters A-H represent distinct haplotypes found in the Botrytis strains isolated from the
host tissue samples.

aNo samples from the fungicide + T. harzianum + Botrytis inoculation were genotyped.
bSymptomatic at time of sampling.

cryptic infection, and that Botrytis inoculation, despite not
altering the final levels of infection, was strongly detrimental to
growth.

DISCUSSION

Specialist Botrytis species such as B. aclada and B. allii have been
understood to have a life-cycle involving extended periods of
symptomless growth (Maude and Presly, 1977; du Toit et al,,
2004). Seed infection by species in the B. cinerea complex leading
to seedling infection has been well-known for some time in
species such as linseed (Harold et al., 1997) because of its
contribution to seedling death. It has been less appreciated that
long-lived cryptic infection with generalist Botrytis is possible.
This has previously been shown in cultivated primula (Barnes
and Shaw, 2003) and in lettuce (Sowley et al., 2010). Quiescent
infections of a few host cells which give rise to spreading necrosis
at fruit maturity are characteristic of many fruit diseases (e.g.,
Prusky and Lichter, 2007; Puhl and Treutter, 2008). The mode
of growth discussed here is different, as it is a form of infection
in which the fungus is able to grow with the host and spread to
new plant parts. The results above show that many host species
growing in natural settings and showing no disease symptoms
frequently have disseminated infections of Botrytis species.

This is of both scientific and practical interest. We become
increasingly aware that plants harbor many endophytic species
(e.g., Shipunov et al., 2008) and that these may have profound
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effects on their susceptibility to stress and to pathogens
(Rodriguez et al.,, 2009). Understanding that a pathogen like
Botrytis, which is investigated mostly in the context of rapidly
spreading necrotic infections may also exist as a widespread
symptomless infection with minimal effects on the host should
seriously alter our understanding of pathogenesis. There are
quantitative differences between isolates in their pathogenicity on
different species, but we did not obtain any evidence for isolates

taken from a particular host to be particularly adapted to that
host. Furthermore, both B. cinerea, B. pseudocinerea, and other
lineages or cryptic species of Botrytis appeared to occur in this
asymptomatic form. From a practical point of view, management
of Botrytis in species where cryptic infection is common needs
to focus on environmental conditions; it may be ineffective to
try to prevent low levels of infection, since permanent cover
by systemic fungicide would be needed. In particular, results
in lettuce suggest a balanced system in which host defenses
are activated sufficiently to prevent infection increasing above a
certain density, because plants grown from “clean” seed acquired
the same level of infection as plants grown from the infection-
carrying seed infection. The question whether cryptic infection
is harmful or beneficial to a plant is difficult to address because
of the difficulty of growing plants free from Botrytis infection but
also in a natural setting.

Because the findings reported may be deemed somewhat
surprising, it is important to consider possible artifacts. The most
obvious is that these isolations could represent independent,
spatially restricted early stages or quiescent infections from
environmental conidia. There are several arguments against an
important contribution of these artifacts to the observations
summarized here. (1) Barnes and Shaw (2003) showed that the
sterilization procedure was highly effective in killing adherent
spores on seed and other tests with inoculated material have
shown the procedure to be effective on leaf tissue. (2) T. officinale
and B. perennis grow in the same habitat and often in close
proximity but have very different prevalence rates, showing
that we are dealing with at least an established association
between fungus and host. (3) In greenhouse work, Barnes
and Shaw (2003) showed that the same isolate was repeatedly
recovered from single hosts, but that adjacent plants rarely hosted
identical isolates. This is weak evidence by itself, but supports
the hypothesis that this type of infection is at least partially
systemic, because it predicts that recovery of isolates or genotypes
will be clustered on particular plants. However, clustering
can also be ascribed to variation in susceptibility among
plants.

Phylogenetic analysis of a subset of isolates sampled from
dandelion in Netherlands showed that B. cinerea and B.
pseudocinerea were the predominant species. The latter is a
recently described species which is morphologically very similar
but phylogenetically distinct from B. cinerea (Walker et al,
2011). Based on the morphology of the isolates sampled from
a spectrum of plants in the UK, it may be assumed that these
also mostly represent B. cinerea and B. pseudocinerea, although
this would need extensive sequence analysis to be confirmed.
The phylogenetic analysis also identified two isolates of distinct
Botrytis species belonging to clade 2 (Staats et al., 2005), one
of which (DAN39) is presumably from B. mali, a postharvest
pathogen of apple with an as yet poorly explored distribution
(O’Gorman et al, 2008). It is perhaps relevant to note that
this isolate was sampled from a dandelion plant growing in a
grass patch adjacent to an apple and pear orchard of an organic
farm. The second isolate from Botrytis clade 2, DANS5, was
related but not identical to B. caroliniana and B. fabiopsis, and
might represent a novel Botrytis species. An earlier study by
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Shipunov et al. (2008) on endophytic fungi in Centaurea stoebe
identified, besides B. cinerea, six distinct phylogenetic groups
of Botrytis isolates. Four of these groups were closely related to
B. cinerea and one of them might represent B. pseudocinerea
(which had not yet been described at the time of the study by
Shipunov et al., 2008). The isolates bot079 and bot378 reported
in Shipunov et al. (2008), however, were very distant from
the clade containing B. cinerea and grouped with B. paeoniae,
alike the B. mali isolate DAN39. Unfortunately the isolates
from C. stoebe are no longer available for further phylogenetic
comparison (A. Shipunov, personal communication). The above
results and those of Shipunov et al. (2008) demonstrate that
several new Botrytis species can be retrieved as endophytes
from a single host in a limited sampling. A more extensive
phylogenetic analysis of Botrytis isolates from multiple hosts
and locations would likely reveal many more novel species.
If more extensive sampling and further phylogenetic analysis
would indeed confirm a greater diversity of Botrytis species than
previously appreciated (Staats et al., 2005; Hyde et al., 2014), it
raises the question as to how many times the cryptic life-style
has arisen.

As with all endophytic organisms, the question arises as to
how the host defense system and the pathogen are interacting
(Schulz and Boyle, 2005; Newton et al., 2010). There are a
number of possibilities. First, the fungus may evade the host
defense system by not producing signals which activate defenses
strongly enough to destroy the fungus. This is consistent with
the increased infection frequency in unshaded lettuce plants
in experiment 6: rapidly photosynthesizing plants are likely
to have more nutrients in the apoplast, and thus allow more
pronounced growth if they do not also have better defense.
It is likely that Botrytis produces little or no phytotoxic
metabolites and proteins, or plant cell wall degrading enzymes,
while it displays symptomless internal infection behavior. If
it did produce such compounds, as Botrytis “normally” does
(reviewed by van Kan, 2006), this would result in irreversible
damage to plant cells and culminate in disease symptoms. It
remains elusive why Botrytis does not produce such damaging
compounds during cryptic infection. Is it by lack of a (plant-
derived) signal to activate the expression of the genes, or
is the plant actively suppressing the expression of virulence
genes?

An alternative view of the interaction is that host defense
continually destroys Botrytis locally, but establishment in new
areas is frequent enough to maintain the fungus associated with
the plant. In experiment 6, spray inoculation with B. cinerea
spores incurred a 20% reduction in growth, without altering
infection density. This reduction in growth might reflect the cost
of effective defense against a forceful attack; this defense evidently
does not alter the balance between systemic infection and host
defense. The similarity in frequency of cryptic infection in plants
which did and did not have seed-borne infection removed by
fungicide in experiment 5 again points to a balanced system in
which too much local growth can be eliminated by the host. The
hypothesis of a balanced growth/elimination system implies that
previously infested plant tissues might become uninfested, as well
as the reverse. We have no data on this. Experiments to address

this question would be complex because of the destructive nature
of current methods to detect infection.

The spore density at the point of first encounter is likely
a crucial determinant in whether the interaction becomes
asymptomatic or necrotic. At high spore density, and in the
presence of nutrients, the fungus can rapidly and efficiently
germinate (van den Heuvel, 1981) and produce a spectrum of
phytotoxic metabolites and proteins at sufficient concentrations
to cause death of multiple plant cells (van Kan, 2006) and set
necrotic development in motion. Causing host cell death is in
essence a physiologically irreversible decision, although there
are cases where primary necrotic lesions fail to develop into an
expanding lesion, possibly due to an effective restriction of the
fungus by the host (Benito et al., 1998; Coertze and Holz, 2002).
In order to achieve symptomless Botrytis infection in plants in
our experiments, it was important to start the infection with a low
inoculum dosage. The low number of spores and concomitant
low density of germlings on the plant surface might not release
sufficient phytotoxic metabolites and proteins to activate the
plant cell death machinery, and thereby fail to kill cells that
would act as an entry point for the fungus. Failure to induce cell
death would force the fungus to enter the plant through natural
openings and grow in the plant interior where it can retrieve
nutrients. The growth of the fungus inside the plant would need
to remain restricted and be synchronized with that of the host,
possibly by mechanisms similar to those reported for Epichloé
endophytes(Tanaka et al., 2012).

A final possible view of the interaction in this system is
that the infection is in some circumstances beneficial to the
host plant, so that specific signals from Botrytis lead to over-
riding of normal defense signals. A hint that this might be
so is given by the positive relation between lettuce growth
and the frequency with which Botrytis could be recovered
from the plants in experiment 7, presumably representing the
density of infection. The nature of such signaling processes
can only be conjectured at present. Recent studies by Weiberg
et al. (2013) described how small RNAs of Botrytis cinerea can
actively silence host genes that are involved in immunity, and
thereby promote virulence of the pathogen. Conversely, it is
conceivable that small RNAs from a host plant could silence
Botrytis genes that are required for the activation of virulence
mechanisms, and so prevent the production of damaging
fungal proteins and metabolites. In the fungal grass endophyte
Epichloé, the symbiotic interaction depends on an intact reactive
oxygen signaling and MAP kinase signaling. The disruption
of components of either of these signaling processes results
in breakdown of symbiosis and switch to disease development
(Tanaka et al., 2012).

The economic importance of this form of infection could be
considerable in a susceptible crop such as lettuce, cyclamen or
Primula x polyantha in which persistent infections last for the
lifetime of the crop, causing disease and loss at maturity or after
harvest. The importance of the demonstration of a large reservoir
of infested vegetation in the wider environment depends mainly
on how much inoculum it supplies. If this is sufficiently low, there
could be no economic implications. On the other hand, given the
number of plant species shown to harbor infection, infections
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in natural vegetation could be an important source of conidia
into otherwise clean protected environments. It is less clear what
could be done about it, but it suggests that effective integrated
management of Botrytis should assume that inoculum is present
not only in the air but probably latent in the crops. The best
management strategies will focus on the physiological state of
the plant and the intrinsic resistance or tolerance of the host to
necrotic disease development.

If we can understand the mechanism that determines whether
the interaction becomes symptomless or necrotic, it might be
possible to steer the interaction in one or other direction,
by modifying the environmental conditions, or by applying
chemicals that trigger a switch in lifestyle. This might result in
active suppression of necrotic development of Botrytis, or in the
forced interruption of the symptomless infection.

AUTHOR CONTRIBUTIONS

MS and JvK coordinated the sampling, designed and
supervised the experiments, and wrote the manuscript.
CE, DE, RT, AS, DT, and ME performed the experiments.
CE prepared Figurel, RT prepared Figure2, DE prepared
Figure 4.

ACKNOWLEDGMENTS

A substantial contribution to this work was made by Anuja
Rajaguru, who sadly died before the preparation of this paper.
The authors acknowledge funding from the Commonwealth
Studentships Commission, the Gatsby Foundation, the UK
Department of Food and Rural Affairs, the Ministry of Education
of Malaysia, the Universiti Putra Malaysia, and the Indonesian
Ministry of Agriculture. The authors are grateful to Alice
Vanden Bon for expert technical assistance. The authors are
grateful to Wageningen University students Violeta Onland,
Koen Hoevenaars, and Elisabeth Yanez Navarrete for sampling
and preliminary characterization of isolates from dandelion, as
well as to prof. Matthias Hahn (Univ, Kaiserslautern, Germany)
for fruitful discussion about the phylogenetic analysis. The
authors are grateful to Dr. D. O’Gorman, Dr. G. Bakkeren, and
Dr. J. R. Urbez Torres from Agriculture and Agri-Food Canada,
Summerland, British Columbia, Canada, for providing the DNA
samples of Botrytis mali.

REFERENCES

Amselem, J., Cuomo, C. A,, van Kan, J. A. L., Viaud, M., Benito, E. P., Couloux,
A, et al. (2011). Genomic analysis of the necrotrophic fungal pathogens
Sclerotinia sclerotiorum and Botrytis cinerea. PLoS Genet. 7:€1002230. doi:
10.1371/journal.pgen.1002230

Barnes, S. E., and Shaw, M. W. (2002). Factors affecting symptom production by
latent Botrytis cinerea in Primula x polyantha. Plant Pathol. 51, 746-754. doi:
10.1046/j.1365-3059.2002.00761.x

Barnes, S. E., and Shaw, M. W. (2003). Infection of commercial hybrid primula
seeds by Botrytis cinerea and latent disease spread through the plants.
Phytopathology 93, 573-578. doi: 10.1094/PHYT0.2003.93.5.573

Benito, E. P.,, ten Have, A., van ’t Klooster, J. W. and van Kan, J.
A. L. (1998). Fungal and plant gene expression during synchronized

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2016.
00625

Figure S1 | Phylogenetic position of 47 Botrytis isolates from
asymptomatic dandelion (labeled by DAN and a number) in the genus
based on HSP60 sequences. Sequences of recognized Botrytis species are
taken from Hyde et al. (2014), sequences from B. mali were determined by
O’Gorman et al. (2008), the sequence of isolate BOT079 was determined by
Shipunov et al. (2008). Phylogenetic tree construction used a maximum likelihood
method with 1000 bootstraps. Only bootstrap values higher than 50% are
displayed at the nodes.

Figure S2 | Phylogenetic position of 47 Botrytis isolates from
asymptomatic dandelion (labeled by DAN and a number) in the genus
based on G3PDH sequences. Sequences of recognized Botrytis species are
taken from Hyde et al. (2014), sequences from B. mali were determined by
O’Gorman et al. (2008). Phylogenetic tree construction used a maximum
likelihood method with 1000 bootstraps. Only bootstrap values higher than 50%
are displayed at the nodes.

Figure S3 | Phylogenetic position of 13 Botrytis isolates from
asymptomatic dandelion (labeled by DAN and a number) in the genus
based on RPB2 sequences. Sequences of recognized Botrytis species are
taken from Hyde et al. (2014), sequences from B. mali were determined by
O’Gorman et al. (2008). Phylogenetic tree construction used a maximum
likelihood method with 1000 bootstraps. Only bootstrap values higher than 50%
are displayed at the nodes.

Figure S4 | Phylogenetic position of 16 Botrytis cinerea isolates from
asymptomatic dandelion (labeled by DAN and a number) in the genus
based on G3890 sequences. B. cinerea strain B05.10 serves as the reference
and B. calthae strain MUCL2830 was used as an outgroup. Phylogenetic tree
construction used a maximum likelihood method with 1000 bootstraps. Only
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Nutrient acquisition and transfer are essential steps in the arbuscular mycorrhizal (AM)
symbiosis, which is formed by the majority of land plants. Mineral nutrients are taken
up by AM fungi from the soil and transferred to the plant partner. Within the cortical
plant root cells the fungal hyphae form tree-like structures (arbuscules) where the
nutrients are released to the plant-fungal interface, i.e., to the periarbuscular space,
before being taken up by the plant. In exchange, the AM fungi receive carbohydrates
from the plant host. Besides the well-studied uptake of phosphorus (P), the uptake
and transfer of nitrogen (N) plays a crucial role in this mutualistic interaction. In
the AM fungus Rhizophagus irregularis (formerly called Glomus intraradices), two
ammonium transporters (AMT) were previously described, namely GintAMT1 and
GintAMT2. Here, we report the identification and characterization of a newly identified
R. irregularis AMT, GintAMT3. Phylogenetic analyses revealed high sequence similarity
to previously identified AM fungal AMTs and a clear separation from other fungal
AMTs. Topological analysis indicated GintAMT3 to be a membrane bound pore forming
protein, and GFP tagging showed it to be highly expressed in the intraradical mycelium
of a fully established AM symbiosis. Expression of GIntAMT3 in yeast successfully
complemented the yeast AMT triple deletion mutant (MATa ura3 mep1 A mep2 A::LEU2
mep3A::KanMX2). GintAMT3 is characterized as a low affinity transport system with an
apparent Ky, of 1.8 mM and a Vmax of 240 nmol~"! min—" 108 cells~", which is regulated
by substrate concentration and carbon supply.

Keywords: arbuscular mycorrhizal fungi, ammonium transporter, low affinity transporter, extraradical mycelium,
intraradical mycelium

Abbreviations: AM, arbuscular mycorrhiza; AME arbuscular mycorrhizal fungi; AMT, ammonium transporter; ERM,
extraradical mycelium; HATS, high affinity transport system(s); IRM, intraradical mycelium; LATS, low affinity transport
system(s); N, nitrogen; GS/GOGAT, glutamine synthetase/glutamate oxoglutarate aminotransferase.
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INTRODUCTION

Nitrogen is an essential, often limiting, macronutrient for plants.
Since the availability of nitrogen (N) in form of ammonium
(NH4 ™) or nitrate (NO3; ™) in the environment is quite low, plants
have evolved different strategies to overcome this problem. Under
natural conditions 70-90% of land plant species are associated
with nearly ubiquitous AM fungi, which can increase nutrient
and water supply of their host. This goes along with improved
plant fitness, growth, and disease resistance. In exchange, the
fungal partners receive up to 20% of the photosynthates from
the plant (Pearson and Jakobsen, 1993; Graham, 2000; Smith
and Read, 2008). Previously it has been assumed that AMF
play only a minor role in N nutrition of their host plant.
However, several studies testing the contribution of AM fungi
to plant N supply revealed that N uptake of the host plant
via mycorrhizal uptake pathway can reach 42% (Mider et al,
2000).

Several studies showed that inorganic NO3~ and NH4™
(Bago et al., 1996; Govindarajulu et al., 2005; Jin et al., 2005)
or small peptides and amino acids (organic form) (Hawkins
et al, 2000) can be absorbed from the soil by extraradical
mycelium (ERM) of AMEFE. There is also some weak evidence
that AMF can absorb N from complex organic matter (Leigh
et al., 2009; Hodge et al., 2010) and that they take up amino
acids from the environment by the expression of amino acid
permeases in the ERM (Cappellazzo et al, 2008). Although
fungi and plants use many different resources to obtain N,
it has been demonstrated that NH41 often is the primary N
source (Villegas et al,, 1996; Hawkins et al,, 2000; Toussaint
et al., 2004). Assimilation of NH4" through the GS/GOGAT
pathway is energetically less costly compared to the reduction and
assimilation of NO3 ™~ (Johansen et al., 1996; Marzluf, 1996; Bago
et al., 2001; Breuninger et al., 2004; Govindarajulu et al., 2005; Jin
et al., 2005).

Once absorbed, most of the inorganic N taken up by the
AMEF is assimilated and incorporated into arginine, constituting
more than 90% of total free amino acids in the ERM. The
arginine is translocated to the intraradical mycelium (IRM)
(Govindarajulu et al., 2005; Cruz et al., 2007), where it is
perhaps bound to the negatively charged polyphosphate in the
fungal vacuole, forming a link between nitrogen and phosphorus
transport (Martin, 1985; Govindarajulu et al., 2005). In the
arbuscule, arginine is metabolized by arginase and urease
in the urea cycle, and the free NHy" is released into the
periarbuscular space where it is taken up by the plant host
(Bago et al., 2001; Govindarajulu et al., 2005; Tian et al,
2010).

For a long time it was not clear whether specialized
transporters function in the AM symbiotic N exchange. Since
the discovery of the first AMTs in Saccharomyces cerevisiae
(Marini et al., 1994) and Arabidopsis thaliana (Ninnemann et al.,
1994) several such transporters were characterized in plants
(Gazzarrini et al., 1999; Sohlenkamp et al., 2000; Couturier et al.,
2007; Guether et al., 2009a), fungi (Javelle et al., 1999, 2003a,b;
Lopez-Pedrosa et al., 2006; Lucic et al., 2008; Pérez-Tienda
et al., 2011; Ellerbeck et al., 2013) and other organisms (Van

Dommelen et al., 1998; Mayer et al., 2006). The so-called high-
affinity transporter systems (HATSs) operate in the micromolar
range, exhibit saturation kinetics, and the uptake of ammonia
leads to depolarization of the transmembrane electrical potential
(Ullrich et al., 1984; Wang et al., 1994). In contrast, low-affinity
transporter systems (LATSs) are highly active in the millimolar
range (Fried et al, 1965; Vale et al., 1988; Wang et al., 1993;
Shelden et al., 2001).

Physiological studies in plant roots and the AMF Rhizophagus
irregularis have revealed that uptake systems for ammonium
and nitrate follow biphasic kinetics with respect to external
substrate concentrations (Pérez-Tienda et al., 2011). The first
AMF AMT, characterized from R. irregularis (syn. Glomus
irregularis, formerly named Glomus intraradices), GintAMT], is
a high affinity transporter (Lopez-Pedrosa et al., 2006; Pérez-
Tienda et al., 2011). Using immunolocalization and expression
analysis of microdissected cells, it was shown that GintAMT1
and a second AMT, GintAMT2 (Pérez-Tienda et al., 2012),
were both expressed in the ERM and IRM, participating in
the uptake of NH4t from the soil solution and possibly
in retrieval of NH4' leaking out during fungal metabolism
at the symbiotic interface. Since then, three related AMTs
(GpyrAMT1, GpyrAMT2, GpyrAMT3) were characterized from
the glomeromycotan fungus Geosiphon pyriformis, which forms a
symbiosis with the cyanobacterium Nostoc (Ellerbeck et al., 2013).

On the plant side, the expression of several mycorrhiza
inducible AMTs could be specifically assigned to arbuscule-
colonized cortical cells. Such transporters were identified
in Lotus japonicus (LjAMT2;2) (Guether et al, 2009b),
Medicago truncatula (predicted AMT: IMGAG]| 1723.m00046)
(Gomez et al., 2009), Glycine max (GmAMT1;4, GmAMT3;1,
GmAMT4;1, and GmAMT4;4) (Kobae et al., 2010), and Sorghum
bicolor (SbAMT3;1, SbAMT4) (Koegel et al, 2013a). The
discovery of specialized transporters at the symbiotic interface
was an important step to gain more insight into the symbiotic N
transfer.

Here we report the discovery, biochemical characterization
and localization of GintAMT3, a new AMF AMT from
R. irregularis, which is expressed primarily in the IRM and
represents a low affinity AMT.

MATERIALS AND METHODS

Plant Growth Conditions for Expression
Analysis

Experiments were performed with sorghum (Sorghum bicolor (L.)
Moench), cv Pant-5. This cultivar is closely related to BTx623,
the sorghum cultivar used for genome sequencing (Paterson
et al., 2009). Seeds of cv Pant-5 were kindly provided by
sorghum breeders of I.G.F.R.I. (CCS Agriculture University of
Hissar, Haryana, India) and G. B. Pant University of Agriculture
and Technology (Pantanagar, Uttaranchal, India). Seeds were
surface-sterilized (10 min in 2.5% KCIO) and then rinsed with
sterile deionized water several times for 1 d and soaked in
sterile deionized water overnight. Seeds were pre-germinated on
autoclaved sand at 25°C for 24 h and then grown in the dark
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at room temperature for 72 h. The fungal isolate Rhizophagus
irregularis BEG-75 (Botanical Institute, Basel, Switzerland) was
propagated by trap cultures as previously described (Oehl et al.,
2004). To establish AM symbiosis, pregerminated seeds were
individually inoculated in compartmented microcosms (Koegel
et al,, 2013b), where one plant and one hyphal compartment
are connected, but separated by two 21 pm nylon meshes and
an air gap in between. The air gap was created by placing
two 5 mm plastic meshes between the two 21 um nylon
meshes. The two compartments were filled with sterile (120°C,
20 min) growth substrate consisting of a mixture of zeolithe
(Symbion, Czech Republic) and sand (1: 1 v/v). About 100
spores were added to the mixture. For the controls (non-
mycorrhizal plants), the same amount of autoclaved inoculum
was added to the mixture. To correct for possible differences
in microbial communities, each pot received 1 ml of filtered
washing of AMF inoculum. Plants were grown in a glasshouse
with day : night temperatures of c. 28°C : 15°C. Plants were
watered twice a week during experiments. From the first week
on, 8 ml of modified Hoagland solution was applied weekly.
Three different Hoagland solutions, modified after Gamborg and
Wetter (1975), were prepared to obtain different N sources or
N concentrations : —N, 1x NO3~ and 1x NHyt (Koegel et al.,
2013a).

Populus trichocarpa (derived from cuttings, clone 10174,
Orléans, France) grew together with S. bicolor, in a tripartite
compartment system, in a zeolithe:sand substrate (1:1; w:w).
Thereby, single compartments were separated by 21 pm and
3 mm meshes to allow AMF hyphae but no plant root growth
in between the compartments. Plants were inoculated with 1 ml
liquid inocula of R. irregularis, isolate BEG75 (InoculumPlus,
Dijon, France), in 0.01 M citrate buffer (pH 6) containing about
110 spores/ml. Plants were fertilized once a week with 10 ml of
Hoagland solution without phosphorus. From the 22nd week on,
when all plants showed Pi depletion as indicated by anthocyan
accumulation, 10 ml Hoagland solution containing either low
Pi ([Pi] = 28 pM) or high Pi ([Pi] = 560 wM) concentration
was applied in the compartment for the ERM for 9 weeks.
As a control both plant species were grown separately in a
single compartment, receiving the fertilizer directly to their root
systems.

Rhizophagus irregularis Monoxenic
Cultures under Different N Treatments

Rhizophagus irregularis monoxenic cultures were established
in bi-compartmental Petri dishes to allow separating the root
compartment from the hyphal compartment (St-Arnaud et al.,
1996; Fortin et al., 2002). Cultures were started on M medium
(Chabot et al.,, 1992) by placing an explant of Agrobacterium
rhizogenes transformed-carrot (Daucus carota) roots colonized
with the AMF in the root compartment. Petri dishes were
incubated in the dark at 24°C until the hyphal compartment,
which contained M medium without sucrose (M-C medium),
was profusely colonized by the fungus (~6 weeks). The content
of the hyphal compartment was then removed and replaced
by liquid M-C medium (15 ml) containing either 3.2 mM

NO3~ (high N) or in a modified M media containing 0.8 mM
NO3;~ (low N). The mycelium then colonized this medium
over the subsequent 2 weeks. At this point, the medium
was removed and replaced by fresh liquid M-C medium
without NO3~. The time of medium exchange was referred
as time 0 for the N starvation treatment, and mycelia were
harvested 2 and 7 days later. For the N re-supply experiments,
mycelia grown in low N media and N-starved for 48 h were
supplemented with different N sources and concentrations
(3 mM or 30 M nitrate or ammonium, or 5 mM glutamine)
or water (control plates). The ERM was harvested 24 h later.
For treatments with acetate or the inhibitor of GS, MSX, the
N-starved mycelia (grown in the low N media for 2 weeks
and for 2 days in a N-free media) were supplied with 4 mM
acetate or 2.5 mM MSX, respectively, together with 3 mM
ammonium sulfate. In all experiments, mycelia were collected
with forceps, rinsed with sterilized water, dried with sterilized
filter paper, immediately frozen in liquid N and stored at —80°C
until used. All treatments were independently repeated four
times.

Root Colonization Measurements

A subsample of fresh roots was immersed in 10% KOH and
stored in the fridge at 4°C overnight. At the next day the roots
were rinsed under the tap and immersed in 2% HCI for 1 h at
room temperature. Afterward the roots were rinsed under the
tap, immersed in 0.05% trypan blue and stored in the fridge at
4°C overnight. The next day the trypan blue was removed, roots
were rinsed with tap water and immersed in lactic-acid glycerol
water for destaining. Total root colonization was measured using
the grid line intersection method as described by Brundrett et al.
(1984). Differences between means of variables were assessed by
t-test (p < 0.5), using Microsoft Excel 2010.

In Silico Analysis

The sequencing, assembly, and annotation of the R. irregularis
genome was described in (Tisserant et al, 2012). All
R. irregularis sequences are available at the Phytozome website'
and at GenBank/European Molecular Biology Laboratory
(EMBL)/DNA Data Bank of Japan (DDB]J). Using BLAST search
and the INTER-PRO domains (IPR018047 and IPR001905) at
the JGI website, we identified gene models coding for putative
AMTs in the draft genome. Gene prediction at the JGI was
performed using gene predictors (FGENESH, and GENEWISE),
and gene models were selected by the JGI annotation pipeline
(Tisserant et al., 2012). Selection of the AMT models was based
on expressed sequence tag (EST) support, completeness, and
homology to a curated set of proteins. The putative homologs
detected were characterized based on conserved domains,
identities, and e-values in comparison with fungal AMT
sequences available at the NCBI GenBank* and UNIPROT®
(Figure 1).

Uhttps://phytozome.jgi.doe.gov/pz/portal html
Zhttp://www.ncbi.nlm.nih.gov/
3http://expasy.org/
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A

Rhizophagus irregularis Length

GintAMT1 :&-m:-:l 479 AA

GintAMT2 E&.‘:—I-:-I&-:l 470 AA

GintAMT3 EZE-:-IH-:! 454 AA

Geosiphon pyriformis

GpyrAMT1 :-&-mtnm:l 465 AA

GpyrAMT2 _an-:-:-: 460 AA

GpyrAMT3 :-E-m 472 AA

v ()
B 50AA Intron TM
Amino acid identity (similarity)
GpyrAMT3 GpyrAMT2 GpyrAMT1 GintAMT3 GintAMT2

GIntAMT1  |65% (81%) 61% (77%) 57% (74%) 60% (75%)  63% (79%)

GIintAMT2  |65% (81%) 58% (74%) 61% (74%) 65% (80%)

GIntAMT3  |60% (77%) 56% (71%) 59% (73%)

GpyrAMT1 |59% (76%) 60% (74%)

GpyrAMT2 |63% (78%)
FIGURE 1 | Topologies of glomeromycotan AMTs and their genetic relationship. (A) Transmembrane domain (TMD) topology and intron localization of the six
glomeromycotan AMTs. Green boxes indicate TMD positions, yellow triangles mark intron positions. Both are highly conserved, while N and C termini differ in length
and are less conserved. (B) Reciprocal BLAST (Altschul et al., 1997) analysis (Blosum62 matrix) revealed a high conservation at the sequence level between the six
transporters. They share at least 56% AA identity and 71% AA similarity. Intra-species comparisons are marked in dark gray.

Signal peptides were predicted with SignalP 3.0* and
subcellular location with TargetP 1.1°. Conserved protein
domains were analyzed using prosite® and InterProScan’.

Full-length amino acid sequences of fungal AMTs were
retrieved using BLAST® and the JGI° webpage. Sequence
alignments were performed with the ClustalW2 package. For
phylogenetic analyses, the alignments were imported into the
Molecular Evolutionary Genetics Analyses software (MEGA),
version 5.05 (Tamura et al., 2011). Neighbour-joining (NJ)
method was applied with the Poisson correction model, the
pairwise deletion option and bootstrap test with 1,000 replicates.

A two-dimensional model was generated with Protter -
visualize proteoforms (Omasits et al., 2013) and a 3D model was
calculated via SWISS-MODEL" , based on 2b2hA, an AMT from
Archaeoglobus fulgidus, AMT-1 (Supplementary Figure S1).

*http://www.cbs.dtu.dk/services/SignalP/
Shttp://www.cbs.dtu.dk/services/TargetP/
Shttp://us.expasy.org/prosite
"https://www.ebi.ac.uk/interpro/interproscan.html
Shttp://blast.ncbinlm.nih.gov

“http://jgi.doe.gov/
Ohttp://swissmodel.expasy.org/

Sampling, RNA Isolation and
Quantitative Reverse Transcription-PCR

RNA extraction and c¢DNA synthesis were performed as
described previously (Courty et al., 2009). Primers used as
controls or for analysis had an efficiency ranging between 90
and 110%. Plant parts were harvested separately and the ERM
was extracted from the substrate by immersing the substrate
in water and harvesting the floating mycelium with a 32 pm
sieve. Mycelium was snap frozen in liquid nitrogen and stored
at —80°C. Plant roots were carefully washed under tap water to
remove all soil adhering to the roots. Three subsamples of 100 mg
of fresh roots were snap-frozen and stored at —80°C for further
gene expression analysis by qRT-PCR.

cDNAs were obtained using the iScript™cDNA Synthesis Kit
(BIO RAD Laboratories, Paolo Alto, CA, US). For quantification
a two-step quantitative RT-PCR (qRT-PCR) approach was used.
Gene specific primers were designed in Primer 3" and amplify
3.1"2. Target gene expression was normalized to the expression
of the transcription elongation factor TEFla in R. irregularis.
qRT-PCRs were run in a 7500 real-time PCR systems (Applied

http://bioinfo.ut.ee/primer3-0.4.0/
Phttp://engels.genetics.wisc.edu/amplify
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Biosystems) using the following settings: 95°C for 3 min and then
40 cycles of 95°C for 30 s, 60°C for 1 min and 72°C for 30 s. For
each transporter three biological and three technical replicates
(n =9) per treatment were conducted.

Isolation of GintAMT3 and Functional

Expression in Yeast

Full-length doubled-stranded ¢cDNA was synthesized from
RNA of the ERM using the SMARTer™ ¢DNA Synthesis
Kit (Clontech, US, Canada). GintAMT3 (JGI Protein
ID: 218175; JGI Transcript ID: 218287; NCBI accession
number: KU933909) was then amplified using the primer
pair GintAMT3_fl Fwd/GintAMT3_fl Rev (Supplementary
Table S1). Full-length GintAMT3 was cloned into pDR196 using
the Gateway technology (Invitrogen), as described previously
(Wipf et al., 2003), resulting in the pDR196-GintAMT3 plasmid
construct. pDR196-GintAMT3 and as a control the empty
vector were transformed into the Saccharomyces cerevisae strain
31019b (MATa ura3 mepl A mep2A:LEU2 mep3A:KanMX2)
(Marini et al., 1997) as described by Dohmen et al. (1991).
Transformants were selected on SD media lacking uracil and
further transferred on yeast nitrogen base (YNB-N) glucose
media without ammonium and amino acids supplemented with
NH4Cl as the sole nitrogen source (1 and 3 mM). Sequence
identities and integrities were verified by sequencing.

['“C]Methylamine Uptake Assay

Initial ['*C]methylamine uptake rates (American Radiolabeled
Chemicals, Inc., St. Louis, MO, USA) for amino acids were
measured as described previously (Marini et al.,, 1997). Single
colonies were grown in liquid YNB-N supplemented with
6% glucose and 500 pg/mL L-proline to logarithmic phase
and were centrifuged at an ODggp of 0.5 to 0.8. Cells were
washed twice in sterile water and resuspended in 50 mM
KH,POy4 buffer pH 5, to a final ODggo of 5. Before the uptake
measurements an aliquot of yeast cells was supplemented with
20 mM glucose, incubated at 30°C for 5 min at 1,000 rpm.
To start the reaction an equal amount of pre-warmed KH,POy4
buffer containing 15 kBq of [!*C]methylamine and unlabelled
methylamine (0-15 mM) was added. Cells were incubated at
30°C, 1,000 rpm, and 45 pl subsamples were taken after 1, 2,
3, and 4 min, diluted in 5 ml KH,POy4/sorbitol buffer, separated
from the incubation buffer on glass fibre filters (Whatman),
and washed twice with the same buffer. Radioactivity retained
on the filter was assayed by liquid scintillation spectrometry
(Packard).

Expression Analysis at the Cellular Level
by Laser Capture Microdissection

Sorghum roots were washed with tap water to remove the
substrate. Pieces of 10-15 mm were cut with a razor blade from
differentiated regions of the mycorrhizal and non-mycorrhizal
roots. The root segments were embedded in OCT (EMS,
Delta Microscopies Aygues-Vives, France) and then frozen at
—23°C. 40 wm thin sections were cut with a Cryocut (Cryocut
1800 Leica), and the cuts were placed on Fisher Probe-On

slides (Fisher Scientific, Ilkirch, France). The sections were
washed and fixed as follows: 3 min 70% EtOH, 30 min DEPC
H,O, 2 min 100% EtOH. The slides were then dried for
20 min at 37°C on a warming plate and kept at —80°C
before use.

An Arcturus XT microdissection system (Applied Biosystems,
Foster City, CA, USA) was used to collect the cells from the
mycorrhizal and non-mycorrhizal root sections. Eight replicates
of two different cell types were collected: arbuscule-containing
cells (ARBs), and cortical cells from non-mycorrhizal roots (Cs).
A total of 5,000-15,000 cells were cut out for each sample.
RNA from collected cells was extracted using the Arcturus
Pico Pure RNA isolation Kit (Excilone, Applied Biosystems,
Foster City, CA, USA), with an in-column DNase treatment
following manufacturer’s instructions. Quantity and quality of
the extracted RNAs were verified using a bioanalyzer with RNA
pico chips (Agilent, Santa Clara, CA, USA). Synthesis of cDNA
and quantitative reverse transcriptase polymerase chain reaction
(qQRT-PCR) analysis was done as previously described using
the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA),
starting with 100 pg RNA.

RESULTS
In Silico Analysis of GintAMT3

Based on the high conservation of amino acid sequences, a
consensus signature for AMTs has been defined corresponding
to Prosite PDOC00937, InterPro IPR001905, and Pfam 00909.
The ab initio annotation and subsequent automated BLAST
and INTERPRO searches of the R. irregularis draft genome
sequence (Tisserant et al., 2012) identified three gene models
containing these conserved AMT domains, from which two
were already characterized, namely GintAMT1 (Lopez-Pedrosa
et al., 2006) and GintAMT2 (Pérez-Tienda et al. (2012). The
length of the nucleotide sequence of GintAMT3 is 1,798 bp.
The coding exon sequence (1,365 bp) was confirmed by
EST alignment and ¢cDNA sequencing, and it is interrupted
by four short introns of 92 bp, 130 bp, 125 bp, and
86 bp length, typical of R. irregularis (Tisserant et al,
2012).

Comparisons between cDNA and genomic sequences of
the R. irregularis AMT genes revealed 1, 3, and 4 introns
for GintAMT]1, GintAMT2, and GintAMT3, respectively. Their
positions are conserved between the genes, whenever present in
more than one gene (Figure 1A). Location of intron 2 is even
conserved in all six AMT genes of R. irregularis and G. pyriformis,
indicating its presence in a common ancestral gene before these
glomeromycotan species split. This is remarkable as the two AMF
are distantly related and probably have separated more than 400
million years ago (Schiifiler et al., 2001). A comparison with
an AMT gene of the basidiomycete Ustilago maydis, UmUMP2,
revealed an intron in a different position, 60 base pairs further
downstream between codons for two other highly conserved
residues, a glycine and an asparagine residue. Thus, the position
of intron number 2 is conserved among glomeromycotan AMT
genes but, based on present data, also appears to be specific for
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FIGURE 2 | Phylogenetic tree (“NJ Bootstrap Consensus Tree”) of
fungal Mep/AMT proteins. Transporter names or accession numbers are
indicated. Bootstrap values are derived from 1000 replications. HATSs are
highlighted in green and low affinity transporter are highlighted in red.
Glomeromycotan AMTs are highlighted in bold. Phylogenetic tree was
constructed using MEGAB6.06 package (Tamura et al., 2013). Gene names,
protein IDs and bootstapping values are indicated. Sequences obtained from
(Continued)

FIGURE 2 | Continued

the JGI databank: Aspergillus nidulans AMT (AN7463), AMT (AN0209), AMT
(AN10097), AMT (AN1181); Coprinopsis cinerea AMT (1442), AMT (5100),
AMT (10879), AMT (10694); Rhizophagus irregularis AMT1 (337025), AMT2
(314209), AMT3 (21817); Paxillus involutus AMT (164520), AMT (15976), AMT
(KIJ11108). Sequences obtained from the NCBI databank: Aspergillus
fumigatus Mep2 (EAL90420), MepA (EAL91508); Amanita muscaria
(KIL64771); Cryptococcus neoformans Mep1 (XP_566614), AMT1
(XP_567361); Ferroplasma acidarmanus (WP_019841313); Fusarium
oxysporum AMT (EMT62033), AMT (EMT68900), AMT (EMT66160), Mep3
(EMT61925); Geosiphon pyriformis AMT1 (AGO45860), AMT2 (AGO45861),
AMT3 (AGO45862); Hebeloma cylindrosporum AMT1 (AAM21926), AMT2
(AAK82416), AMT (AAK82417); Laccaria bicolor AMT (EDR12726), AMT
(EDR06875), AMT (EDR03028), AMT (EDR0O1908), AMT (EDR01907), AMT
(EDR00522), AMT (EDR15713), AMT (XP_001888851); Leptospirillum sp.
AMT (EDZ39474), AMT (EDZ39476), AMT (EDZ38526); Magnaporthe oryzae
AMT (EHA53798), Mep1 (EHA48931); Microbotryum violaceum Mepa
(AAD40955); Neurospora crassa Mep1 (EAA35174), Mep2 (EAA32441), Mep
(KHE86570), Mep (EAA33119); Mucor ambiguous AMT1 (GAN10886), Mep2
(GAN10300); Phytophthora infestans AMT (AAN31513), AMT (EEY53846),
AMT (EEY63701), AMT (EEY63700); Rhizopus microspores putative Mep2
(CEJ04454); Saccharomyces cerevisae Mep1 (P40260), Mep2 (P41948),
Mep3 (P53390); Schizosacchromyces pombe AMT1 (NP_588424), AMT2
(CAB65815), AMT3 (P53390); Talaromyces marneffei MepA (EEA28528),
MeaA (EEA28073), Mep2 (EEA20421), putative AMT (EEA25127), putative
AMT (EEA23697); Tuber borchii AMT1 (AAL11032); Ustilago maydis Mep1
(KIS67424), UMP2 (KIS66151).

this phylum. The 6 encoded proteins show high levels of amino
acid identity and similarity (Figure 1B).

The introns 1 and 4 are conserved between GintAMT2
and GintAMT3, suggesting recent gene duplication. Intron
3 only exists in GintAMT3. Also the positions of predicted
transmembrane domains (TMDs, green rectangles in Figure 1A)
are highly conserved between the AMF AMTs.

A phylogenetic analysis was performed to compare the protein
sequences of the glomeromycotan AMTs with the ones from
other fungi. This analysis revealed a close relationship of the
six glomeromycotan AMTs, and a clear homology with one
AMT family of the Ascomycetes, represented by SpAMT1
(Figure 2). For the non-glomeromycotan AMTs, we observed a
clear separation of the AMTs according to their affinities, with the
exception of the S. cerevisiae high-aflinity transporter SCMEP2,
which is more closely related to the low affinity S. cerevisiae AMTs
than to its orthologs in other fungi (Figure 2).

Root Colonization Depending on N and P

Conditions

After 30 weeks of growth, symbioses between R. irregularis
and the two host plants, poplar and sorghum, were well
established (Supplementary Table S2). Root hyphal colonization
rates ranged between 79 and 93% and were not significantly
different (n = 7). In sorghum, three times more arbuscules
were found in the low Pi treatment as compared to the high Pi
treatment, while no significant differences were found in poplar.
In the 3 months old sorghum plants, set under three different
N conditions, hyphal colonization ranged between 94 and 99%
(n = 4) (Supplementary Table S2).
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pDR196sfi

+ GIintAMT1
+ GintAMT2 -

16 dpi

3 dpi

FIGURE 3 | Complementation of ammonium uptake deficiency in a
yeast triple mutant by glomeromycotan AMTs. Ammonium
uptake-deficient yeast cells (mep7-3A) were transformed with an expression
vector containing various AMT genes under control of the strong PMAT
promoter. Fivefold dilution series of the transformants were incubated either
on minimal medium containing 50 M (NH4)2SO4 (=100 uM NH,4 ) as sole
nitrogen source for 16 days (left) or on synthetic complete medium
[containing roughly 37.5 mM (NH4)2SO4] for 3 days (right). Rhizophagus
irregularis AMTs are able to partly complement the growth deficiency of the
Amep1-3 yeast mutant on low NH; T concentrations (100 wM, left).

Yeast Complementation, GFP

Localization, and Ammonium Uptake

The putative transporter gene GintAMT3 was tested for
complementation of the vyeast mepl-3A mutant (strain
MLY131a/a, Lorenz and Heitman, 1998) in comparison
with the already known AMT genes. Cells were transformed
with variants of the plasmid pDR196sfi containing the different

AMT genes or a stuffer gene (a part of a human aldolase
gene without ORF) cloned into the Sfil sites. The genes
were constitutively expressed under the PMAI promoter.
All three transporter genes of R. irregularis at least partly
restored the ammonium uptake capability in yeast, as proven
by their capability to restore growth of the mepI-3A mutant
on medium containing 50 pM (NH4),SO4 as sole nitrogen
source (Figure 3). GintAMTI complemented more efficiently
the mutant phenotype than GintAMT2 and GintAMT3,
demonstrated by larger colonies in a successive 5x dilution series
on medium containing 50 pM (NH4),SO4 as sole nitrogen
source (Figure 3).

To test if the different complementation efficiencies observed
by the different AMTs could be due to an incorrect protein
localization in the heterologous system, we cloned GintAMT1I,
GintAMT2, and GintAMT3 to the 5" end of a green fluorescent
protein (GFP) coding gene into the expression vector pDR196sfi
and transformed the yeast mepl-3A mutant with these
constructs, resulting in the expression of C-terminal GFP-
tagged AMT fusion proteins in yeast cells. The localization
of these fusion proteins was performed with a Leica SP5
confocal laser-scanning microscope (CLSM, Figure 4). All
tagged proteins were localized to the plasma membrane
(PM) in S. cerevisiae (Figure 4). Additionally, we observed
vacuolar or perinuclear membrane localization for some of
them indicative of an endoplasmic reticulum localization, most
probably as an overexpression artifact (Figure 4). All tagged
transporters behaved like the untagged versions (not shown),
either complementing the growth defect of the yeast mutant

GintAMT1-GFP GintAMT2-GFP

ScMEP1-GFP

localization. Bars are 2.5 pm.

FIGURE 4 | Localization of GFP-tagged glomeromycotan AMTs in S. cerevisiae. C-terminally GFP-tagged versions of SCMEP1, GintAMT1, GintAMT2, and
GintAMT3 as well as soluble GFP were cloned into pDR196sfi and expressed in S. cerevisiae under control of the PMAT promoter. The cells were grown to
logarithmic growth phase and the localization of the fusion proteins was assessed by confocal microscopy. All three R. irregularis AMTs tagged with GFP were
localized at the plasma membrane (PM), like SCMEP1-GFP (lower center), the positive control. Soluble GFP was localized to the cytoplasm of S. cerevisiae (lower
left). Additional vacuolar membrane localization was visible for GintAMT3-GFP (upper right). GintAMT1-GFP (upper left) displayed an additional nuclear membrane

GintAMT3-GFP
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FIGURE 5 | Quantification of ammonium uptake in yeast cells
expressing glomeromycotan AMTs. Yeast cells expressing the stated
genes from the plasmid pDR196sfi were grown over night in synthetic
complete medium lacking uracil (HC-U), washed and cultured in liquid
medium containing a starting concentration of 2 mM ammonium. Samples
were taken after 10, 30, 60, 120, 180, 240, and 300 min, and residual
ammonium was determined. Yeast cells expressing SCMEP1 and GintAMT1
took up ammonium quite rapidly. GintAMTZ2 and GintAMT3 expressing cells
imported ammonium at a slower rate, but clearly above background level
(“Vector”). Bars show average of 3—-4 experiments and standard deviation.

(GintAMT1-GFP, GintAMT2-GFP, GintAMT3-GFP) or not
(soluble GFP).

Ammonium Removal Assay

To measure the different ammonium transport capacities of the
transporters, ammonium removal assays according to Ellerbeck
et al. (2013) were performed. In this experimental setup, dense
yeast cultures (ODgpp = 2) were incubated in relatively high
ammonium concentrations (1 mM) for several hours and the
remaining ammonium in the medium was measured at distinct
time points (after 10, 30, 60, 120, 180, 240, and 300 min).
Therefore, no kinetics but overall ammonium uptake can be
measured. The results of the removal assays confirmed the
yeast complementation assays. The 3 AMTs of R. irregularis
transported ammonium to a varying but always lower extent than
ScMEP1 (Figure 5). GintAMT2 and GintAMT3 showed lower
ammonium removal activity in these experiments (Figure 5) than
GintAMT1, supporting the results from the complementation
assays on plate (Figure 3).

GintAMT Expression Levels
Regulation of GintAMT3 gene expression by N starvation was
assessed in the ERM of R. irregularis developed in monoxenic

25 +
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FIGURE 6 | Effect of N availability on GintAMT3 gene expression.

(A) Real-time RT-PCR analysis of GintAMT3 mRNA levels in the ERM of

R. irregularis developed in liquid M-C medium in the presence of either

3.2 mM (High N) or 0.8 mM nitrate (Low N) and exposed for different periods
of time to a N-free medium. (B) Effect of N addition to the N-starved mycelium
on GintAMT3 expression. Gene expression was analyzed by real-time RT-PCR
in ERM grown in 25% N media, maintained for 48 h in a N-free media
(Control) and exposed for 24 h to 3 mM (High) or 30 uM (Low) of NH4* or
NO3~, or 5 mM glutamine. Control plates were supplemented with HoO. Data
were calibrated by the expression values obtained for the gene encoding the
EF1a. Error bars represent SE of the mean of three independent experiments.
*: statistically significant (o < 0.05) in comparison to the respective control
value.

cultures in M-C medium (standard or high N) or in a modified
medium containing reduced N (low N), and then incubated for
different periods of time in a N-free M medium. GintAMT3
transcript levels increased when the fungus was exposed to
the N-free medium. When the fungus was grown in the
low-N media, GintAMT3 up-regulation was observed 2 days
after N deprivation, while in the ERM grown in the high N
medium GintAMT3 up-regulation was observed 5 days later
(Figure 6A).

To further investigate the effect of N on GintAMT3 transcript
levels, we also determined whether the addition of different N
sources to the N-deprived mycelia had an effect on its expression
(Figure 6B). Relative to the N-deprived ERM, GintAMT3
transcript levels significantly decreased 24 h after the addition
of 3 mM NHy4 . Feeding the mycelium with nitrate, glutamine,
or 30 pM NH4" did not significantly change GintAMT3 gene
expression, although a slight decrease was observed after the
addition of 3 mM nitrate or glutamine.
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FIGURE 7 | Effect of MSX and acetate on GintAMTs gene expression.
Gene expression was analyzed by real time RT-PCR in the N-deprived mycelia
(NH) and supplied for 24 h to 3 mM NH4* plus 2.5 mM MSX (NH + MSX), or
3 MM NH4 T plus 4 mM acetate (NH + AC). Data were calibrated by the
expression values obtained for the gene encoding the EF1a. Error bars
represent SE of the mean of three independent experiments. *: statistically
significant (o < 0.05) in comparison to the respective control value.

The effect of the GS inhibitor MSX on the expression levels
of the three R. irregularis AMT genes was also tested. For this
purpose, the N-deprived ERM was incubated for 24 h in the
presence of 2.5 mM MSX in the NHy" re-supplementation
media. Under these conditions, NH4T should be accumulated
and glutamine should be depleted. MSX caused a down-
regulation of GintAMT3 gene expression, but did not have any
effect on GintAMT]I and GintAMT?2 transcript levels (Figure 7).
To determine if transcription of the R. irregularis AMT genes
were affected by carbon supply, GintAMTs gene expression
was assessed in the N-deprived ERM supplemented with NH,*
and acetate, a carbon source taken up and assimilated by the
ERM (Pfeffer et al., 1999). Relative to the N-deprived mycelium,
supplying the ERM with ammonium and acetate induced down-
regulation of the three GintAMTs, with the strongest and
statistically significant effect for GintAMT3 (Figure 7).

Expression of all three R. irregularis AMT was assessed in
ERM and IRM when the fungus was associated with poplar
and sorghum. In this experimental set-up the fungus had
either access to a low Pi source or a high Pi source. The
expression level for the high affinity transporter GintAMT1 was

low and similar in the ERM and in the IRM, independently
of the Pi availability. GintAMT2 was strongly expressed in the
ERM and IRM, independently of Pi availability (Supplementary
Figure S2). Expression level of GintAMT3 was far higher in the
IRM than in the ERM. GintAMT3 was significantly more strongly
expressed under high Pi conditions compared to low-Pi in the
IRM (Figure 8A). Expression patterns of all three transporters
were the same in both plant species. When we measured gene
expression of GintAMT3 in laser-microdissected arbusculated
cells we did not observe significant differences between high
Pi and low Pi condition (Figure 8B). Moreover, GintAMT3
expression was at least twice as high in the IRM as compared to
the ERM, independent of the N source (Figure 9).

['*C]Methylamine Uptake Assay

Functional expression of GintAMT3 in the yeast triple mutant
revealed it to be a low affinity transporter with an apparent Ky,
of 1.8 mM and a Vyay of 240 nmol ™! min ~! 108 cells™!. We
observed a steep increase in methylamine uptake until reaching
a plateau at about 6 mM. However, increasing the amount of
supplied methylamine showed that GintAMT3 is still able to take
up methylamine at a steady pace (Figure 10).

DISCUSSION

In the AM symbiosis, the main role of the AM fungal partners
is the acquisition of mineral nutrients from the soil, in the ERM,
and the transfer of these nutrients to the IRM and from there,
by way of the periarbuscular space, to the plant. Though P is the
most-often named mineral nutrient in this context, N can be a
limiting factor for plant growth as well, and the N delivered by
AMFs may play an important role for plant growth and health.
According to current knowledge, AMF take up N in the ERM,
preferentially in form of ammonium, metabolize it to arginine
in the GS/GOGAT pathway and in the urea cycle, and transport
it to the IRM in the form of arginine (Casieri et al., 2013). At
the plant fungal interface (in the arbuscule), ammonia is thought
to be released from arginine through the action of arginase and
urease and then transported to the plant. For the plant partner,
it has been shown already that the expression of certain AMTs
is specifically upregulated in arbuscule-containing cells, and that
that these plant AMTs reside in the periarbuscular membrane.
However, not much is known yet about the localization and
regulation of the fungal AMTs involved in this process. In
our study, we describe a new functional AMT, GintAMT3, of
R. irregularis, and we try to characterize its role in the symbiotic
N transfer.

AMF Ammonium Transporters: A
Separated Phylogenetic Group

Sequence homology analysis revealed high intraspecific and
interspecific sequence conservation of GintAMT3 to the two
already known AMTs of R. irregularis (Lopez-Pedrosa et al.,
2006; Pérez-Tienda et al., 2011) and the three AMTs previously
identified in Geosiphon pyriformis (Ellerbeck et al., 2013)
(Figure 1). All six glomeromycotan AMTs shared high sequence
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FIGURE 8 | Quantification of GintAMT3 under phosphate stress. Gene expression was measured by quantitative polymerase chain reaction in the ERM and
IRM of (A) inoculated P, trichocarpa and S. bicolor and in (B) microdissected arbusculated cells in S. bicolor. (A) The sorghum and poplar plants grew in a tripartite
compartment system where only the fungus had access to the high phosphorous source (open bars) or low phosphorous source (closed bars). Differences between
ERM and IRM were tested with a one-way ANOVA. Data were calibrated by the expression values obtained for the gene encoding the transcription elongation factor
TEF1a. Values are means of nine replicates, error bars represent SD. Difference between treatments were tested with a one-way ANOVA. Lower case letters indicate
significant difference (Tukey'’s t-test; p < 0.05). (B) Inoculated S. bicolor grew in a two-partite compartment system where only the fungus had access to the high
phosphorous (open bars) or low phosphorous (closed bars) source. Arbusculated cells were laser microdissected and transcript abundances of GintAMT3 and
GintMST2 (monosaccharide transporter essential for functional symbiosis, Helber et al. (2011)) as a positive control were measured by gPCR. Data were calibrated
by the expression values obtained for the gene encoding the transcription elongation factor TEF1a. Values are means of six replicates, error bars represent SD.
Difference between treatments was tested with Tukey'’s t-test (o < 0.05).
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mep2 A:LEU2 mep3A::KanMX2) (Marini et al., 1997). ['*C]methylamine
uptake rates were measured at pH 5 at different substrate concentrations.
Inset: Hanes-Woolf plot.
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FIGURE 9 | Quantification of GintAMT3 expression in R. irregularis by
qPCR. Inoculated S. bicolor grew in a two-partite compartment system
where only the fungus had access to the second compartment. In this system
only the fungus had access to the applied nutrients. Hyphal compartments
received either Hoagland solution containing no nitrogen source (-N), or nitrate
(NO3) or ammonium (NH4) as the sole nitrogen source. Gene expression of
GintAMT3 was measured in the ERM and IRM. Data were calibrated by the
expression values obtained for the gene encoding the transcription elongation
factor TEF1a. Values are means of nine replicates, error bars represent SD.
Difference between treatments were tested with a one-way ANOVA. Lower
case letters indicate significant difference (Tukey’s t-test; p < 0.05).

additional intron sequences in the GintAMT2 and GintAMT3
genes suggested a recent gene duplication event.

Phylogenetic analysis of AMTs from Ascomycota,
Basidiomycota, Zygomycota and Glomeromycota revealed
that the six AMTs from Glomeromycota species (three from
R. irregularis) clustered separately from the HATS and LATS of
Ascomycota and Basidiomycota (Figure 2), indicating a distinct
AMT evolution in these fungal phyla. Note that some of the
AMTs of Ascomycota and Basidiomycota have been identified

similarity and the 11 TM helices of AMTs. Positioning of the
intron sequences showed further, that the glomeromycotan AMT
genes are highly conserved. The closest homolog to GintAMT3
is GintAMT2, which shared 80% of sequence similarity. The

in species forming ectomycorrhizas, such as Tuber borchii
(Montanini et al., 2002), Hebeloma cylindrosporum (Javelle et al.,
2001, 2003a,b), Amanita muscaria (Willmann et al., 2007), and
Laccaria bicolor (Lucic et al., 2008).
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GintAMTS Is a Low Affinity Transporter
System

Both a LATS and a HATS have already been described in
R. irregularis (Pérez-Tienda et al, 2012). GintAMT1 has been
characterized as a HATS with an apparent Ky, of 26 pM (Lopez-
Pedrosa et al., 2006). The kinetics of the second AMT, GintAMT?2,
could not be determined by methylammonium uptake assay
(Pérez-Tienda et al., 2011), but qRT-PCR measurements revealed
that GintAMT2 is constitutively expressed under N-limiting
conditions, suggesting a role in ammonium retention rather
than in ammonium uptake (Pérez-Tienda et al., 2011). We
characterized GintAMT3 as a LATS with an apparent Ky, of
1.8 mM and a Vg of 240 nmol™! min~! 108 cells™!. In
our experiments, expression of GintAMT3 is dependent on the
N nutritional status of the AM fungus but independent from
the provided N source under N limiting conditions. Severe
N stress induced expression of GintAMT3 independently of
the supplied N source and abundance of GintAMT3 transcript
decreased within a few days. These results indicate the existence
of unknown regulatory mechanisms involved in transcriptional
or post-transcriptional regulation of AMTs in AMF. Further, we
could show that GintAMT3 expression is not only dependent on
N nutrition status but also on fungal carbon status, indicating a
tight connection to symbiotic interactions. A similar observation
was reported in Hebeloma cylindrosporum, a Basidiomycota
fungus forming ectomycorrhizal symbiosis (Javelle et al., 2003b).

Using a compartmented system, we analyzed fungal nutrient
transporterts in the ERM and IRM when associated with Sorghum
bicolor. Independently of the N source, the expression level of
GintAMT3 in the IRM was significantly more than twofold
induced compared to the ERM. As P is also a major nutrient
transferred by the AM fungus to the plant, we assessed the effect
of P availability on GintAMT3 expression in the ERM and IRM
when R. irregularis was associated with S. bicolor or with poplar,
and found an induction of GintAMT3 in the IRM by P. The high
expression of GintAMT3 in the IRM indicates that it might be
located in the arbuscules.

Microdissection of S. bicolor roos revealed indeed that
GintAMT3 is expressed in the symbiotic root tissue, and
specifically in arbuscule-containing cells. Heterologous
expression of GFP tagged GintAMT3 in yeast revealed
localization of the AMT in the PM and vacuolar membrane.
Given that current experimental evidence supports a role for
AMT proteins in ammonium uptake (Khademi et al., 2004;
Lamoureux et al.,, 2010) and that ammonium is the N form
taken up by the plant at the arbuscular interface (Govindarajulu
et al., 2005; Tian et al., 2010), expression of AMT genes in the
arbuscules indicates that there might exist a competition between
the plant and the fungus for N that is present in the interfacial
apoplast (Guether et al., 2009a). As it was proposed for the
high-affinity transporters GintAMT1 and GintAMT2, the high
expression of GintAMT3 in the arbuscules also suggests a role for
this transporter in ammonium retrieval from the periarbuscular
space, but in situations where the ammonium concentrations
are high. Additionally to its incorporation in metabolism, the
vacuolar localization of GintAMT3 indicated that ammonium

could be stored in vacuoles to maintain low cytoplasmic
ammonium concentrations as shown in yeast (Soupene et al.,
2001) or plants (von Wirén et al, 2000; Loqué et al., 2005),
or in intracellular vesicles (Chalot et al., 2006). Studies on
ammonium/methylammonium transporters (AMT/MEP) of
enteric bacteria have shown that these transporters function
as ammonia channels. Ammonium is deprotonated at the
channel entrance and ammonia is transported through it.
The transport through the channel is energy-independent
and bidirectional (Soupene et al., 1998, 2002; Khademi et al.,
2004). Therefore, it might also be possible that GintAMT3
function as a bidirectional transporter for import and export of
ammonium from the vacuole. Furthermore, it is also possible that
GintAMTS3 functions as an export carrier for ammonium from
the arbuscules to the periarbuscular space. However, to assess
possible bidirectional transport properties of GintAMT3, patch
clamp measurements are necessary. Knockdown of GintAMT3
by host induced gene silencing and virus induced genes silencing
could illustrate the importance of this transporter for a functional
symbiosis (Helber et al.,, 2011).

CONCLUSION

Here, we demonstrate that GintAMT3 encodes a functional low
affinity transporter. We show that it is localized in the fungal
membrane, and that it is expressed in the ERM and IRM of
colonized poplar and sorghum plants. Increased expression in
the IRM under high-P conditions indicates further that more
ammonium is transferred when the AM fungus has increased
access to a P source.
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FIGURE S1 | Predicted 2D (A) and 3D topology (B,C) of GintAMT3. Models
were constructed using Protter — visualize proteoforms (Omasits et al., 2013) and
SWISS-MODEL (Benkert et al., 2011). 3D model shows potential tertiary structure
of GintAMT3 when incorporated into the membrane (B) and from the top from the
extracellular side to the intracellular side (C).

FIGURE S2 | Quantification of GintAMT1 (A) and GintAMT2 (B)
transcripts under phosphate stress. Gene expression was measured

by quantitative polymerase chain reaction in the ERM and ORM of inoculated
P, trichocarpa and S. bicolor. The sorghum and poplar plants grew in a
tripartite compartment system where only the fungus had access to the high
phosphorus source (open bars) or low phosphorus source (closed bars).
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Arbuscular mycorrhiza Symbiosis
Induces a Major Transcriptional
Reprogramming of the Potato
SWEET Sugar Transporter Family

Jasmin Manck-Gétzenberger and Natalia Requena *

Molecular Phytopathology, Botanical Institute, Karlsruhe Institute of Technology, Karlsruhe, Germany

Biotrophic microbes feeding on plants must obtain carbon from their hosts without killing
the cells. The symbiotic Arbuscular mycorrhizal (AM) fungi colonizing plant roots do so
by inducing major transcriptional changes in the host that ultimately also reprogram the
whole carbon partitioning of the plant. AM fungi obtain carbohydrates from the root
cortex apoplast, in particular from the periarbuscular space that surrounds arbuscules.
However, the mechanisms by which cortical cells export sugars into the apoplast for
fungal nutrition are unknown. Recently a novel type of sugar transporter, the SWEET, able
to perform not only uptake but also efflux from cells was identified. Plant SWEETs have
been shown to be involved in the feeding of pathogenic microbes and are, therefore, good
candidates to play a similar role in symbiotic associations. Here we have carried out the
first phylogenetic and expression analyses of the potato SWEET family and investigated
its role during mycorrhiza symbiosis. The potato genome contains 35 SWEETs that
cluster into the same four clades defined in Arabidopsis. Colonization of potato roots
by the AM fungus Rhizophagus irregularis imposes major transcriptional rewiring of
the SWEET family involving, only in roots, changes in 22 of the 35 members. None
of the SWEETs showed mycorrhiza-exclusive induction and most of the 12 induced
genes belong to the putative hexose transporters of clade | and Il, while only two
are putative sucrose transporters from clade lll. In contrast, most of the repressed
transcripts (10) corresponded to clade Ill SWEETs. Promoter-reporter assays for three
of the induced genes, each from one cluster, showed re-localization of expression
to arbuscule-containing cells, supporting a role for SWEETs in the supply of sugars
at biotrophic interfaces. The complex transcriptional regulation of SWEETs in roots in
response to AM fungal colonization supports a model in which symplastic sucrose in
cortical cells could be cleaved in the cytoplasm by sucrose synthases or cytoplasmic
invertases and effluxed as glucose, but also directly exported as sucrose and then
converted into glucose and fructose by cell wall-bound invertases. Precise biochemical,
physiological and molecular analyses are now required to profile the role of each potato
SWEET in the arbuscular mycorrhizal symbiosis.

Keywords: SWEET transporters, potato, Arbuscular mycorrhiza, root, sugar transport, plants, symbiosis
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INTRODUCTION

Plants are the major factories of reduced carbon on the earth
and therefore most of the other living organisms are absolutely
dependent on them. This statement is particularly true for
obligate biotrophic microorganisms that feed on living plants and
are, thus, committed to modify the plant cell program toward the
release of sugars into the extracellular space. It is not long ago
that the molecular mechanisms of how plants release sugars to the
extracellular space were unknown, and thus, the identification of
SWEET transporters as key players in this process represented a
landmark (Chen et al., 2010).

SWEET transporters are integral membrane proteins with
seven transmembrane domains that cannot only catalyze the
efflux of carbohydrates but also their uptake (Chen et al., 2010;
Chen, 2014). SWEETSs were discovered in a screening using FRET
glucose or sucrose sensors to identify pH independent sugar
transporters in Arabidopsis (Chen et al., 2010, 2012; Lin et al.,
2014). They are though very conserved throughout the plant
kingdom, and Angiosperms contain a large number of SWEET
genes, in average 20 according to Eom et al. (2015), but up to
52 in soybean (Patil et al., 2015). Phylogenetic analyses in several
plants have shown that SWEETs can be grouped in 4 clades
that were first defined in Arabidopsis (Chen et al., 2010; Chong
et al., 2014; Wei et al., 2014; Feng et al., 2015; Patil et al., 2015).
Assignment to one clade seems to correlate with the substrate
transported rather than with the physiological function exerted
by the SWEETs (Eom et al., 2015). Thus, from the functional
analyses mainly carried out in A. thaliana and rice, it appears that
SWEETs in clades I and II preferentially transport hexoses, while
the characterized SWEETSs from clade III are sucrose transporters
(Chen et al.,, 2010, 2012; Lin et al., 2014). Clade IV contains less
SWEET genes than the other clades and they have been shown
to be vacuolar transporters controlling the flux of fructose across
the tonoplast (Chen et al., 2010; Chardon et al., 2013; Guo et al,,
2014).

SWEETs serve many different functions in plants, including
the export from the phloem parenchyma cells in source tissues
previous to phloem loading by SUT/SUC importers, pollen
nutrition by the tapetum, embryo development or nectar
secretion (Ge et al.,, 2000; Chen et al, 2010, 2012, 2015b;
Lin et al, 2014). Therefore, it is not surprising that if the
efflux of sugars from cells requires the participation of SWEET
transporters, microbes feeding on living plant cells manipulate
their expression to increase sugar release. And indeed, several
rice SWEET promoters have been shown to be the target of
several TAL (transcriptional activator-like) effectors from the
pathogenic bacteria Xanthomonas oryzae pv. oryzae (Chu et al,,
2006; Yang et al.,, 2006; Antony et al., 2010; Chen et al., 2010;
Streubel et al., 2013). The responsible TAL effectors delivered into
the plant cytoplasm by means of the type III secretion system
reach the nucleus to induce the expression of specific SWEETs,
guaranteeing sucrose delivery into the apoplast of colonized
cells. Although, so far no other examples of the mechanisms of
ectopic SWEET induction by microbes have been elucidated, it is
known that many microorganisms including symbiotic bacteria,
fungi and oomycetes induce SWEET expression during plant

colonization (Gamas et al., 1996; Yu et al., 2010; Chong et al.,
2014; Chen et al., 2015a). Thus, it is tempting to speculate
that convergent evolution might have made the promoter of
SWEETs a very attractive target for biotrophic organisms. This
is supported by the findings of Streubel et al. (2013) who proved
that the promoter of the rice OsSWEET14 contains binding sites
for at least four different TAL effectors. But also by the results of
Cohn et al. (2014) showing that not only in rice, but also in the
dicot cassava, SWEET promoters are the target of TAL effectors
from X. axonopodis pv. manihotis.

The symbiotic AM fungi are well known for their beneficial
effects on plants (Smith and Smith, 2011). These soil fungi
from the phylum Glomeromycota colonize the cortex of plant
roots and establish a mycelial network in the soil that allows
plants to access scarce mineral nutrients such as phosphorous.
In turn, mycorrhizal plants provide AM fungi with carbon, as
they are obligate biotrophs and can only complete their life
cycle in symbiosis (Smith and Smith, 2012). Soil phosphate is
transported along the mycelial network into the inner cortex of
the root, where it is delivered at specialized fungal structures
called arbuscules that also serve for the sugar uptake from the
plant. Arbuscules are tree-like structures formed by profuse
dichotomous hyphal branching in the lumen of cortical cells
surrounded by a plant derived plasma membrane called the
periarbuscular membrane (PAM). The PAM is very special as
it has a different protein composition from the rest of the
plasma membrane, hosting the transporters that will be key in
the nutrient exchange with the fungal partner (Pumplin and
Harrison, 2009; Zhang et al., 2015). Plants forming AM symbiosis
have a dramatically different physiology, as they are not only
better provided with mineral nutrients but also have an increased
sink strength toward the root that imposes a carbon partitioning
reallocation (Wright et al., 1998; Graham, 2000; Boldt et al,
2011). The form in which carbon is provided from the host plant
to the AM fungus is still under debate, although most of the
experimental evidence suggests that glucose is the main form
taken up by the fungus (Shachar-Hill et al., 1995; Solaiman and
Saito, 1997; Pfeffer et al., 1999). However, the finding that AM
fungi lack the enzyme for de novo fatty acid biosynthesis, the type
I FAS, (Tisserant et al., 2013; Salvioli et al., 2016; Tang et al., 2016)
led to the hypothesis that, in addition to sugars, plants might be
providing lipids as a source of carbon to their symbionts (Wewer
et al,, 2014). Currently, however, there is no experimental
evidence on the mechanisms of how fatty acids could be released
into the periarbuscular space or taken up into the fungus. In
contrast, molecular support for sugar import into the fungus
from the apoplastic space was obtained with the identification of
the high affinity monosaccharide transporter MST2 from the AM
fungus Rhizophagus irregularis, only expressed in symbiosis at
arbuscule containing cells and intercellular hyphae (Helber et al.,
2011). MST2 can transport several monosaccharides, including
some pentoses, but it has the greatest affinity for glucose. Its
inactivation by HIGS (host induced gene silencing) severely
impaired arbuscule formation suggesting that this transporter is
critical for the symbiosis (Helber et al., 2011).

The key questions are, however, how does glucose reach the
apoplastic space in colonized cells? And, how does the plant
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regulate the release of sugars into the apoplast? Enzymatic and
promoter-reporter assays have clearly shown that mycorrhizal
roots have a significant increase in cell wall-bound (CW)
invertase activity (Wright et al., 1998; Schaarschmidt et al., 2006).
Furthermore, CW invertase activity is located in the apoplast
surrounding arbuscule-containing cells and intercellular hyphae,
suggesting that apoplastic sucrose is cleaved prior uptake by the
fungus (Schaarschmidt et al., 2006). Sucrose is the main form
in which sugars are transported toward sink tissues including
the root. However, after leaving the vascular tissue at the root,
sucrose has to go through the endodermis to reach the cortical
cells. Because sucrose is then expected to move symplastically
to overcome the casparian strip (Kaiser et al, 2014), the
involvement of SWEET exporters in cortical cells containing
arbuscules is anticipated. In order to test this hypothesis, we
decided to characterize the SWEET family of transporters in the
mycorrhizal plant Solanum tuberosum (hereafter potato).

Here we show that potato contains a large SWEET
family with 35 members, and that mycorrhiza colonization
imposes a major transcriptional regulation of SWEETs in
roots. The promoter activity of three up-regulated SWEETs
during mycorrhiza colonization was analyzed using the GUS
reporter gene and showed highest induction in arbuscule-
containing cells. Altogether, our results point toward an
important role for SWEET transporters during the mycorrhiza
symbiosis.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Solanum tuberosum cv. Desiree was propagated as cuttings
axenically in plastic containers with Murashige and Skoog
medium with vitamins and 25 g/l sucrose (Murashige and Skoog,
1962) solidified with 1 g/l Phytagel (P8169, Sigma-Aldrich,
Germany; http://www.sigmaaldrich.com/germany.html) at 21°C
and 16/8 h day/night rhythm.

For the tissue analysis, 2 week old cuttings were transferred
to 9 cm/500 ml pots with a sand:gravel (1:4) mixture. The plants
were fertilized once a week with 50 ml half strength Long Ashton
nutrient solution with high phosphate content (665 pM; Hewitt,
1966). After 3 weeks at 23°C and 16/8 h day/night rhythm, roots,
stems and leaves were harvested separately for RNA extraction.
Five plants from independent pots were pooled to form one
biological replicate, three biological replicates were used. For the
harvest of tubers, plants were grown until tuberisation.

For mycorrhiza colonization, potato cuttings were transferred
to pots as described above and adapted for 1 week to those
conditions (23°C). After that, they were inoculated by mixing
the substrate with 2 months old Daucus carota hairy root
cultures grown monoxenically in association with Rhizophagus
irregularis DAOM 197,198 (Schenck and Smith, 1982; Kriiger
et al., 2012) on M-medium with sucrose at 27°C in darkness
(Bécard and Fortin, 1988). One Petri dish of carrot roots was
used to inoculate a 500 ml pot. Plants were fertilized with half
strength Long Ashton nutrient solution with 5 wM phosphate.
Non-mycorrhizal controls were treated the same. Roots were
harvested 4, 6, and 8 wpi (weeks post inoculation) for RNA

extraction. Three plants from independent pots were pooled
to form one biological replicate. Three biological replicates per
treatment were used.

Medicago truncatula Jemalong Al7 was transformed as
described using Agrobacterium rhizogenes ARqual (Kuhn et al.,
2010). Five weeks after transformation, wild type roots were
cut and the plants were propagated one additional week on
medium supplied with 400 mg/l Augmentin (AmoxiClav, Hikma
Farmaceutical, Portugal; http://www.hikma.com/). After that, the
composite plants were transferred to 50 ml growth tubes (Stuewe
& Sons, Inc., USA; https://www.stuewe.com/) with the same
substrate described above which was directly inoculated with
mycorrhizal carrot roots (1/4 Petri dish per 50 ml tube). They
were fertilized with 5ml half strength Long Ashton nutrient
solution (low phosphate, 20 wM) once a week and harvested

at 5 wpi.

Identification of SWEET Genes, Phylogeny,

and Synteny Analysis

SWEET genes were identified via BLASTP search in
the National Center for Biotechnology Information
(NCBL  http://www.ncbinlm.nih.gov/) and the Solanaceae
Genomics Network database (SGN; Bombarely et al, 2011;
http://solgenomics.net/). The 35 SWEET genes identified were
named S. tuberosum SWEET1 to SWEET17. Numbers were
given according to their closest homolog of Arabidopsis thaliana
(Chen et al., 2010). For numbers that were present more than
once small letters from a to g were assigned according to their
positions in the genome (Supplementary Table 1).

Phylogenetic analyses were conducted using Clustal Omega
(Sievers et al., 2011, https://www.ebi.ac.uk/Tools/msa/clustalo/)
for protein sequence alignment and Mega 6 (Tamura et al,
2013, http://www.megasoftware.net/) for the phylogenetic tree
construction. The Neighbor-joining method with the p-distance
substitution model was applied, performing Bootstrapping
with 1000 replicates and missing data was deleted pairwise.
The clades were classified according to Chen et al. (2010).
The accession numbers of the sequences used can be found
in Supplementary Table 1 and were obtained from NCBI,
the Arabidopsis Information Resource (TAIR; Lamesch et al,
2012; https://www.Arabidopsis.org) or from the SGN. For
synteny analysis, the genome positions of the potato SWEETs
(Supplementary Table 1) and the positions of the corresponding
tomato homologs were used (Feng et al., 2015).

Topology Prediction and Manual

Annotation

The transmembrane helices of all SWEETs
were predicted by TMHMM Server v.2.0
(http://www.cbs.dtu.dk/servicess TMHMMY/). For those not

showing the typical seven transmembrane domain structure,
a manual annotation was carried out using BLASTX in
NCBI as well as by using ¢cDNA analyses. The number of
transmembrane helices of the final predicted proteins can be
found in Supplementary Table 1. All the potato sequences
used in this paper were sent to NCBI and are available
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with GenBank accession numbers KU686963 to KU686997
(Supplementary Table 1).

Expression Data and Quantitative

Real-Time Expression Analyses

Expression data of RNA-seq experiments from the Potato
Genome Sequencing Consortium was shown as fragments per
kilobase of transcript per million mapped reads (FPKM). Values
were obtained from the Spud DB Solanaceae Genomics resource
(Hirsch et al, 2014; http://solanaceae.plantbiology.msu.edu/)
for those SWEETs having a potato genome annotation.
Nine of the 35 potato SWEET genes are currently not
annotated in the potato genome and therefore, their
expression was analyzed by RT-PCR with 40 cycles (see
primer list Supplementary Table2). Total RNA was
extracted using the innuPREP RNA Kit (Analytik Jena AG,
http://www.analytik-jena.de/), quantified by the NanoDrop
ND-100  spectrophotometer  (http://www.nanodrop.com/).
cDNA was synthesized as described elsewhere (Kuhn et al., 2010)
with the reverse transcriptase SuperScript II (Invitrogen, USA;
https://www lifetechnologies.com/de/de/home.html).

Real time expression analyses were carried out using an
iCycler MyIQ (Bio-Rad, USA; http://www.bio-rad.com/)
and MESA Green 231qPCR Master Mix Plus (Eurogentec,
Germany; http://www.eurogentec.com/eu-home.html)  with
three technical replicates per reaction and three independent
biological replicates. Expression of the translation elongation
factor 1-alpha (Stefl; AJ536671) was used for normalization.
StPT4 (AY793559), StInvCDI141 (Z22645), RiTEF (DQ282611),
and RiMST2 (HM143864) served as indicators of symbiosis
status. Primers used can be found in Supplementary Table 2.

Promoter Analysis

Promoter elements were searched in the 2 kb region upstream of
the ATG for each SWEET gene from potato and from tomato (see
Supplementary Table 3 for sequence details). For StSWEET7d,
StSWEET12c, StSWEET12e, SISWEET3, and SISWEET12a, only
smaller fragments could be obtained from the databases (1491,
1207, 1900, 1235, and 863 bp, respectively).

For promoter-reporter assays, 2kb fragments of the
SWEET2c¢, SWEET7a, and SWEET12a promoters were cloned
into the Gateway binary vector pPGFPGUS-RR, containing the
reporter genes GFP (green fluorescent protein) and GUS (B-
Glucuronidase) as well as a red root cassette (RR, constitutively
expressed DsRed) for root transformation control (Kuhn
et al., 2010). A. rhizogenes-mediated transformation of M.
truncatula and mycorrhizal inoculation with R. irregularis was
carried out as described above. GUS staining was performed
as described elsewhere (Kuhn et al, 2010) with the following
modifications: the staining was fixed with 50% EtOH for
2h. After that, the roots were cleared in 10% KOH for
30-45min at 95°C and fungal cell walls were stained with
WGA-FITC (wheat germ agglutinine-fluorescein isothiocyanate,
Sigma Aldrich) according to Rech et al. (2013). For each
construct, at least 10 independently transformed roots were
analyzed.

Microscopy and Image Processing

Roots expressing GUS were microscoped using a Leica
TCS SP5 (DM5000) equipped with the digital color camera
DFC295. Objectives used were HC PL FLUOTAR 10.0 x 0.03
DRY, HCX PL APO CS 20.0 x 0.70 DRY UV, and HCX
APO lambda blue 63.0 x 1.20 WATER UV CORR (Leica,
Wetzlar, Germany; http://www.leica-microsystems.com/de/) at
21°C. Differential interference contrast (DIC) pictures were
obtained using appropriate DIC prisms for the three objectives
and FITC fluorescence was recorded using filter cube L5.
Images were collected using LASAF v2.6 and Image] 1.48p
(http://fiji.sc/Fiji).

Statistical Analyses

Expression analysis data were statistically tested for differences
between non-mycorrhizal and mycorrhizal roots (three
biological replicates, respectively) using the Student’s ¢-Test with
a two-tailed distribution and homoscedasticity. Differences were
considered as significant with a value of p < 0.05 (marked with )
and p < 0.01 (marked with ).

RESULTS AND DISCUSSION

Identification and Phylogenetic Analysis of
the SWEET Family in Potato

In order to get insights into the mechanisms of sugar homeostasis
in roots during mycorrhiza formation and in particular into the
role of SWEETS, we first carried out in silico sequence analyses in
the genome of potato (S. tuberosum group Phureja). Following
the comprehensive phylogenetic analysis that was carried out
in the model plant Arabidopsis thaliana (Chen et al., 2010), we
identified 35 gene sequences coding for putative SWEETS using
BLASTP searches in NCBI as well as in the SGN (Sol Genomics
Network) databases (Figure 1). This number is much higher
than the average number of SWEETSs for angiosperms (ca. 20)
(Eom et al.,, 2015) perhaps reflecting the genome triplications
and gene tandem duplications observed in the Solanum lineage
(Xu etal, 2011; Sato et al., 2012). We named the potato SWEETs
following the A. thaliana nomenclature (Chen et al., 2010).
Protein alignment of the 35 potato SWEETs with 29 sequences
from tomato, 17 from A. thaliana, and 21 from rice allowed
the construction of a phylogenetic tree. All 35 potato SWEETs
cluster into the four clades defined by Chen et al. (2010). Most
of the SWEETSs from potato belong to clade III (15), followed
by SWEETs from clades I and II (11 and 6, respectively). In
addition, potato has also three SWEETs in the clade IV, whose
members have been shown to transport fructose across the
tonoplast (Chen et al.,, 2010; Chardon et al., 2013; Guo et al.,
2014).

Interestingly, in tomato only 29 SWEET transporters
have been identified (Feng et al, 2015). This reduction is
homogenously distributed among the clades. The overall identity
of all potato SWEETs is ca. 41%, while the overall identity of all
SWEETs depicted in the phylogenetic tree of Figure1 is 39%,
indicating a high degree of conservation among SWEET proteins.
Pairwise comparison of potato and tomato SWEETs revealed
that some members are up to 97% identical, being the overall
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FIGURE 1 | Phylogenetic tree of potato, tomato, rice, M. truncatula, and A. thaliana SWEETs. The unrooted tree was generated based on an amino acid
alignment using Clustal Omega. The phylogenetic tree was constructed using the neighbor-joining method and the p-distance model using MEGA 6. Scale bar
represents evolutionary distance in number of amino acid differences per site. Bootstrapping was performed with 1000 replicates and values are displayed on
branches in %. Colored circles represent regulation by mycorrhization in the same color code as in Figure 5. Gene names and accession numbers can be found in

Supplementary Table 1.

identity between tomato and potato of ca. 42%, mirroring the
overall similarity between the two genomes (Sato et al., 2012;
Supplementary Table 4).

The organization of genes encoding SWEETs in the potato
genome showed that they are widely distributed among 11 from
the 12 chromosomes (Figure 2). Chromosome 3 encodes the
highest number of SWEETs (13 members), while chromosome
10 contains no SWEET genes. The expansion of SWEETs in
chromosome 3 seems to be Solanaceae specific as they are
absent in Arabidopsis, rice and Medicago. In support of a specific
function in Solanaceae, expression data in tomato have shown
a common regulation for six of those genes (Feng et al.,, 2015).
One partial SWEET gene (XM_006368013) was not ascribed to
any chromosome, however it is likely located on chromosome 5

because manual annotation and expression analyses showed that
together with the partial SWEET gene XM_006359017 located
on chromosome 5, both comprise one single gene (see topology
predictions below). Our synteny analysis shows that all potato
SWEET genes having an ortholog in tomato are located in the
same chromosome in both species (Figure 2), consistent with
the global synteny observed between the two genomes (Sato
etal., 2012). Seven potato SWEET genes do not have orthologs in
tomato, while only one tomato gene misses an ortholog in potato.
The synteny analysis showed that most potato SWEET genes are
located in the same arrangement as in the tomato chromosomes,
with only two inversions observed in chromosome 6 (Figure 2).
All SWEET genes encoding transporters from clade IV are
located in chromosome 1 in tandem, whereas members of the
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FIGURE 2 | Synteny analyses of SWEET genes in potato and tomato.
SWEET genes are present in aimost all chromosomes with the exception of
chromosome 10 in potato and 10 and 11 in tomato. The distribution of the
genes in both genomes is almost identical, with only two inversions in
chromosome 6, mirroring the general high degree of synteny between both
genomes.

other clades are not specifically associated to any particular
chromosome.

The discovery of SWEETSs as sugar transporters was seminal
because thus far only proteins with 12 transmembrane domains

(TMs) or 14 TMs had been shown to be able to transport
monosaccharides and disaccharides across membranes (Chen
et al, 2010). In contrast, plant SWEETs were shown to contain
only seven TMs and to form a structure with two tandem
triple helix bundles (TM1-3) and (TM5-7) separated by a linker
region including a less conserved TM (TM4). This structure
allows the formation of two pseudosymmetrical halves that
permits sugar passage through the membrane (Tao et al., 2015).
Interestingly, bacterial SemiSWEETs contain only three TMs
and are thought to achieve sugar transport by oligomerizing
with other SemiSWEETS and are, therefore, considered ancestor
proteins of eukaryotic SWEETs (Xuan et al., 2013; Wang et al,,
2014; Xu et al.,, 2014; Tao et al, 2015). Surprisingly topology
predictions for the potato SWEETs using TMHMM revealed
that although most of them belong to the seven TM groups,
several exceptions existed and 12 potato SWEETs did not
conform to this pattern according to the annotations from NCBI
and SGN (Supplementary Figure 1). However, a closer look
to their sequences and expression analyses (data not shown)
revealed that in most cases those genes and their proteins were
wrongly annotated. Only one protein seems not to conform
to the seven TMs pattern (SWEET7c), that only contains the
first four TM domains. However SWEET7c seems to be a
pseudogene because downstream of the domain coding for
the fourth TMs another gene is located coding for an F-box
protein (XM_006356285.2, F-box protein At2g32560-like). A
putative correct annotation for all potato SWEET genes has
been submitted to the NCBI database (Accessions KU686963 to
KU686997).

Tissue Expression Analyses of Potato
SWEETs

We next analyzed in silico the transcriptional profile of potato
SWEET genes using the Spud DB, comparing several tissues (Xu
etal, 2011; Hirsch et al., 2014), mainly focusing on the expression
profiles in roots. Nine from the 35 SWEET genes are not present
in the SGN database and are therefore missing from the Spud
DB. We analyzed those using RT-PCR in leaf, stem, root and
tuber tissues from the potato cultivar Desiree. Results from the
RNA-seq data in Spud DB showed that some of the SWEET genes
were almost not detectable in most of the tissues analyzed such as
SWEET1f, a few others were only expressed in one or two tissues.
Thus, SWEET7a and 7d are almost exclusively expressed in fruit,
SWEETIe and 5b mainly in flower, and SWEET12a and 5a in
fruit and flower (Figure 3A, Supplementary Table 5). The only
SWEET gene expressed almost exclusively in root is, according
to Spud DB, SWEET12d. However, FPKM values are in general
relatively low, and thus care must be taken when interpreting
their meaning. From the 8 SWEET genes analyzed by RT-PCR,
only SWEETI10a and I12c¢ appeared as root specific, whereas
SWEET?7c and 11d showed stem-specific expression (Figure 3B).
However, we did not analyze tissues such as flower or stolons and
therefore, more in depth expression analysis should be required.
In general, the highest expression levels were found in leaf tissue,
while mature tuber showed very low levels of expression for all
SWEET genes, with the exception of SWEETIb. The two most
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FIGURE 3 | Expression analyses of potato SWEET genes. (A) /n silico expression analysis of 26 of the 35 potato SWEET genes in several tissues, including
flower, leaf, stem, root, stolon, and tuber from either RH89-039-16 (RH) or DM3-1 (DM), according to the RNA-seq data from the Spud DB expressed as FPKM values
(fragments per kilobase of transcript per million mapped reads). Two independent root expression data sets are available for DM root (DM ROOT1, DM ROOT2). Since
SWEET12e was not correctly annotated prior to this work, two transcripts can be found corresponding to this gene. The color code indicates level of expression in
logarithmic scale from dark purple to bright yellow. (B) RT-PCR expression analyses in leaf, stem, root, and tuber for the nine potato SWEET genes not annotated in
the SGN database. The house keeping gene elongation factor 1a (Stef7) was used as control. Forty cycles were used for the PCR.

expressed genes are SWEET11b in leaf and SWEET1b in petals,
followed by SWEET10b in one of the root samples. These results
show that although some SWEETs have been shown to have a
specific function in some tissues, the high level of conservation
in sequence and in expression anticipates a large degree of
functional redundancy in potato.

Transcriptional Regulation of Potato
SWEET Genes during Mycorrhiza
Symbiosis

To investigate the possibility that SWEETS are involved in sugar
downloading processes during AM symbiosis, transcriptional
changes in the expression of all potato SWEETSs were analyzed in
colonized roots. Potato plants were inoculated with the fungus
R. irregularis and harvested at three time-points (4, 6, and 8
weeks post inoculation, wpi). To assess the development of
the symbiosis, we first measured the expression of StPT4 (an
arbuscule-specific plant phosphate transporter) and of RiTEF
(R. irregularis Translation elongation factor 1a). The level of
RiTEF indicates the level of fungal colonization within the roots,
while the plant phosphate transporter StPT4 is only located
in functional arbuscular branches and therefore it is a good
indicator of active symbiosis (Harrison et al., 2002). Furthermore,
we also analyzed the expression of the InvCDI41 gene, encoding

a CW invertase whose ortholog in tomato is induced during
AM symbiosis around arbuscules and intercellular hyphae
(Schaarschmidt et al, 2006). In addition, we analyzed the
expression of the fungal monosaccharide transporter MST2 from
R. irregularis (RiMST2) induced during symbiosis (Helber et al,,
2011). While StPT4, RiTEE and RiMST2 were almost exclusively
expressed in mycorrhizal samples as expected, the CW invertase
showed also expression in non-colonized roots, although fungal
colonization significantly raised its expression levels (Figure 4A).
This result suggests that root colonization by R. irregularis caused
an increase in apoplastic sucrose, contributing to increase the
sink strength of mycorrhizal roots. The expression of all genes
was highest at 6 wpi indicating that this was likely the time-point
at which the symbionts were more active at nutrient exchange
(Figure 4A).

We then analyzed the expression of all SWEET genes at 6
and 8 wpi. No transcript, or only barely measurable expression,
was observed for three of the genes analyzed (SWEETs If,
7d, and 12b), in general in accordance with the data from
Spud DB (Figure 4B, Supplementary Table 5). In contrast, we
could measure expression for 4 SWEET genes that had not
been previously detected or only at very low levels in the
Spud DB. Thus, SWEETIe, 5b, and 17a showed expression,
albeit low, in control roots and were induced in response
to fungal colonization, mainly at 6 wpi, coinciding with the
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FIGURE 4 | Expression analysis of all potato SWEETs in roots in response to colonization by the Arbuscular mycorrhizal fungus R. irregularis. (A) The
expression of the phosphate transporter P74 and the cell wall-bound invertase InvCD141 from potato, as well as the fungal translation elongation factor 1a RITEF and
the monosaccharide transporter gene RiMST2 were analyzed at 4, 6, and 8 weeks post inoculation (wpi). (B) Expression of potato SWEETs was measured at 6 and
8wpi. Expression is shown as relative expression to potato elongation factor 1a (Stef?) or to RITEF for RIMSTZ2. Error bars represent standard error of the mean. Non
colonized samples are indicated by minus (—) and colonized samples by plus (+), per treatment the average expression of three biological replicates is shown.
Student’s t-test was used to calculate significance of mycorrhized compared to non mycorrhized samples in the same time point (*o < 0.01, *p < 0.05).

Frontiers in Plant Science | www.fron

tiersin.org

April 2016 | Volume 7 | Article 487 | 51


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Manck-Gotzenberger and Requena

Role of Potato SWEETs in Arbuscular mycorrhiza

highest symbiotic activity (Figures 4A,B). Similarly, SWEET7a
was also expressed in control roots, and induced even further by
R. irregularis at both time-points (Figure 4B).

Remarkably, from all 35 potato SWEET genes, none of
them showed a mycorrhiza-restricted induction, although two
of them were clearly induced during symbiosis at 6 and 8
wpi (SWEETs 1b and 7a), and 10 were induced at least in
one time point (SWEETs la, le, 2b, 2¢, 3, 5b, 12a, 12e,
17a, and 17b). Interestingly analysis of expression data in
the MtGEA (http://mtgea.noble.org/v3/) showed that several
SWEETs were also induced during mycorrhiza symbiosis in
Medicago truncatula. Thus, MtSWEETI1b, MtSWEET6, and
MtSWEET9b showed highest expression in arbuscule-containing
cells, coincident with their putative potato relatives (StSSWEETIa,
1b, 7a, and 12a). In rice, analyses of expression in mycorrhizal
roots only showed a clear induction for OsSWEET3b (Fiorilli
et al,, 2015), that also matches with the mycorrhizal induction
of StSWEET3. These results suggest that several SWEETs might
have been recruited for mycorrhiza symbiosis early in plant
evolution.

Arbuscular ~ mycorrhizal ~ colonization also led to
downregulation of some of the transporters. Thus, the expression
of two of them (SWEETs 10d and 12c) was repressed at both
time-points, while 7 of them (SWEETs 1g, 10a, 10b, 10c, 11a,
12f, and 17c) showed repression at 6 wpi (Figure 4B). Data from
the MtGEA only showed a clear downregulation in arbuscule-
containing cells for MtSWEET16 that cluster within the clade
IV of tonoplast transporters. In contrast, RNA-seq data from
rice only showed downregulation of SWEET16 when comparing
large lateral roots, which become colonized by mycorrhiza, vs.
fine lateral roots that are not (Fiorilli et al., 2015).

Remarkably, 7 of the 10 repressed potato SWEETs belong
to what appears to be a Solanum-specific subclade within
clade III. Interestingly, the orthologs of five from them in
tomato were shown to be repressed in roots in response to
different stresses including sugars, temperature and salt, while
at the same time induced by the same stresses in leaves (Feng
et al,, 2015). These results suggest that such group of genes
plays a role in the carbon allocation between roots and shoots
in tomato in response to external stimuli. In analogy, AM
fungal colonization appears to be perceived as a stress for
the roots of potato and could be then affecting the sugar
partitioning between root and shoot. More biochemical and
physiological data would be required to ascertain how the
downregulation of such genes affects the sugar allocation to
roots.

Eight of the 12 mycorrhiza-induced SWEET genes encode
proteins from clade I or II that likely transport hexoses
(Figures 1, 4B), while most of the repressed genes encode for
proteins of clade III, presumed sucrose transporters (Figures 1,
4B). This could be interpreted as an increase in hexoses vs.
sucrose being transported across root plant membranes in
response to colonization that could serve for fungal nutrition.
However, given that SWEETs are bi-directional transporters
and that the precise root tissue and subcellular location of
each SWEET is not determinable on its sequence basis, more
experimental evidence is required. In this sense it is interesting

that all five SWEET transporters induced by Xanthomonas TAL
effectors in rice belong to the clade III (Streubel et al., 2013) and
thus presumed sucrose transporters. Eom et al. (2015) suggest
that this might be explained by the fact that, in contrast to
sucrose, the hexose pools in the cytoplasm are limited and
thus, they might be not sufficient to maintain pathogenic
growth.

Although, transcriptional inductions and repressions were
modest in most cases, it should be taken into account that they
were measured in whole root systems, and thus if only happening
in colonized areas, a large dilution effect is expected. In general,
the extensive transcriptional reprogramming observed involving
22 of the 35 transporters highlights a complex carbohydrate
reorganization that roots undergo during mycorrhizal symbiosis.
And it also suggests that a large degree of functional redundancy
might exist.

Promoter Analysis of Potato SWEET

Transporters

A putative role for the carboxy terminal domain of SWEETs
in the posttranslational regulation of their activity has been
postulated (Niittylae et al., 2007). However, several lines of
evidence have shown that transcriptional regulation might
be sufficient to control SWEET activity. Thus, for instance,
TAL-mediated SWEET expression induction by pathogens,
or overexpression of specific SWEETs is enough to produce
significant phenotypic differences (reviewed in Eom et al,
2015). Therefore, and assuming that SWEET genes could
be targets for mycorrhiza induction, we next analyzed the
promoter of potato SWEETs for mycorrhiza-specific motifs
(Supplementary Table 3). In particular we searched for the
CTTC motif, that has been previously shown to be sufficient
for expression in cells containing arbuscules and that is
often associated to the phosphate starvation motif P1BS,
GnATATnC (Rubio et al, 2001), both in close vicinity to
the ATG (Karandashov et al., 2004; Chen et al, 2011;
Lota et al., 2013). The core motif of the CTTC element
is TCTTGTTC, however, shorter versions lacking the 3'C
(TCTTGTT), versions where G is exchanged to C, and a version
with both modifications have also been found in mycorrhiza
inducible promoters (Lota et al, 2013). Therefore, we also
searched for such modifications in the promoter of all potato
SWEET genes.

The complete CTTC consensus sequence was only found
in the promoters of SWEET7c, 10a, and 17a, although only
SWEET17a was induced by R. irregularis at 6 wpi, and in none
of the three promoters the P1BS motif was present. Modified
versions of the CTTC consensus sequence could be identified
in promoters of 28 of the 35 SWEET genes, with the exception
of SWEETIc, 1d, 1f, 1g, 2a, 2b, and 12f. The P1BS motif was
present in 12 SWEET promoters, however it was never in
the 30 bp region upstream of the CTTC motif as described
(Chen et al,, 2011; Lota et al., 2013). We could not identify
a clear correlation between the presence of the CTTC motif
and a mycorrhiza-induced expression (Supplementary Table 3)
and therefore, future deletion experiments will be necessary to
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FIGURE 5 | Promoter-reporter assays of three SWEET promoters during AM symbiosis. 2kb fragments upstream of the ATG of potato SWEETs 2¢, 7a, and
12a were cloned in front of the GUS reporter gene and transformed in M. truncatula. Composite plants were inoculated with R. irregularis and harvested 5 wpi (weeks
post inoculation). B-Glucuronidase staining and WGA-FITC (wheat germ agglutinin-fluorescein isothiocyanate) counterstaining of fungal cell walls was carried out in
mycorrhizal and non-mycorrhizal control roots. (A) Empty vector control roots. (B) Non-mycorrhizal and mycorrhizal promoter-reporter roots. Scale bars represent 100
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determine its importance or not for the mycorrhiza induction of
SWEET genes.

In order to gather information on the spatial expression
pattern of mycorrhiza-induced SWEETS in roots, promoter-
reporter assays using the GUS gene were carried out in
a heterologous system, in M. truncatula transformed with
Agrobacterium rhizogenes. To that end, three mycorrhiza-
induced genes, one from each clade, were selected. The promoter
of SWEET2c¢ (clade I) showed activity in non-colonized roots
mainly at the root tip, as well as faint expression in the cortex.
Upon fungal colonization, expression level was increased and re-
localized mainly to arbuscule-containing cells (Figure 5). This is

in agreement with the presence of several CTTC motifs, two short
and one short with a G to C exchange (Supplementary Table 3).
Recently, the putative ortholog of SWEET2c from Arabidopsis,
one of the three highest expressed SWEETs in Arabidopsis
roots, has been functionally characterized (Chen et al., 2015a).
Surprisingly, although it belongs to the clade I, AtSWEET2
localizes at the tonoplast and most likely performs as glucose
importer. Because AtSWEET2 is mainly localized in root tips,
its function has been associated to prevent losses of carbon
into the rhizosphere, and consistently, its deletion not only
increases glucose efflux but also the plant susceptibility to the
pathogenic oomycete Pythium irregulare (Chen et al., 2015a).
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space could be achieved by sucrose efflux transporters from clade Ill such as SWEET12a. In the apoplast and periarbuscular space sucrose is cleaved by cell
wall-bound invertase (CWI). The sugars in the apoplast are either taken up by the fungus via monosaccharide transporters such as RIMST2 or by the plant cell via
monosaccharide transporters such as MST1 (shown in M. truncatula) and via sucrose transporters such as SUT2 (shown for S. lycopersicum). Neighbor cells might
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The Vitis vinifera putative ortholog, VWSWEET2a, is also induced
in leaves upon inoculation with Plasmopara viticola or with
Botrytis cinerea (Chong et al., 2014), suggesting that this SWEET
gene might be a common target of different microorganisms.
However, in order to infer if the mycorrhizal induction and re-
localization of potato SWEET2c to arbuscule-containing cells
would also serve as a mechanism to control sugar efflux toward
the AM fungus preventing a parasitic behavior, localization
and inactivation studies should be carried out. An alternative
hypothesis is that SWEET2c could contribute to maintain the
concentration gradient of sucrose in cortical cells by sequestering
glucose derived from the activity of cytoplasmic invertases or
sucrose synthases. In support of this second scenario, Baier
et al. (2010) demonstrated that sucrose synthase was induced
in arbuscule containing cells and that its inactivation severely
impaired arbuscule development.

Promoter-reporter activity for SWEET7a, from clade II,
confirmed that although this gene is ubiquitously and highly
expressed in the root under non-mycorrhizal conditions
(Figure 5), symbiosis induces its expression and this is largely
occurring in arbuscule-containing cells that show a much

stronger GUS activity than non-colonized cortical cells. This is
consistent with the presence of several modified CTTC motifs
(Supplementary Table 3). Potato SWEET7a does not have an
ortholog in tomato, indicating that if it plays a mycorrhiza
important role, this function might be redundant with another
potato SWEET. This is likely, given that most of the up-regulated
SWEETs during mycorrhiza symbiosis, such as SWEET7a,
belong to the clades I and II that presumably transport
hexoses.

In contrast, only two genes from clade III were induced
during AM symbiosis (Figures 1, 4). One of them is SWEET12a,
whose transcript was induced at 8 wpi, although it was also
highly expressed at 6 wpi. GUS activity showed that while in
control roots promoter activity was restricted to the root tip, in
mycorrhizal roots SWEET12a had a strong promoter activity in
the cortex, particularly in arbuscule-containing cells (Figure 5).
This result is consistent with the presence of two CTTC short
motifs in the promoter (Supplementary Table 3). Experiments
in progress to delete these motifs will show whether they are
required or not for the expression of potato SWEETI12a in
arbuscule-containing cells.
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The fact that all three of these promoter-reporter constructs
from SWEETs induced during mycorrhiza colonization in potato
also showed this pattern in the heterologous plant M. truncatula
supports the idea that the promoter elements and transcription
factors driving mycorrhiza and/or arbuscule expression of
SWEETs must be conserved in both plants. More detailed
analyses are now required to identify whether these would be
promoter elements only specific to SWEET genes or conserved
in other mycorrhiza-induced genes. The results of the promoter-
reporter analyses also showed that the induction of SWEETS
expression was not widely distributed but focused in arbuscule-
enriched areas, indicating a redirection of the carbon sink toward
colonized cortical cells.

In conclusion, our work here offers the first overview of the
SWEET family in potato, and particularly suggests a putative
involvement for some SWEETs during mycorrrhiza symbiosis.
The results show that the transport of hexoses across the plant
plasma membrane, assuming this is the main role for SWEETs
in clade I and II, is highly induced during mycorrhiza formation
(eight induced genes), while most repressed genes belong to
the clade III (eight genes) and only two induced. If an export
activity for SWEET hexose transporters such as SWEET7a would
be assumed, these findings would be consistent with the fact
that R. irregularis induces its monosaccharide transporter MST2
with highest affinity for glucose (Helber et al., 2011). However,
the fact that the CW invertase is always expressed in cells
containing arbuscules and in cells in contact with intercellular
hyphae, suggests that sucrose export into the apoplast is also
enhanced during colonization (Schaarschmidt et al.,, 2006 and
our results here). Although, increases in invertase activity in
the root do not result in changes in colonization, inhibition of
root invertase activity does, suggesting that hexose concentration
in the apoplast is not the limiting factor for the symbiosis but
that sucrose cleavage in the apoplast is key for the symbiosis
(Schaarschmidt et al,, 2007a). Altogether, this would be in
support for a role of the two induced SWEETs from clade III,
putative sucrose exporters, during AM symbiosis. Because the
cellular localization of all three SWEETSs analyzed in mycorrhizal
roots points toward an induction in arbuscules, we think that
the supply of carbohydrates to the fungus is a complex process
involving many different transport processes. As depicted in our
model (Figure 6), sucrose reaches the cortex symplastically and
it could be directly exported to the periarbuscular space (PAS)
and to the apoplast of cells in contact with the fungus with the
help of SWEET transporters from clade III, such as SWEET12a,
induced by the fungus in arbuscule containing cells. Sucrose in
the PAS could then be cleaved with help of the CW invertase,
and glucose would be taken up into the fungal cell by the
fungal monosaccharide transporter MST2. But which function
would then have the induced SWEETs from clade I and II? One
possibility is that sucrose could be cleaved in the cytoplasm by
sucrose synthase and/or cytoplasmic invertase. Both activities
have been shown in arbuscule containing cells and they could
help to maintain the concentration gradient. Glucose could then
be further exported in the PAS by some of the induced SWEETS

from clade I and II. Vacuolar SWEETs such as the induced
SWEET2c could also contribute to maintain the favorable sucrose
gradient in arbuscule containing cells by sequestering glucose
and/or fructose in the vacuole.

Alternatively, mycorrhiza induced SWEETs from clade I and
IT might be functioning not as exporters but rather as importers,
competing with the fungus at the apoplast for the re-import
of the sugar into the plant cytoplasm to support the high
metabolic activity of the colonized cells or to avoid defense
responses elicited by high amount of hexoses (Schaarschmidt
et al, 2007b). In support of that, other transporters have
been identified featuring in arbuscule containing cells to re-
import sugar from the apoplast, including a monosaccharide
transporter in M. truncatula and a sucrose transporter in
tomato (Harrison, 1996; Bitterlich et al., 2014). More studies,
in particular regarding the biochemistry, subcellular localization,
and physiology of the potato SWEETs regulated during
symbiosis are required to be able to draw a more precise
model of their role in sugar partitioning during mycorrhizal
symbiosis.
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potato and tomato SWEETSs.

Supplementary Table 5 | RNA-seq data for annotated potato SWEETs from
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Arbuscular mycorrhiza (AM) fungi (Glomeromycota) form symbiosis with and deliver
nutrients via the roots of most angiosperms. AM fungal hyphae are taken up by living
root epidermal cells, a program which relies on a set of plant common symbiosis genes
(CSGs). Plant root epidermal cells are also infected by the plant growth-promoting fungus
Piriformospora indica (Basidiomycota), raising the question whether this interaction relies
on the AM-related CSGs. Here we show that intracellular colonization of root cells and
intracellular sporulation by P indica occurred in CSG mutants of the legume Lotus
japonicus and in Arabidopsis thaliana, which belongs to the Brassicaceae, a family that
has lost the ability to form AM as well as a core set of CSGs. A. thaliana mutants of
homologs of CSGs (HCSGs) interacted with P, indica similar to the wild-type. Moreover,
increased biomass of A. thaliana evoked by R indica was unaltered in HCSG mutants.
We conclude that colonization and growth promotion by P, indica are independent of the
CSGs and that AM fungi and P, indica exploit different host pathways for infection.

Keywords: Piriformospora indica, Lotus japonicus, Arabidopsis thaliana, biotrophy, common symbiosis genes,
intracellular colonization, growth promotion

Introduction

Plants form mutualistic interactions with fungi from different taxonomic groups. Arbuscular
mycorrhiza (AM) is a widespread symbiosis between plants and fungi of the phylum
Glomeromycota (Parniske, 2008; Smith and Read, 2008) and is considered a key factor that
allowed plants to colonize land more than 400 million years ago (Schiiffler and Walker, 2011).
The ancestral nature of this interaction raises the question to what extent other and potentially
younger interactions between plant roots and fungi evolved by co-opting the genetic framework
for AM formation. Candidates for such interactions include endomycorrhizal interactions formed
with fungi of the order Sebacinales of the phylum Basidiomycota (Selosse et al., 2009).

An experimental model for this group of fungi is Piriformospora indica, which infects various
taxonomically unrelated hosts and can increase plant growth and biomass (Peskan-Berghofer et al.,
2004; Waller et al., 2005; Shahollari et al., 2007; Sherameti et al., 2008; Camehl et al., 2010, 2011;
Hilbert et al., 2012; Nongbri et al., 2012; Lahrmann et al., 2013; Venus and Oelmiiller, 2013).

Phythormones like ethylene, jasmonic acid and gibberellins seem to positively
influence root colonization by P. indica, while salicylic acid has an inhibitory effect
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(Jacobs et al.,, 2011; Khatabi et al., 2012). Genes involved
in the synthesis of indole-3-acetaldoxime-derived compounds
restrict the growth of P. indica within Arabidopsis thaliana
roots (Nongbri et al., 2012). Indole-3-acetaldoxime is also an
intermediate in the biosynthesis of the phytohormone indole-
3-acetic acid (TAA) (Mikkelsen et al., 2009; Burow et al., 2010),
which has been implicated in the P. indica-induced host growth
promotion, together with cytokinin (Vadassery et al., 2008).

In the initial stages of plant root colonization, P. indica
invades living plant cells (Jacobs et al., 2011; Zuccaro et al., 2011;
Lahrmann and Zuccaro, 2012; Lahrmann et al., 2013). This initial
stage is followed by the death of colonized cells even though the
plant host displays no macroscopic signs of disease (Deshmukh
etal., 2006; Jacobs et al., 2011; Zuccaro et al., 2011; Lahrmann and
Zuccaro, 2012; Qiang et al.,, 2012). In A. thaliana roots, P. indica
continuously infects cells de novo and colonized living cells are
found beside dying and dead colonized cells 3 days after infection
(Qiang et al., 2012).

During the early stage of the interaction, a plant-derived
membrane has been observed which surrounds and separates
P. indica hyphae from the plant cytoplasm (Jacobs et al., 2011;
Lahrmann and Zuccaro, 2012; Lahrmann et al., 2013). The
structural arrangement of this interaction is similar to that of
transcellular and arbuscular hyphae of AM fungi, which are
equally surrounded by a peri-fungal membrane (Bonfante and
Genre, 2010).

We explored whether these structural similarities are reflected
by a shared genetic basis between both symbioses. The successful
invasion of the outer cell layers by AM fungi requires an ancestral
plant genetic program that is conserved among angiosperms and
encompasses the common symbiosis genes (CSGs). In legumes,
the CSGs are required for both AM and the root nodule symbiosis
with nitrogen-fixing bacteria (Kistner et al., 2005; Gutjahr, 2014;
Svistoonoft et al., 2014), and encode the symbiosis receptor-like
kinase SYMRK (Antolin-Llovera et al., 2014; Ried et al., 2014),
the nucleoporins of the NUP107-160/NUP84 subcomplex (Alber
et al., 2007) NUP85, NUP133, and the SEC13 HOMOLOGI
(SEH1) NENA (Kanamori et al., 2006; Saito et al., 2007; Groth
etal., 2010), CASTOR and POLLUX, cation channels localized at
the nuclear envelope (Charpentier et al., 2008; Venkateshwaran
et al,, 2012), as well as the nucleoplasmatic complex formed by
a calcium and calmodulin-dependent protein kinase (CCaMK)
and CYCLOPS responsible for calcium signal decoding (Singh
and Parniske, 2012; Singh et al., 2014). The signal transduction
pathway involving the products of the CSGs leads from the
perception of microbial signals at the plasma membrane to the
transcriptional activation of genes in the nucleus (Gutjahr and
Parniske, 2013). In the legume Lotus japonicus CSG mutants are
all impaired in the intracellular accommodation of both rhizobia
and AM fungi (Kistner et al., 2005).

A. thaliana is a member of the Brassicaceae, a family which
lost the ability to establish AM symbiosis (Delaux et al., 2014).
This loss is correlated with the absence of a specific set of CSGs,
including CCaMK and CYCLOPS (Delaux et al., 2014). Despite
this loss, A. thaliana retained homologs of common symbiosis
genes (HCSGs). Based on phylogenetic and/or synteny analyses,
orthologs or candidate orthologs of legume CSGs in A. thaliana
have been identified for POLLUX (Ané et al., 2004; Delaux

et al,, 2013) and genes coding for members of the NUP107-
160 subcomplex, including NUP133 and SECI3 (Wiermer et al.,
2012; Binder and Parniske, 2013). Importantly, an AtPOLLUX
version was able to restore nodulation in the non-nodulating
mutant dmil-4 of M. truncatula (Venkateshwaran et al., 2012),
indicating relative conservation of its symbiotic activity in A.
thaliana. SYMRK encodes a malectin-like domain leucine-rich
repeat receptor-like kinase, a gene family that has expanded
to 50 members in A. thaliana (Hok et al., 2011). However,
based on synteny analysis (Kevei et al, 2005) and the lack
of SYMRK-specific amino-acid sequence patterns in the kinase
domain (Markmann et al.,, 2008), a SYMRK ortholog appears
to be absent from the A. thaliana genome. ShRK1 (SYMRK-
homologous Receptor-like Kinase 1) and ShRK2 are the closest
SYMRK homologs in A. thaliana. The domain organization
of ShRK1 and 2 is identical to that of L. japonicus SYMRK
(Markmann et al., 2008).

To explore the role of L. japonicus CSGs and A. thaliana
HCSGs in the interaction with P. indica, we investigated whether
the fungus was able to penetrate root cells, complete its life
cycle and promote host plant growth in the respective mutant
backgrounds.

Materials and Methods

Fungal Strains and Growth Conditions

P. indica (Verma et al, 1998, DSM11827, Leibniz Institute
DSMZ—German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany) and Piriformospora williamsii
(Basiewicz et al., 2012) were grown at 28°C in the dark on plates
with solid (1.5% agar) complete medium (CM) (Pham et al,
2004). For studies with plants grown in soil, fungal mycelium
was propagated in liquid CM medium, in the dark, at RT and
120 rpm shaking. Mycelium was washed three times with sterile
distilled water directly prior to mixing with soil substrate.

For experiments on plates, fungal chlamydospores were
obtained from 4 to 6-week-old cultures, as follows: Tween water
(0.002% Tween 20) was added to plates containing mycelium,
which was rubbed off from the agar surface, and the resulting
spore suspension was collected and centrifuged three times at
3000 g for washing. Chlamydospore concentration was estimated
using a Fuchs-Rosenthal counting chamber and adjusted to the
desired 5 x 10° ml~! with Tween water.

Plant Genotypes and Growth Conditions
For co-cultivation with P. indica, L. japonicus seeds
(Supplementary Table 1) were surface sterilized in a 2% sodium
hypochlorite solution for 7 min, washed three times with sterile
water for 5 min each, and imbibed in water overnight. Seeds were
then put on plates with solid modified Hoagland’s medium [HO,
5mM KNO3; 5mM Ca(NO3),; 2mM MgSOy; 4 mM KH,POy;
0.03g 17! Sprint 138 iron chelate; 0.1% micronutrients solution
containing 2.86 g 17! H3BO3; 1.81 g1™! MnCl,.4H,0; 0.08 g 17!
CuS04.5H,0; 0.02¢g 17! 85% Mo0O3.H,0; based on Hoagland
and Arnon (1950)] and kept for 4 days at 24°C in the dark for
germination.

A. thaliana seeds were obtained from “The Nottingham
A. thaliana Stock Centre’—NASC (Scholl et al, 2000)
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(Supplementary Table 2). For co-cultivation with P. indica
or P. williamsii and tests for plant growth promotion, A. thaliana
seeds were sterilized by incubation for 5min in 70% ethanol,
0.05% Tween 20 followed by 2min in 100% ethanol, left to
dry and stratified for 48 h at 4°C in the dark. Plants were then
grown under long day conditions (16 h:8 h, light:dark, at 23°C,
85umol.m™2 s~1), on half-strength (%) Murashige and Skoog
medium (MS, Murashige and Skoog, 1962) with or without
sucrose (0.05%) or on modified HO solidified with gelrite 4 g 11,
and four times more phosphate than in the original recipe.

Seven to ten-day-old A. thaliana or four-day-old L. japonicus
plants were mock-inoculated with 1 ml Tween water (control) or
either P. indica or P. williamsii chlamydospore suspensions. Non-
germinated seeds and retarded seedlings were removed from
the plates before inoculation. Co-cultures or mock-inoculated
plants were grown at 24°C under long day conditions (16 h:8 h,
light:dark). Biomass of seedlings was determined using a digital
microbalance 7 days post inoculation (dpi).

For analysis of growth promotion under different nutrient
regimes, plants were grown on the following media: modified
HO with no KNOj3 or Ca(NOs),, supplemented with
0.05mM KNOj3, 0.5mM KNOj3, or 5mM KNO; (standard
concentration), modified HO depleted of phosphate or
with 4mM KH,POy(standard concentration); and modified
HO depleted of ammonium or with 10 or 20mM NH4ClL
Where necessary, potassium and calcium concentrations were
compensated with KCl and CaCl,, respectively.

For growth promotion experiments in soil, plants were grown
on either low-nutrient soil (50-100mg 1=! N, 50-100 mg I~! P,
100-150 mg 17! K) or high-nutrient soil (500 mg 1=! N, 500 mg
17! P, 500 mg 1! K) mixed with 1 g fresh or autoclaved mycelium
per 100 g sterile substrate for inoculation and mock-inoculation,
respectively. Plant height was determined 7, 11, 16, and 21 dpi.

Sequence Alignments

Complete protein sequences were obtained from The
Arabidopsis Information Resource (TAIR—www.arabidopsis.
org) for A. thaliana, and from the GenBank for L. japonicus.
Alignments (Supplementary Figures 7-9) were performed with
MAFFT 6.822 (Katoh et al., 2002) or ClustalW2 (Larkin et al.,
2007; Goujon et al., 2010) with the default settings. Searches for
conserved domains in the protein sequences were performed
using ScanProsite (de Castro et al., 2006) and/or InterProScan
(Jones et al., 2014), and based on data available from Kanamori
et al. (2006), Markmann et al. (2008), and Groth et al. (2010).

Determination of Fungal Colonization by
Microscopy

To observe P. indica intracellular sporulation in A. thaliana and
L. japonicus roots, colonized roots at 14 dpi were incubated at
96°C for 1 (A. thaliana) or 10 min (L. japonicus) in 10% (w/v)
KOH and double-stained in the dark at room temperature for
20 min with 10 ug ml~! WGA-AF488 (Wheat Germ Agglutinin-
Alexa Fluor 488) (Molecular Probes, Karlsruhe, Germany) to
visualize fungal structures, and 10 jLg ml~! propidium iodide (PT)
to visualize plant cell walls. Samples were analyzed with a Leica
DMI6000B microscope using differential interference contrast

or epifluorescence (GFP filter set for WGA-AF488: excitation
450-490 nm, emission 500-550 nm; TX2 filter settings for PI:
540-580 nm excitation, 608—683 nm emission).

Root colonization and plant cell viability were analyzed
by confocal laser scanning microscopy (CLSM). Fungal cell
walls within colonized roots at 4 (A. thaliana), and 3 dpi
(L. japonicus) were affinity-labeled for 10min with 10pg
ml~! WGA-AF488 (Molecular Probes, Karlsruhe, Germany).
Membranes were stained with 3 WM FM4-64 (Molecular Probes,
Karlsruhe, Germany) for 4 min (at 260 mm Hg). Root samples
were imaged with TCS-SP5 or TCS-SP8 confocal microscopes
(Leica, Bensheim, Germany) with excitation at 488 nm for WGA-
AF488 and detection at 500-540 nm. FM4-64 was excited at
633nm and detected at 650-690 nm. Propidium iodide was
excited at 540 nm and detected at 600-630 nm.

Quantification of Fungal Colonization by qPCR
Roots of A. thaliana and L. japonicus colonized with P. indica
(14 dpi) were thoroughly washed to remove fungal hyphae from
the root surface. Two hundred micrograms of root material
were then used for DNA extraction according to the protocol
of Doyle and Doyle (1987). Real-time qPCR analyses were
performed from 10 ng DNA mixed with the appropriate primers:
P. indica Transcription Elongation Factor (Butehorn et al., 2000);
A. thaliana Ubiquitin (Khatabi et al, 2012); or L. japonicus
Ubiquitin (Takeda et al.,, 2009) in 10l SYBRgreen Supermix
(BIORAD) using the following amplification protocol: 2'-95°C;
40 x (307-95°C; 30”-59°C; 30”-72°C); melting curve 95°C-
60°C-95°C. Fungal colonisation was quantified by the 274
method (Livak and Schmittgen, 2001) by subtracting the raw
threshold cycle (Ct) values of P. indica TEF from those of plant
UBI to obtain ACt.

B-Glucuronidase (GUS) Staining Assays

GUS staining assays were performed with the L. japonicus
symbiosis-reporter line T90 (Webb et al., 2000). Colonized roots
at 3, 7, and 14 dpi with P. indica chlamydospores or Tween
water were vacuum infiltrated with X-Gluc staining solution
(100mM sodium phosphate buffer pH 7.0; 10mM EDTA;
0.1% Triton-X 100; 0.5mg ml~! X-Gluc; 1 mM Kj[Fe(CN)g];
I mM K4[Fe(CN)g].3H,0) three times for 10min, followed
by incubation at 37°C for 18h in the dark. Root systems
were inspected for GUS staining with a Leica MZFLIII
stereomicroscope.

The Mesorhizobium loti MAFF303099 strain constitutively
expressing DsRED (Maekawa et al., 2009) was used to inoculate
roots of the L. japonicus T90 line as a suspension in Fahraeus
medium (Fahraeus, 1957) adjusted to an ODggg of 0.05.

Statistical Analyses

Statistical analyses were performed with R version 3.0.2 (2013-
09-25) “Frisbee Sailing” (R Core Team, 2013) using the
package “agricolae” (De Mendiburu, 2010). Pairwise or multiple
comparisons of the different subsets of data were performed
with the Kruskal-Wallis test followed by a Bonferroni-Holm
correction using the mock-inoculated samples as control group.
Two-sided, unpaired t-tests with equal variance were used to
analyze relative amount of fungal DNA within plant roots.
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Results and Discussion

Intracellular Infection and Sporulation by P
indica Occurs Independently of L. japonicus and
A. thaliana Common Symbiosis Genes

We investigated whether the classical CSGs are involved in the
interaction between roots of the legume L. japonicus and P.
indica. In root epidermal cells of L. japonicus wild-type (ecotype

“Gifu”), and in CSG mutants intracellular hyphae were detected
at 7 dpi (Figure 1) and sporulation at 14 dpi (Supplementary
Figure 1), evidencing that P. indica entered host cells and
successfully completed its life cycle in all genotypes tested. These
observations indicate that the CSGs are not required for the
successful infection of host cells by P. indica.

The L. japonicus symbiosis-reporter line T90 carries
a promoter:GUS fusion and is activated in response to

ccamk-13 | —

cyclops-3

FIGURE 1 | Colonization of L. japonicus root cells by P. indica. Wild-type (Gifu) and the indicated common symbiosis mutants were analyzed 7 dpi with P, indica
chlamydospores. Intracellular hyphae were present in all genotypes (examples are indicated by asterisks). Roots were cleared and double stained with propidium
iodide (red), for cell wall visualization, and WGA-AF488 (green), for fungal structures. Scale bar: 25 um.
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Mesorhizobium loti or nodulation factors, and AM fungi
(Webb et al., 2000; Radutoiu et al., 2003; Kistner et al., 2005).
T90 reporter activation requires L. japonicus CSGs (Kistner
et al., 2005; Gossmann et al., 2012) and dominant active alleles of
SYMRK and CCaMK are sufficient for T90 induction (Ried et al.,
2014 and unpublished data). However, we did not detect GUS
activity (blue staining) in P. indica or mock-inoculated roots,
while blue staining was observed in M. loti DsRed inoculated
roots (Supplementary Figure 2). These data indicate that the
promoter:GUS fusion of the T90 line and the signal transduction
pathway upstream are not activated during the interaction of L.
japonicus with P. indica.

Moreover, we observed that A. thaliana wild-type (Col-
0), which lacks some of the key CSGs (Delaux et al.,, 2014),
supported intracellular root colonization and sporulation by
P. indica (Figure 2 and Supplementary Figure 3). In addition,
intracellular infection and sporulation also occurred in the roots
of the A. thaliana HCSG mutants pollux, nup133, secl13, and the
double mutants secI3 x nupl33 and shrkl x shrk2 (Figure 2
and Supplementary Figure 3), indicating that the fungus could
successfully infect these mutants and complete its life cycle.
These observations strongly support the conclusion that neither
the CSGs which A. thaliana lost during its evolution nor the
experimentally mutated HCSGs are required for the interaction
with P. indica.

Growth of P, indica within L. japonicus and

A. thaliana Root Cells

Fungal structures were detectable within the boundaries of root
epidermal cells in both L. japonicus (Figure 1 and Supplementary
Figure 1) and A. thaliana (Supplementary Figure 3). We
investigated whether these hyphae would penetrate into living
plant cells. To determine the vitality status of the root cells,
we used the lipophilic stain FM4-64 in combination with time-
lapse imaging. After FM4-64 staining, P. indica hyphae were
observed within cells containing mobile structures including
possible vesicles in A. thaliana (Figure2). In this host, we
could detect three states of colonized root cells that differed in
the mobility or presence of intracellular content. In the first
state, vesicle-like structures moved at a speed similar to that
observed within neighboring non-infected cells (Supplementary
Movie 1) or cells of non-colonized roots (Supplementary Movie
3). In exceptional cases, some of these cells contained small,
intact vacuoles. In the second state, the FM4-64-stained material
showed very little or no movement (Supplementary Movie 2),
and occasionally collapsed vacuoles were observed. We also
observed invaded cells with no cytoplasmic content, probably
representing a third state of cellular infection, during which the
fungus grows within likely dead cells (Supplementary Figure 4,
Supplementary Movie 2). This observation supports a three-stage
model of cellular infection, in which P. indica first colonizes
individual roots cells that show vesicular movement. In stage
2, vesicular movement has undergone at least partial arrest. In
stage 3 the cellular content has disappeared, possibly through
autophagocytosis or consumption by the fungus (Supplementary
Figure 4). Immobilized, irregular fluorescent structures are also
present within probably dying cells of non-colonized roots
(Supplementary Movie 3, white arrowhead). Such dying cells

have been attributed to a developmental program implicated
in developmental events such as the removal of root cap cells
(Fendrych et al., 2014).

Movement of FM4-64-labeled material in P. indica-infected
cells could also be documented in the A. thaliana HSCG mutant
pollux (Supplementary Movie 4), and the double mutants sec13
x nupl33 and shrkl x shrk2, indicating that similar stages
of cell activity occur independently of HCSGs. Because of the
technically demanding process of obtaining such movies, a
quantitative comparison of colonization stages between the wild-
type and the HCSG mutants was not performed.

Increased Relative Fungal Biomass within Roots
of L. japonicus Common Symbiosis Mutants

In order to quantify the relative fungal biomass within host
roots, we determined the ratio between fungal DNA and plant
DNA. Interestingly, in L. japonicus, we detected a tendency for
an increased relative amount of fungal DNA in most of the
tested common symbiosis mutants, with a significant difference
to the wild-type in nup85-1, ccamk-13, and cyclops-3 (Figure 3).
This higher ratio of fungal to plant DNA may be the result of
increased fungal proliferation, reduced root growth, and/or plant
cell death in the mutants. Curiously, this effect was only observed
on L. japonicus but not on A. thaliana mutants (Figure 3). Our
results reveal that CSG-mediated pathways affect the relative P.
indica colonization level in L. japonicus, and that this regulation
is not operational in A. thaliana. Interestingly, CSGs potentially
have a cell protecting effect (Esseling et al., 2004; Genre et al,,
2009; Evangelisti et al., 2014). Apart from its signaling role in
symbiosis (Antolin-Llovera et al., 2014; Ried et al., 2014), SYMRK
has been implicated in desensitization of root hair cells against
mechanic stress (Esseling et al., 2004), and CCaMK increased
tolerance against the cell killing effect of Colletotrichum (Genre
et al,, 2009). In a ccamk mutant of M. truncatula infected by
the hemi-biotrophic fungal pathogen Colletotrichum trifolii, the
switch from biotrophy to necrotrophy occurred earlier (Genre
et al., 2009).

In barley, a dense colonization by P. indica is associated with
root cell death (Deshmukh et al., 2006; Camehl et al., 2010;
Nongbri et al., 2012). There is evidence that excessive P. indica
proliferation is associated with cell death and/or with detrimental
effects on the growth of the plant host (Deshmukh et al., 2006;
Camehl et al., 2010; Nongbri et al., 2012). It is therefore possible
that L. japonicus ccamk mutants suffer from an earlier onset of
the necrotrophic phase of P. indica colonization, and that CSGs
contribute to the maintenance of plant cellular integrity after
fungal invasion. On the other hand, the CSGs are critical for
lipochitooligo-saccharide (LCO)-induced lateral root emergence
(Olah et al., 2005; Maillet et al., 2011). While it is unclear whether
P. indica stimulates lateral root emergence and, if so, whether it
does it via the common symbiosis pathway, the altered fungal
to plant biomass ratio of the CSG mutants could be due to a
reduction in host root proliferation.

Plant Growth Promotion by P, indica is influenced
by Nutrient Availability

In order to obtain an experimental system for the genetic
dissection of the P. indica-mediated growth promotion
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(Peskan-Berghofer et al., 2004; Shahollari et al., 2007; Sherameti ~ both plant species, co-cultivation with P. indica in soil with high
et al,, 2008; Camehl et al, 2010, 2011; Nongbri et al, 2012;  nutrient concentrations had little or no effect on the mean stem
Lahrmann et al.,, 2013; Venus and Oelmiiller, 2013), we explored ~ height. However, in soil with lower nutrient contents, P. indica
the influence of the substrate and nutrient availability. We  inoculation roughly doubled the mean stem height of A. thaliana
evaluated the effect of P. indica on L. japonicus and A. thaliana  plants at 21 dpi, whereas there was only a small but significant
grown in soil with two different nutrient concentrations. In  effect on L. japonicus (Figure 4).

sec13 x nup133 | Shrk1 x shrk2

FIGURE 2 | Colonization of A. thaliana root cells by P. indica. Hyphae (indicated by asterisks) were detected 4 dpi with P indica chlamydospores within
root cells of wild-type (Col-0) and the indicated HCSG mutants. Extracellular hyphae were stained with WGA-AF488 (green) but intracellular hyphae were not or
weakly fluorescent, probably due to limited access of WGA-AF488 to the fungal cell wall within root cells. FM4-64-stained plant material (red) within invaded
host cells is indicative of stage 1 or 2 of the infection process. Scale bar 10 um.
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FIGURE 3 | Quantification of P. indica in L. japonicus (A) and A. thaliana (B) wild-type and mutant roots. Real-time qPCR was used to quantify DNA from
surface-washed P, indica-colonized roots at 14 dpi grown on modified HO medium using primers for the fungal gene Transcription Elongation Factor (TEF) and for A.
thaliana and L. japonicus Ubiquitin (UBI) genes. Differences between the wild-type and mutants were investigated with a two-sided, unpaired t-test. *P < 0.05,

P < 0.01.
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When A. thaliana plants were grown on agar plates with 2MS  [supplied as Ca(NO3); and/or KNOs], phosphate (KH;POj),
medium and no sugar, and inoculated with chlamydospores of ~ or ammonium (NH4Cl) on modified HO medium influenced
P. indica, a growth promoting effect was observed. In contrast,  the growth promotion of A. thaliana plants by P. indica.
when 0.05% sucrose was added to the medium, the plants were =~ Co-cultivation with the fungus had a positive effect on the
generally bigger and no increase was observed in the mean fresh  mean fresh weight of the plants under all nutrient conditions
weight of P. indica-inoculated plants compared to mock-treated  tested, except on a medium that limited plant growth due to
plants (Supplementary Figure 5). the lack of a nitrogen source (Supplementary Figure 6). For

Since A. thaliana plants grown in the presence of P.  the subsequent experiments, including those already reported
indica exhibit increased uptake of nitrogen and phosphate  in Lahrmann et al. (2013), we used modified HO medium,
(Shahollari et al., 2007; Kumar et al, 2011; Das et al,  which consistently supported the growth-promoting effect by P.
2014), we investigated whether the concentration of nitrate  indica.
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ca. 20 plants per treatment at the indicated dpi. (A,B) In high-nutrient soil (500 mg I=TN, 500 mg =1 P, 500 mg =1 K), inoculation with P, indica did not change plant
stem height at 21 dpi (p > 0.05). (C,D) On low-nutrient soil (50-100 mg =1 N, 50-100 mg =1 B, 100-150 mg -1 K), P, indica inoculation led to an increase in the
mean stem height at 21 dpi (p < 0.05). Statistical analyses were performed with a Kruskal-Wallis test followed by a Bonferroni-Holm correction using the
mock-inoculated plants as control group. For each mock/P, indica-inoculated pair, box-plots sharing the same letter do not significantly differ (at the 5% significance
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FIGURE 5 | Effect of P, indica or P. williamsii on the biomass of A.
thaliana. (A) Box-plots show the fresh weight of the indicated A. thaliana
genotypes (ca. 15 plants/genotype) grown in the presence or absence of P
indica or R williamsii. All plant genotypes accumulated more biomass upon
co-cultivation with P, indica but not with P williamsii. White box: mock; light
gray box: R indica; dark gray box: P. williamsii. Open circles: outliers. Statistical
analyses were performed using a Kruskal-Wallis test followed by a
Bonferroni-Holm correction using the mock-inoculated samples as control
group. Groups that do not share the same letter are significantly different (at
the 5% significance level). Comparisons between the three treatments were
made for each genotype separately. Plant biomass was determined 7 dpi.

(B) Representative plates showing sets of 14-day-old plants grown on
modified HO medium are shown 7 days after mock-treatment with Tween
water (left) or inoculation with either P, indica (center) or R williamsii (right)
chlamydospores. 1: pollux; 2: sec13 x nup133; 3: nup133; 4: sec13; 5: Col-0.

A. thaliana homologs of Common Symbiosis
Genes are not required for P. indica-induced
Growth Promotion

We investigated the influence of A. thaliana HCSGs on the
host growth-promoting effect of P. indica. As a control, we
included the closely related sebacinoid fungus P. williamsii
(Basiewicz et al., 2012; Lahrmann et al., 2013), which did not
induce or induced very little growth promotion of A. thaliana
Col-0 (Lahrmann et al, 2013). Wild-type and mutant plants
inoculated with P. indica had a significant higher mean fresh
weight than control or P. williamsii-inoculated plants (Figure 5).
Importantly, wild-type and mutant roots did not differ in their
biomass upon P. indica inoculation. We conclude that the HCSGs
POLLUX, NUP133, and SECI3 are not required for the growth

promotion of A. thaliana by P. indica, confirming previous
observations with atpollux mutants (Shahollari et al., 2007).

Conclusions

Despite the similarities between colonization of plant roots
by AM fungi and P. indica, our data indicate that CSGs
which are essential for AM development (Gutjahr and Parniske,
2013) are not required for root colonization by P. indica.
In the AM symbiosis, signal transduction for the initiation
of the intracellular accommodation program is mediated by
the products of CSGs (Takeda et al,, 2012). Since P. indica
intracellular colonization was observed in the absence of
individual CSGs or existing homologs in A. thaliana, we conclude
that alternative pathways must exist that support intracellular
accommodation of P. indica. Conceptually this could be achieved
through the manipulation of general programs such as polarized
secretion, endocytosis, plant immunity, and/or phytohormone
signaling (Schéfer et al., 2009; Dérmann et al., 2014; Evangelisti
et al., 2014). Identification of such compatibility programs is
of prime interest because they might offer entry ports not only
for beneficial fungi like P. indica but also to hyphal pathogens
with similar infection strategies. This is in agreement with
the recent observation that CSG mutants of M. truncatula
show unaltered infection and haustorial development by the
phytopathogenic oomycete Phytophthora palmivora (Rey et al,,
2014). However, little is known about plant factors that are
directly involved in the intracellular accommodation of P.
indica. Tubby-like proteins, implicated in vesicle trafficking in
mammals (Mukhopadhyay and Jackson, 2011), are required
for normal colonization of A. thaliana roots by P. indica, and
have been pinpointed as possible compatibility factors during
the early stages of plant-fungus interaction (Reitz et al., 2012,
2013).
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Phakopsora pachyrhizi is a biotrophic fungus provoking SBR disease. SBR poses a
major threat to global soybean production. Though several R genes provided soybean
immunity to certain P pachyrhizi races, the pathogen swiftly overcame this resistance.
Therefore, fungicides are the only current means to control SBR. However, insensitivity
to fungicides is soaring in P pachyrhizi and, therefore, alternative measures are needed
for SBR control. In this article, we discuss the different approaches for fighting SBR and
their potential, disadvantages, and advantages over other measures. These encompass
conventional breeding for SBR resistance, transgenic approaches, exploitation of
transcription factors, secondary metabolites, and antimicrobial peptides, RNAI/HIGS,
and biocontrol strategies. It seems that an integrating approach exploiting different
measures is likely to provide the best possible means for the effective control of SBR.

Keywords: Asian soybean rust, Phakopsora pachyrhizi, fungicide insensitivity, host resistance, non-host
resistance, plant breeding, plant biotechnology

INTRODUCTION

SBR is currently the most severe soybean (Glycine max) disease. SBR is caused by Phakopsora
pachyrhizi. The biotrophic basidiomycete threatens soybean production all over the globe, but
the threat is most severe in the major soybean growing areas in South America. In Brazil SBR
has caused crop losses of more than US$ 10 billion since its first endemic outbreak in 2001
(Yorinori et al., 2005; da Silva et al., 2014). Currently, three major strategies serve to manage
SBR (Figure 1). First, applying chemical fungicides. Second, breeding or engineering of SBR-
resistant soybean cultivars, and third, employing specific cultivation practices, such as planting
early ripening varieties, monitoring fields, eliminating secondary hosts, and introducing soybean-
free growth periods (60-90 days) in the threatened areas (Hartman et al., 2005; Godoy, 2011;
Kendrick et al., 2011). Here, we elaborate on these strategies, and we also discuss the potential
of AMPs, RNAI/HIGS, and biocontrol measures for controlling SBR. A detailed description of the
life cycle, host range and distribution of P. pachyrhizi has been provided earlier (Goellner et al.,
2010).

Abbreviations: AMP, Antimicrobial peptide; CRISPR, Clustered regularly interspersed short palindromic repeats; DMI,
Demethylation inhibitor; dsRNA, Double stranded RNA; ETI, Effector-triggered immunity; FRAC, Fungicide Resistance
Action Committee; HESP, Haustoria-expressed secreted protein; HIGS, Host-induced gene silencing; IAP, Intragenic
antimicrobial peptide; JA, Jasmonic acid; MDR, Muldidrug resistance; NB-LRR, Nucleotide-binding leucine-rich repeat;
NHR, non-host resistance; PDR, Partial disease resistance; Qol, Quinone outside inhibitor; R gene, Resistance gene;
RNAi, RNA interference; Rpp, Resistance to P. pachyrhizi; S gene, Susceptibility gene; SA, Salicylic acid; SAR, Systemic
acquired resistance; SBR, Asian soybean rust; SDHI, Succinate dehydrogenase inhibitor; siRNA, Small interfering RNA; TE,
Transcription factor; TILLING, Targeting induced local lesions in genomes; VIGS, Virus-induced gene silencing.
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FIGURE 1 | Strategies for controlling SBR. Exploitation of different genetic resources (host and non-host plants), biocontrol agents, and chemical fungicides to
combat Phakopsora pachyrhizi. ap, appressorium; gt, germ tube; sp, uredospore.
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Chemical Control of SBR

Fungicide use is the most effective means for controlling SBR
these days. In Brazil, at least three fungicide applications are
needed per season thus raising costs of ~US$2 billion for soybean
disease control annually (Godoy et al., 2015). In contrast to
multisite fungicides (e.g., mancozeb) with comparatively low
performance, the DMI and the Qol classes of fungicide are
prime chemicals for fighting P. pachyrhizi. Since 2013, fungicides
of the highly active SDHI class are available for SBR control
(Guicherit et al., 2014). Because this new fungicide class performs
extraordinarily well, the number of available SDHI fungicides and
the intensity of their use is likely to steadily increase over the next
couple of years (Godoy et al., 2015). However, the excessive use
of fungicides increases the chance of fungal strains with evolved
insensitivity to the fungicides in use. In the recent past, this was
true for the azole-class fungicides to which P. pachyrhizi and
other fungal pathogens have become insensitive (Godoy, 2012).
The FRAC assigned rust fungi, including P. pachyrhizi, to the
low-risk group of fungi (Brent and Holloman, 2007). However,
P. pachyrhizi and other causes of polycyclic plant diseases are
highly likely to evolve fungicide insensitivity because of the high
number of spores they produce (Bradley, 2007).

The mechanism of fungal insensitivity to DMIs is highly
complex and variable. After several years of fungicide use,
a significant reduction in DMI efficacy to P. pachyrhizi was
detected in Brazil (Scherm et al., 2009; Barbosa et al., 2013;
Reis et al,, 2015). The insensitivity is caused either by point
mutations in the fungal cyp51 gene or by cyp51 overexpression
(Schmitz et al., 2014). The major mechanism of QoI and SDHI
insensitivity is by point mutations in the cyt b and sdh b/c/d
genes, respectively. These mutations were reported for many
plant-pathogenic fungi (Kim et al., 2003; Grasso et al., 2006a;
Sierotzki et al., 2007; Sierotzki and Scalliet, 2013). The most
common mutation for Qol insensitivity [substitution of glycine
to alanine at position 143 of Cyt b] was not yet detected in
rusts probably because of presence of a type-I intron after codon
143 (Grasso et al.,, 2006a,b,c; Oliver, 2014; Klosowski et al.,
2015). Nucleotide substitutions in this codon would prevent
intron splicing thus leading to a defective Cyt b protein (Grasso
et al., 2006a). However, another cyt b mutation (F129L) was
reported to confer Qol insensitivity in various fungi including
P. pachyrhizi (Leiminger et al.,, 2014; Klosowski et al., 2015).
For P. pachyrhizi SDHI insensitivity was not reported yet.
However, the increased use of SDHIs is likely to further enhance
the selection pressure for SDHI insensitivity in P. pachyrhizi
(Godoy et al., 2015). MDR, as reported for Botrytis cinerea and
other fungi (Kretschmer et al., 2009) also was not observed in
P. pachyrhizi so far. To assess the risk and impact of fungicide-
insensitive isolates, we recommend generating insensitive fungal
mutants in the laboratory. Investigating such mutants is likely
to disclose mechanisms underlying fungicide insensitivity, enable
recommendations for avoiding selection of insensitive fungal
populations, and developing novel mode-of-action fungicides.
Applying fungicides preventively or as early as possible in the
diseases cycle before or shortly after P. pachyrhizi infection is
crucial for effective SBR control (Mueller et al., 2009; Godoy,

2012). Therefore, early SBR detection and precise forecasts are
required for efficient SBR disease management.

Probably the best and most sustainable control of SBR is
by providing soybean genotypes resisting P. pachyrhizi (see
below). Growth of SBR resistant genotypes is likely to be
associated with reduced fungicide use. This then might decrease
soybean production costs, improve the CO; footprint of soybean
products, and minimize the potential risk of ecological and
sanitary actions resulting from extensive use of fungicides
(Maltby et al., 2009; Verweij et al., 2009; Wightwick et al., 2010).

Resources of SBR Resistance in

Soybean

R Genes, R Gene Pyramids, and Engineered R Genes
Analysis of soybean genotypes disclosed six dominant R
genes conferring immunity (no visible symptoms) or resistance
(reddish brown lesions and reduced sporulation) to specific
P. pachyrhizi isolates. Those loci were referred to as Rpp 1-6
genes (Bromfield and Hartwig, 1980; McLean and Byth, 1980;
Bromfield and Melching, 1982; Hartwig and Bromfield, 1983;
Hartwig, 1986; Garcia et al., 2008; Li et al., 2012). However, Rpp
genes provide resistance exclusively to individual P. pachyrhizi
isolates (race-specific disease resistance). Therefore, no currently
available soybean genotype would ward off all P. pachyrhizi
isolates (Monteros et al., 2007). In addition, Rpp gene-mediated
resistance was swiftly overcome in the field (Yorinori et al., 2005;
Garcia et al., 2008). Employing recessive R genes might represent
another approach for providing stable SBR resistance (Calvo
et al,, 2008). In fact, three recessive R genes to P. pachyrhizi have
been identified in the soybean genotypes PI 200456, PI 224270,
and BR01-18437 (Calvo et al., 2008; Pierozzi et al., 2008). These
genes are now awaiting exploitation in breeding and genetic
engineering for SBR resistance.

Developing elite lines and varieties requires breeders to
combine traits from multiple parents, a process called gene
pyramiding or stacking (Francis et al., 2012). Pyramiding R genes
into a single genetic background is another proposed strategy for
conferring soybean resistance to multiple P. pachyrhizi isolates
(Hartman et al., 2005; Garcia et al., 2008; Lemos et al., 2011;
Maphosa et al.,, 2012; Yamanaka et al., 2013, 2015; Bhor et al,,
2014). The SBR resistant Japanese soybean cultivar Hyuuga
represents a natural example of R gene pyramiding (Kendrick
et al, 2011). In line with this finding, soybean genotypes
harboring two pyramided Rpp genes exhibited higher SBR
resistance than their ancestors containing only single R genes
(Maphosa et al, 2012; Bhor et al., 2015). Synergistic effects
were also observed when three R genes were bred into a
single soybean genotype (Lemos et al, 2011; Yamanaka et al.,
2013, 2015). Remarkably, a combination of multiple R genes
conferred resistance to different P. pachyrhizi isolates from
various origin (including two highly virulent strains from Brazil;
Yamanaka et al., 2015). Although molecular markers facilitate
breeding approaches, traditional breeding is still time consuming,
and introducing unwanted traits (Salomon and Sessa, 2012).
Furthermore, SBR resistance based on static R gene pyramids
will likely be overcome upon longer use in the field (McDonald,
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2014) as has been reported for other crops like wheat or
barley (McDonald and Linde, 2002). Therefore, transforming
expression cassettes with alternative R gene combinations into
elite soybean lines and dynamic turnover of such lines in
the field might represent a promising strategy for providing
sustainable and effective SBR resistance (McDonald and Linde,
2002). However, for cloning and utilization of such multi R
gene expression cassettes the identity of Rpp genes needs to be
revealed. Although SBR resistance loci have been mapped to
different linkage groups on various chromosomes (reviewed by
Bhor et al., 2014), the identity of Rpp genes has remained largely
unknown. One exception is represented by the NB-LRR encoding
gene Rpp4C4 that is likely responsible for Rpp4-mediated SBR
resistance (Meyer et al., 2009).

Another possibility to enhance the resistance of soybean to
SBR is to identify and exploit R genes conferring resistance
to multiple pathogens. Several examples of such broadly active
R genes exist in nature (Nombela et al, 2003; Narusaka
et al., 2009; Atamian et al., 2012; Lozano-Torres et al., 2012).
A complementary approach for broadened pathogen effector
recognition uses random mutagenesis or rational design of
synthetic NB-LRR immune receptors. Editing the potato NB-
LRR receptor R3a at a single amino acid significantly expanded
its response to Phytophthora infestans-derived effectors (Segretin
et al., 2014). Effectively mutating the R3a orthologue 12 in
tomato enhanced the response to the P. infestans AVR3a effector,
conferred partial immunity to potato blight, and expanded the
response spectrum to Fusarium oxysporum f. sp. lycopersici
effectors compared to tomato plants expressing the wild-type 12
gene (Giannakopoulou et al., 2015). R gene engineering might
also succeed in exploiting multiple Rpp genes for conferring an
expanded response to multiple P. pachyrhizi isolates. Rpp4C4
(Meyer et al., 2009) may serve for engineering such R gene
variants by untargeted protein evolution. Furthermore, genome
editing may be used for the targeted evolution of NB-LRRs.
In fact, genome-wide sequence analysis predicted nearly all
soybean NB-LRR-encoding genes an be targeted specifically by
CRISPR/Cas9 (Xie et al., 2014).

Signaling Components of R Gene-Mediated SBR
Resistance

Several studies reported differential defense responses to SBR
attack in susceptible and resistant soybean genotypes. The studies
included analysis of transcriptional dynamics, proteome changes,
or metabolic alterations to identify loci, genes, proteins, and
metabolites associated with ETT to P. pachyrhizi in soybean.

Signaling network hubs and phytohormones

Transcriptome analysis disclosed different components of Rpp2-
mediated resistance to SBR in soybean (van de Mortel et al., 2007;
Pandey et al,, 2011). Of 140 candidates tested by VIGS, eleven
genes clearly contributed to Rpp2-mediated SBR resistance. The
genes encompassed GmEDS1, GmPAD4, and GmNPR1.

NPRI is a master regulator of SAR in Arabidopsis thaliana
and some other plants (reviewed by Fu and Dong, 2013). When
overexpressed in Arabidopsis, rice, tobacco, or apple, NPR1
enhances resistance to infectious oomycetes, bacteria, and fungi

(including obligate biotrophic fungi such as powdery mildew;
Cao et al.,, 1998; Chern et al., 2005; Chen et al., 2012). Because of
possible side effects of NPRI overexpression (Chern et al., 2005),
such as yield reduction, the potential of this gene for generating
SBR-resistant soybean varieties awaits assessment.

EDS1 and PAD4 are key regulators of several types of plant
disease resistance (basal, R gene-mediated, and NHR). The two
proteins are required for accumulation of SA, and they control
various SA-dependent defense pathways (Falk et al., 1999; Jirage
et al., 1999; Nawrath et al., 2002; Lipka et al., 2005; Wiermer
et al., 2005; Langenbach et al., 2013; Wang et al., 2014). Because
silencing of GmEDS] or GmPAD4 lead to susceptibility of
otherwise resistant soybean lines carrying Rpp2, EDS1 and PAD4
seem to control also Rpp2-mediated SBR resistance in soybean
(Pandey et al., 2011). SA accumulation is thus likely to limit the
growth and reproduction of P. pachyrhizi in soybean. Because
PAD4 is also required for Arabidopsis postinvasion NHR to
P. pachyrhizi (Langenbach et al., 2013), SA-associated defense
responses seem to be highly effective in antagonizing SBR disease.
However, overexpression of SA biosynthesis genes is likely not to
provide a realistic agronomical solution for SBR control because
constitutive SA accumulation often causes dwarfism (Bowling
etal., 1994; Li et al., 2001).

In Arabidopsis and soybean, P. pachyrhizi activates expression
of JA-responsive genes at early stages of infection (Lochrer et al.,
2008; Alves et al., 2015) and before actual penetration [likely by
secreted P. pachyrhizi effectors (Campe et al., 2014)]. Since JA
is considered eliciting immune responses against necrotrophic
pathogens (Pieterse et al., 2012) P. pachyrhizi pretends being
a necrotroph at initial stages of colonization. By doing so,
it may circumvent effective SA-dependent defense signaling
which is known to be crucial to ward off biotrophic pathogens.
Thus, engineering soybean plants for the fast and robust
accumulation of SA, or exploiting SA-activated downstream
signaling components for resistance might be a suited strategy
for providing soybean varieties resisting SBR at low risks for
energetic tradeoffs.

Transcription factors

The importance of TFs in conferring SBR resistance became
obvious when van de Mortel et al. (2007) and Schneider
et al. (2011) found that TF genes are being overrepresented
among genes whose expression is activated in the biphasic
transcriptional response in SBR-resistant soybean genotypes
harboring Rpp2 or Rpp3. Amongst others, genes encoding
WRKY, bHLH, and MYB TFs were activated in incompatible,
but not compatible, soybean-P. pachyrhizi interactions. When
GmWRKY36, GmWRKY40, GmWRKY45, and GmMYB84 were
individually silenced using VIGS, Rpp2-mediated SBR resistance
was gone (Pandey et al, 2011). Several other studies also
revealed differential expression of TFs in incompatible or
compatible soybean-P. pachyrhizi interactions (Panthee et al.,
2009; Morales et al., 2013; Aoyagi et al., 2014). In fact, there
seems to be considerable overlap of TF activity in Rpp2, Rpp3,
and Rpp4-mediated soybean disease resistance (Morales et al.,
2013). Therefore, these TFs seem to be excellent candidates
for engineering SBR resistance. However, manipulation of TF
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balance may affect agronomic traits because TFs regulate a
diverse array of loci.

In another approach, Cooper et al. (2011) compared nuclear
proteome changes in a resistant vs. susceptible genotype at 24 h
after inoculation with P. pachyrhizi. Their analysis disclosed more
than 200 proteins that specifically accumulated in the nucleus
of SBR-resistant soybean plants harboring Rpp1 (Cooper et al.,
2011). Silencing two predicted soybean TFs (Glymal4gl11400,
PHD superfamily and Glymal2g30600, zinc finger TF) via VIGS
partially compromised Rppl-conferred SBR resistance (Cooper
etal., 2013). Similarly, Bencke-Malato et al. (2014) demonstrated
that accumulation of mRNA transcripts for several WRKY TFs
was faster and more robust in a resistant than susceptible
soybean accession. Consistently, the simultaneous silencing of
four identified WRKY genes rendered soybean plants more
susceptible to SBR disease. Because the authors did not succeed
in producing WRKY -overexpressing soybean lines (Bencke-
Malato et al., 2014), the potential of WRKY overexpression
for providing SBR resistance to susceptible soybean genotypes
remained unclear.

Secondary metabolism

Plants can halt or slow down infection by constitutive or
inducible accumulation of antimicrobial and/or cell wall-
fortifying secondary metabolites (Chiang and Norris, 1983;
Hahlbrock and Scheel, 1989; Chang et al., 1995; Dixon et al,
2002; Boerjan et al., 2003; La Camera et al, 2004; Vogt,
2010). Secondary metabolites also contribute to the outcome of
the soybean-P. pachyrhizi interaction. Daidzein, genistein, and
glyceollin are isoflavonoids that accumulate in both resistant
and susceptible soybean genotypes upon P. pachyrhizi infection
(Lygin et al., 2009). Glyceollin efficiently reduces P. pachyrhizi
uredospore germination in vitro (Lygin et al., 2009). Further
evidence for a role of phytoalexins in SBR resistance was
provided by Bilgin et al. (2009). The authors disclosed that SBR
resistance in a Glycine tomentella accession correlated with the
presence of a flavonoid that also inhibited P. pachyrhizi spore
germination (Chung and Singh, 2008). The high potential of
phytoalexins in defeating SBR is further supported by medicarpin
accumulating in P. pachyrhizi-infected Medicago truncatula, a
non-host of P. pachyrhizi. Consistently, medicarpin inhibits
P. pachyrhizi spore germination (Ishiga et al., 2015). Providing
such comparative large-scale metabolic profiles from resistant
vs. susceptible soybean varieties, or other SBR-resistant species
would likely identify more secondary metabolites inhibiting
SBR. Genes in their biosynthesis pathways could be used to
engineer SBR resistance in transgenic soybean. Alternatively,
the compound(s) themselves could serve as natural fungicides
in spray application, especially if they can be produced at
low costs and in sufficient quantities for use in agriculture.
In a variety of studies, genes in the phenylpropanoid and
flavonoid metabolism were overrepresented when analyzing
the transcriptional response of infected soybean genotypes
with SBR resistance (van de Mortel et al., 2007; Choi et al.,
2008; Panthee et al., 2009; Schneider et al., 2011). Overall,
activation of these genes was faster and stronger in SBR-resistant
accessions than in susceptible ones (van de Mortel et al., 2007;

Schneider et al., 2011). Functional evidence for the importance of
phenylpropanoid pathway genes in soybean’s SBR resistance was
provided by Pandey et al. (2011). The authors demonstrated that
silencing of soybean phenylalanine ammonia-lyase (GmPAL) or
O-methyl transferasel (GmOMT1) compromised Rpp2-mediated
SBR resistance. OMT1I silencing also partially impaired Rppl-
mediated SBR resistance (Cooper et al., 2013) and significantly
decreased lignin content (Pandey et al., 2011). The latter result
points to an important role of lignification in rejecting SBR.

Susceptibility Genes and Effector Targets

Different from dominant R genes conferring effective, but
exclusively race-specific and non-durable resistance (Yorinori
et al., 2005; Garcia et al., 2008), the loss of functional S genes can
eventually provide durable disease resistance (Pavan et al., 2010;
Gawehns et al., 2013). For example, in barley absence of the S
gene Mlo results in an incompatible interaction with Blumeria
graminis f. sp. hordei that resembles NHR (Humphry et al., 2006).
S genes function either as susceptibility factors or suppressors of
plant defense. Thus they are potential targets of fungal effectors.
Consistent with this assumption knocking out S genes leads to
recessive resistance with effectivity to multiple races of a given
pathogen (Pavan et al., 2010). This type of resistance is very stable.
The resistance of plants harboring recessive alleles of Mlo (barley)
or elF4E (pepper) has not been overcome in the field for 30-
50 years (Lyngkjeer et al., 2000; Kang et al., 2005). Breeding for
S gene variants insensitive to manipulation by pathogen effectors
therefore has huge potential for durable, broad-spectrum disease
resistance; although loss-of-function mutations in S genes may
be associated with pleiotropic detrimental effects (Biischges et al.,
1997).

Soybean S genes to SBR have not been identified so far.
However, several approaches might identify potential S gene
alleles for SBR resistance in soybean. Because most S genes
of agricultural value were identified in screens for recessive
resistance in wild species of plant (Bai et al., 2005), searching for
such a resistance in wild Glycine might similarly provide genetic
resources for breeding or engineering SBR resistance in G. max.

Another option for identifying soybean S genes to SBR is
via sequence homology search to known S genes. Functional
analysis can be done using, for example, soybean insertion
mutants (Mathieu et al., 2009), performing VIGS (Zhang and
Ghabrial, 2006; Zhang et al., 2010, 2013; Pandey et al,, 2011),
TILLING (Cooper et al., 2008), or applying targeted genome
editing techniques such as CRISPR/Cas9 (Jacobs et al., 2015).
However, currently only one gene [the Cys(2)His(2) zinc finger
TF palmate-like pentafoliatal, PALM]I] that would classify as
an SBR S gene is known from M. truncatula (Uppalapati et al.,
2012). Alternatively, fungal effectors might serve as guides to
identify novel S genes in soybean and other plants since several
effectors of bacteria, fungi, or oomycetes were shown to target
plant S genes (reviewed by Gawehns et al, 2013). Although
various analyses identified stage-specific rust proteins that might
have bona-fide effector function (Loehrer and Schaffrath, 2011;
Stone et al,, 2012; Link et al., 2014), their role as virulence
factors awaits functional confirmation. Identification of effector
proteins and corresponding S gene targets was likely hampered by
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missing P. pachyrhizi genome information (Loehrer et al., 2014).
Transformation protocols enabling generation of P. pachyrhizi
knockout mutants are also missing.

Another approach for identifying S gene alleles conferring SBR
resistance is via screening of mutagenized soybean populations
for loss-of-susceptibility mutants. The tetraploid nature of the
soybean crop and the potential existence of multiple S gene
copies might hamper this approach. Because 12 duplicated
copies of a given DNA region might be present in the soybean
genome (Cannon and Shoemaker, 2012), mutagenesis-induced
phenotypic variation might be buffered by gene redundancy
(Bolon et al., 2014). However, fast neuron irradiation recently
provided more than 27,000 unique soybean mutants with
significant phenotypic variation (Bolon et al, 2011, 2014).
The mutants may facilitate genetic screens for loss of SBR
susceptibility mutants with interesting resistance phenotypes
similar to the M. truncatula irgl mutant (Ishiga et al., 2015).
Identified S gene alleles for SBR resistance in soybean might be
engineered in elite soybean lines via genome editing (Jacobs et al.,
2015).

Genes Providing Quantitative SBR Resistance or
Tolerance

Forward genetic screens using activation-tagged soybean plants
(Mathieu et al, 2009) could identify genes and loci that
quantitatively contribute to SBR resistance. Genes and loci for
SBR resistance can potentially also be found exploiting fungal
effectors targeting proteins with a role in apoplastic immunity
[e.g., the Ustilago maydis effector Pit2 targets maize apoplastic
cysteine proteases (Mueller et al., 2013)].

PDR to SBRis found in ‘slow rusting’ soybean accessions such
as SRE-Z-11A, SRE-Z-11B, and SRE-Z-15A (Tukamuhabwa
and Maphosa, 2010). These genotypes can potentially provide
useful genes and loci for quantitative SBR resistance. PDR is
characterized by low infection frequency, long-lasting latency,
small lesions, and reduced spore production per uredinium.
Thus, PDR reduces SBR epidemics (Tukamuhabwa and
Maphosa, 2010). Since PDR is polygenic and effective to multiple
pathogen races (Long et al., 2006), identification, and transfer
of genes from partially resistant to susceptible soybean varieties
might provide only partial but durable resistance to diverse
P. pachyrhizi isolates. Because of PDR’s polygenic nature and the
time-consuming process for selecting partially resistant progeny,
such soybean varieties have not attracted much attention as
sources for SBR resistance in the past (Hartman et al., 2005).

Besides soybean genotypes with partial resistance, SBR-
tolerant accessions also have not been a subject of molecular
research. Although susceptible to SBR, these genotypes do better
tolerate the presence of P. pachyrhizi and produce reasonably
high yield even when severely infected. Yield may increase
by 30-60% using SBR-tolerant varieties in the presence of
P. pachyrhizi (Tukamuhabwa and Maphosa, 2010). Furthermore,
planting tolerant varieties does not pose selection pressure on
P. pachyrhizi, thus minimizing the risk of selecting adapted
pathogen races (Arias et al, 2008). However, SBR disease
tolerance of a given soybean accession is assessed with respect to
its yield capacity. This requires multi-site field trials and hinders

evaluation of a genotype’s tolerance and commercial value at
small scale laboratory conditions (Tukamuhabwa and Maphosa,
2010). Nonetheless, identification of genes for SBR tolerance
using, e.g., comparative transcriptome or proteome analysis, may
enable provision of soybean varieties with capacity for enhanced
yield at high SBR pressure.

Antimicrobial Peptides

AMPs can provide disease resistance to plants (Rahnamaeian,
2011). However, AMPs did not serve to fight SBR so far. Brand
et al. (2012) introduced a method for the identification and
employment of putative AMPs encrypted in soybean protein
sequences. This approach was meant to provide an alternative
to transgenic approaches that expressed AMPs from other
organisms. Using in situ assays, Brand et al. (2012) found that
IAPs conferred SBR resistance in a manner similar to AMPs from
Phyllomedusa ssp. (dermaseptin SI) or Drosophila melanogaster
(penetratin) when co-incubated with fungal uredospores on
susceptible soybean leaves. In addition, soybean plants expressing
a putative antimicrobial fragment of the G. max D-myo-inositol
3-phosphate synthase [IAP gb|ABM17058.1| (213-231)] showed
enhanced resistance to P. pachyrhizi (Brand et al., 2012). These
findings illustrate the feasibility of trans- or cisgenic AMP
expression for SBR resistance.

Alternative Sources of SBR Resistance

Wild Glycine Species and Other Alternative Hosts
Wild perennial Glycine species might serve as valuable resources
of germplasm for SBR resistance. This is because Glycine
clandestina, Glycine canescens, Glycine tabacina, Glycine
tomentella, and Glycine argyrea all display pathotype-specific
resistance to P. pachyrhizi (Burdon and Speer, 1984; Burdon,
1987, 1988; Jarosz and Burdon, 1990). In G. clandestina,
G. canescens, and G. argyrea differential SBR resistance
phenotypes are linked to presence or absence of single or
multiple (pyramided) R genes (Burdon and Speer, 1984;
Burdon, 1987, 1988; Jarosz and Burdon, 1990). The resistance
of G. tomentella accession PI 441001 to P. pachyrhizi, however,
was associated with accumulation of an antifungal flavonoid
inhibiting P. pachyrhizi spore germination (Chung and Singh,
2008). Because Singh and Nelson (2015) obtained fertile SBR-
resistant plants from crosses of G. max and G. tomentella,
transfer of R genes from wild perennial species to commercial
soybean varieties via intersubgenic hybridization seems to be
a powerful strategy for SBR resistance. The novel hybrid plant
is still to be analyzed for its yield and resistance to multiple
P. pachyrhizi isolates which will disclose the commercial value of
the hybrid.

Other SBR resistance traits are present in G. soja. The species is
closer related to G. max than its above mentioned wild perennial
relatives (Bromfield, 1984). However, because of presence of
undesired traits, generating hybrids for commercialization using
G. soja or the wild, perennial Glycine species will likely
require elaborate backcrossing and selection. Identifying the
genetic basis of SBR resistance in wild species followed by
engineered transfer of genes and/or traits to elite varieties
might represent an alternative, more promising strategy for SBR
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resistance. The approach circumvents the drawbacks associated
with hybridization strategies. However, only few attempts (e.g.,
Soria-Guerra et al., 2010) identified gene candidates to condition
SBR resistance in wild Glycine species.

Kudzu (Pueraria lobata) is a leguminous weed that hosts
P. pachyrhizi and could provide traits for SBR resistance. Genetic
variation is high among different kudzu populations but low
within a same population (Sun et al., 2005). As a consequence,
individual kudzu plants are resistant/immune or susceptible
to diverse P. pachyrhizi isolates (Bonde et al, 2009). In a
kudzu genotype with immunity to SBR the early abrogation
of P. pachyrhizi infection correlated with cell wall appositions
and cell death in the leaf epidermis (Jordan et al., 2010). This
finding suggests presence of early, effective defense responses
in immune kudzu genotypes. Big differences in the response
to P. pachyrhizi infection were also seen in several other
legume species (Slaminko et al., 2008). Vigna adenantha PI
312898, for instance, is immune to SBR as are individual bean
(Phaseolus vulgaris) cultivars (Miles et al., 2007; Souza et al,
2014). However, lack of genomic information and low genetic
accessibility of alternative P. pachyrhizi hosts impede candidate
gene identification and gene transfer.

Non-host Plants

Over the past decade, employing non-host plants has become
a promising approach for identifying resistance traits. Due
to the pervasive nature of NHR, the strategy explores a
vast genetic resource. NHR is a multi-layered, complex type
of plant disease resistance that shares signaling and defense
mechanisms with host resistance (Schulze-Lefert and Panstruga,
2011). Classification of a given plant species as a host or non-host
can be difficult because there seems to be a gradual continuum
from host to non-host with many intermediate resistances
(Bettgenhaeuser et al., 2014). Exploring the molecular basis of this
variety of resistances and pyramiding underlying genes and loci
in the soybean crop may represent a powerful approach for SBR
resistance and provide an alternative to chemical fungicides and
traditional breeding.

Arabidopsis and M. truncatula are the best described plants
in terms of NHR to P. pachyrhizi. Since P. pachyrhizi does
not produce macroscopic symptoms on any of 28 wild-type
accessions tested, Arabidopsis can be considered a true non-
host for P. pachyrhizi (Loehrer et al., 2008). Although initial
stages of P. pachyrhizi development are identical on Arabidopsis
and soybean, proliferation of P. pachyrhizi hyphae into the
leaf mesophyll is rare in Arabidopsis (Loehrer et al., 2008). To
determine the molecular basis of the preinvasion resistance to
P. pachyrhizi in this plant, Loehrer et al. (2008) used Arabidopsis
mutants with known compromised resistance to other non-
adapted fungal pathogens. Colonization of the mesophyll
occurred in Arabidopsis penetration mutant penl, pen2, and pen3.
However, despite hyphal growth and rarely observed haustoria
in the mesophyll of pen mutants, the fungus failed to successfully
colonize the plant. It also did not complete its life cycle, indicative
of functional postinvasion resistance to P. pachyrhizi in these
mutants. The postinvasion resistance was compromised in the
Arabidopsis triple mutant pen2 pad4 sag101 in which P. pachyrhizi

frequently developed haustoria (Langenbach et al, 2013).
However, extensive mesophyll colonization and sporulation did
not occur in any Arabidopsis mutants tested.

To identify components of Arabidopsis postinvasion resistance
to P. pachyrhizi, Langenbach et al. (2013, 2016) performed
comparative transcriptional profiling of genes specifically
activated upon P. pachyrhizi infection in pen2 (a mutant with
intact postinvasion resistance) but not pen2 pad4 sagl01 (with
compromised postinvasion resistance). The screen identified
BRIGHT TRICHOMES 1 (BRT1), an UDP-glycosyltransferase
in the phenylpropanoid metabolism. Postinvasion resistance
to P. pachyrhizi was impaired in the pen2 brtl double mutant.
In this genotype the fungus developed more haustoria than in
pen2. Since brt]l mutants were not affected in preinvasion SBR
resistance (Langenbach et al., 2013), BRT1 seems to specifically
contribute to postinvasion NHR to the disease.

To identify more genes that function in Arabidopsis NHR
to SBR, Langenbach et al. (2016) searched for genes co-
regulated with BRTI. Upon confirming the genes importance
in Arabidopsis postinvasion resistance, the authors expressed
these genes in soybean. Four so-called postinvasion-induced
NHR genes (PINGs) indeed reduced SBR disease severity.
The supposed function of individual PING proteins is quite
diverse and includes an EARLI4-like phospholipase (PING4),
a group I receptor-like kinase (PING5), a GDSL-like lipase
(PING7), and a germin-like protein (PINGY). The exact mode
of action of PINGs in conferring resistance to P. pachyrhizi
has remained elusive (Langenbach et al, 2016). However, the
study discloses that interspecies gene transfer is a promising
strategy for conferring SBR resistance to soybean. Gene donor
and receiver plant obviously do not need to be closely related,
although it is likely that the successful transfer of a protein’s
function from one species to another implies conservation or
convergence of its physiological environment (e.g., signaling
networks). Thus, employing phylogenetically related non-hosts
might further enhance the success of interspecies NHR gene
transfer as a means for SBR resistance. Because P. pachyrhizi
infects many plants, non-hosts to the fungus are rare, especially
in the legume family of plants. M. truncatula is the only reported
leguminous non-host as sporulation of P. pachyrhizi has not
been observed on this plant (Uppalapati et al., 2012; Ishiga
et al., 2015). The former authors did a forward genetic screen
to identify M. truncatula mutants with altered resistance to
P. pachyrhizi. Because of its diploid genome, M. truncatula is
better suited for forward genetic screening than the allopolyploid
soybean crop (Gill et al., 2009). Furthermore, there is highly
conserved microsynteny between soybean and M. truncatula
(Yan et al,, 2003). The screen by Uppalapati et al. (2012)
identified an inhibitor of rust germ tube differentiation (irg)I
mutant on which P. pachyrhizi failed to promote preinfection
structures. It turned out that the loss of abaxial epicuticular
wax crystals and the reduced surface hydrophobicity inhibited
fungal development on irgl (Uppalapati et al, 2012). The
mutation was mapped to PALMI encoding a Cys(2)His(2)
zinc finger TF controlling the expression of genes involved in
long-chain fatty acid biosynthesis and transport (Uppalapati
etal., 2012).
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To further investigate the role of surface hydrophobicity
or epicuticular waxes on P. pachyrhizi development, Ishiga
(2013) recorded the fungal transcriptome during
germination on a hydrophobic surface (glass slides coated
with epicuticular wax from wild-type plants and irgl/palml
mutants) and on the leaf surface of M. truncatula wild-type
plants and the irgl/palml mutant. They found expression
of kinase family genes was activated on the hydrophobic
surface and on the M. truncatula wild type but not on
irgl/palml. This result suggested that leaf hydrophobicity
or epicuticular waxes may trigger expression of P. pachyrhizi
genes involved in pre-penetration structure formation (Ishiga
et al, 2013). Importance of cutin or cuticular waxes to
both, germination and appressoria formation has also been
reported for other fungal pathogens of plants (Mendoza-
Mendoza et al., 2009; Hansjakob et al, 2011; Weidenbach
et al, 2014). Further characterization of the irgl/palml
mutant may help better understand asymmetric epicuticular
wax loading on leaf surfaces and its importance to plant-
pathogen interactions. Additionally, identifying IRG1/PALM]I
orthologues and/or modifying epicuticular wax composition
in soybean might be useful to conferring resistance to
P. pachyrhizi.

Transcriptome analysis of the M. truncatula-P. pachyrhizi
interaction revealed induction of many genes in the
phenylpropanoid, flavonoid, and isoflavonoid pathways (Ishiga
et al, 2015). Accompanying metabolome studies disclosed
accumulation of the isoflavonoid derivative medicarpin and
its intermediates in P. pachyrhizi-inoculated plants. Because
medicarpin inhibited the germination and differentiation of
P. pachyrhizi uredospores in vitro (Ishiga et al, 2015), the
phytoalexin might contribute to NHR to P. pachyrhizi in
M. truncatula. Various studies with P. pachyrhizi hosts also
pointed to a role of phytoalexins in the interaction of plants
with the fungus (Chung and Singh, 2008; Lygin et al., 2009). As
the expression of genes in the secondary metabolism is strongly
affected upon P. pachyrhizi infection in soybean (van de Mortel
et al., 2007; Choi et al., 2008; Panthee et al., 2009; Schneider et al.,
2011), secondary metabolites seem to be crucial to both host
resistance and NHR to SBR.

et al

RNA Interference and Host-Induced

Gene Silencing

Another option for controlling SBR is by using RNAi to
specifically silence essential P. pachyrhizi genes. HIGS, a specific
RNAI technique, provided protection from sucking insects,
nematodes, fungi, oomycetes, bacteria, and viruses (Koch and
Kogel, 2014). To our knowledge there is not a single report on
the application of HIGS in soybean for fighting SBR or other
fungal diseases. However, knockdown of nematode genes by
siRNAs expressed in soybean was demonstrated (Steeves et al.,
2006; Li et al., 2010; Niu et al, 2012; Youssef et al., 2013).
Moreover, the successful silencing of fungal genes, including
those of the rust fungi Puccinia striiformis, P. triticina, and
P. graminis in other crops (Yin et al., 2010; Panwar et al., 2013)
is testament to the huge potential of this approach for fighting

SBR. Various stage-specifically expressed fungal genes that may
represent potential HIGS targets (e.g., genes encoding putative
effectors like HESPs, kinase family proteins, cell wall degrading
enzymes, metabolism-linked genes, succinate dehydrogenase,
etc.) have already been identified in P. pachyrhizi (Posada-
Buitrago and Frederick, 2005; Stone et al., 2012; Tremblay
et al., 2012, 2013; Ishiga et al., 2013; Link et al., 2014). Since
external application of dsRNAs has proven effective for the
control of insect pests (Hunter et al., 2012), this approach might
present a non-transgenic alternative to HIGS-mediated SBR
control.

Biocontrol

In vitro studies and greenhouse and field trials reported
protection by beneficial microbes with antagonistic properties
to P. pachyrhizi. The fungus Simplicillium lanosoniveum
preferentially colonizes P. pachyrhizi uredinia on infected
soybean leaves and thereby significantly reduces SBR
development in the field (Ward et al, 2012). Similarly,
Kumar and Jha (2002) observed hypertrophy and shrinkage
of P. pachyrhizi uredospores when colonized with Trichothecium
rosae. Moreover, several strains of Bacillus spp. reduce SBR
severity (Dorighello et al., 2015). One Bacillus strain that is
the active ingredient in the organically approved commercial
fungicide Ballad® provides SBR control. Besides antagonistic
organisms, plant volatiles, such as farnesyl-acetate, can be
used for biocontrol of SBR (Mendgen et al., 2006). Same is
true for coffee oil and essential oils from Hyptis marrubioides,
Aloysia gratissima, and Cordia verbenacea which suppressed
spore germination in vitro and reduced SBR severity under
greenhouse and/or field conditions (da Silva et al, 2014;
Dorighello et al, 2015). Moreover, acibenzolar-S-methyl
treatment or soil application of silicon reduced SBR severity
on soybean leaves (da Cruz et al., 2013). Silicon most likely
acts in two ways. First, it establishes a physical penetration
barrier when deposited in the subcuticular layer and second, it
primes plants for enhanced defense (Ma and Yamaji, 2006; da
Cruz et al.,, 2013). Furthermore, soil application of saccharin
and shale water were reported to induce SBR resistance in
soybean (Srivastava et al, 2011; Mehta et al,, 2015). These
examples illustrate the potential of SBR biocontrol. However, the
cost-benefit ratio and feasibility of field scale biocontrol needs
to be determined to estimate the actual agronomic value of such
approaches.

CONCLUSION

Phakopsora pachyrhizi is the causal agent of SBR and thus a major
threat to global soybean production. Novel compounds in the
SDHI class of fungicides hold promise for successful SBR control
in the upcoming years, but P. pachyrhizi is likely to become
increasingly insensitive to SDHI action as it has been observed for
DMI and Qol fungicides. Similarly, the SBR resistance conferred
by individual R genes was swiftly overcome in the field, but the
pyramiding (stacking) of known and yet to be identified R genes
might overcome traditional R gene inefficacy. Exploiting pathway
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components for the major plant defense hormones, SA and
JA, seems not to be a realistic option for SBR control because
component overexpression often impairs plant growth and yield.
By contrast, transcription coactivator utilization could have
huge potential but their efficacy for effective SBR control is
still awaiting assessment in both the lab and field. Synthetic
biology approaches to engineer R genes and phytoalexin
biosynthesis pathways are promising, especially because several
phytoalexins antagonize P. pachyrhizi both in vitro and in
situ. Loss or elimination of S genes also is promising for
SBR control but this approach has rarely been followed up.
Same is true for the exploitation of soybean accessions with
tolerance or PDR to SBR. Though promising, their potential
for SBR control is currently unclear. Wild Glycine species,
alternative P. pachyrhizi hosts, and especially non-host plants
are promising sources of germplasm for SBR resistance while
AMPs, RNAI/HIGS, and biocontrol approaches hold promise
for sustainable soybean production in the future. It seems that
an integrated approach exploiting different measures is likely
to provide the best possible means for the effective control of
SBR.
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Iris Finkemeier'? and Eric M. Kemen'*

" Max Planck Institute for Plant Breeding Research, Cologne, Germany, ? Institute of Plant Biology and Biotechnology,
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Recent research suggested that plants behave differently under combined versus single
abiotic and biotic stress conditions in controlled environments. While this work has
provided a glimpse into how plants might behave under complex natural conditions,
it also highlights the need for field experiments using established model systems. In
nature, diverse microbes colonize the phyllosphere of Arabidopsis thaliana, including the
obligate biotroph oomycete genus Albugo, causal agent of the common disease white
rust. Biotrophic, as well as hemibiotrophic plant pathogens are characterized by efficient
suppression of host defense responses. Lab experiments have even shown that Albugo
Sp. can suppress non-host resistance, thereby enabling otherwise avirulent pathogen
growth. We asked how a pathogen that is vitally dependent on a living host can compete
in nature for limited niche space while paradoxically enabling colonization of its host
plant for competitors? To address this question, we used a proteomics approach to
identify differences and similarities between lab and field samples of Albugo sp.-infected
and -uninfected A. thaliana plants. We could identify highly similar apoplastic proteomic
profiles in both infected and uninfected plants. In wild plants, however, a broad range
of defense-related proteins were detected in the apoplast regardless of infection status,
while no or low levels of defense-related proteins were detected in lab samples. These
results indicate that Albugo sp. do not strongly affect immune responses and leave
distinct branches of the immune signaling network intact. To validate our findings and to
get mechanistic insights, we tested a panel of A. thaliana mutant plants with induced or
compromised immunity for susceptibility to different biotrophic pathogens. Our findings
suggest that the biotroph pathogen Albugo selectively interferes with host defense
under different environmental and competitive pressures to maintain its ecological niche
dominance. Adaptation to host immune responses while maintaining a partially active
host immunity seems advantageous against competitors. We suggest a model for future
research that considers not only host—-microbe but in addition microbe—-microbe and
microbe—host environment factors.

Keywords: biotrophy, Albugo, apoplast, proteomics, field studies, microbe-microbe interactions, systemic
acquired resistance, immunity
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INTRODUCTION

In the wild, plants are exposed simultaneously to a variety of
environmental stresses. Plant responses to biotic stress caused by
microbes or abiotic stress like heat, starvation, or drought are
largely distinct, but partly overlapping (Richards et al., 2012). In
the laboratory, specific conditions are usually tested in isolation to
study how plants react to stress on a molecular level. Ultimately,
researchers would like to apply this knowledge to crop plants
under field conditions and for this it is important to elucidate how
laboratory-based knowledge transfers into nature.

Arabidopsis thaliana is the best-studied species of flowering
plant (Koornneef and Meinke, 2010), but knowledge about
how it behaves in the wild on a molecular level is still
limited. This is because abiotic and biotic stimuli constantly
fluctuate during wild plant growth, limiting replicability of
field experiments. Under controlled conditions several studies
examined how plants behave in response to single factors like
salt and osmotic stress (Kreps et al., 2002), temperature change
(Fowler and Thomashow, 2002; Kreps et al., 2002; Rizhsky
et al, 2004) and drought (Rabello et al., 2008), starvation
(Palenchar et al., 2004; Lian et al., 2006), or biotic stresses
(Schenk et al., 2000; De Vos et al., 2005; Amrine et al., 2015;
Lewis et al., 2015). Responses apparently interact, however,
since gene expression analysis demonstrated that single stress
responses cannot sufficiently predict changes after combined
stresses (Mittler, 2006; Rasmussen et al., 2013). Therefore, to
understand, for example, biotic stress responses, lab experiments
with single stresses in isolation should be compared to the same
stress under natural conditions.

The first studies on plant behavior under natural conditions
showed that the transcriptome is mostly affected by circadian
rhythm, environmental stimuli, and plant age (Nagano et al,,
2012; Richards et al., 2012). Many gene clusters co-expressed
under natural conditions are enriched in loci responsive to (a-
)biotic stimuli, which suggests that stress-responsive genes are
deployed during the whole life cycle of A. thaliana (Richards et al.,
2012). It is not clear yet how these transcription results translate
into protein abundances in the field.

In the field, white blister rust, caused by the obligate biotroph
oomycete genus Albugo, is one of the most widespread diseases
of Brassicaceae (Ploch and Thines, 2011). Albugo sp. enter
via stomata, form intercellular hyphae, penetrate the plant
cell wall and invaginate the plant plasma membrane with
haustoria in order to take up plant nutrients and release effector
proteins into host cells (Kemen et al, 2005; Rafigi et al,
2010; Spanu and Kémper, 2010; Kemen and Jones, 2012). To
complete their whole lifecycle on the living host plant, obligate
biotroph pathogens must be highly adapted to the host. Research
on the effector complement of hemibiotroph and biotroph
pathogens has already provided insights into how efficiently
these pathogens interact with their respective host (De Wit
et al,, 2009; Caillaud et al., 2013; Asai et al., 2014; Irieda et al,,
2014). For example, the biotrophic downy mildew pathogen
Hyaloperonospora arabidopsidis (Hpa), which has an overlapping
host range with Albugo sp., and suppresses host responsiveness to
salicylic acid (SA) in infected cells (Asai et al., 2014). It is known

that hemi-biotrophic and necrotrophic pathogens trigger host
secretion to the apoplast of defense-related proteins including
pathogenesis-related (PR) proteins (Floerl et al., 2008, 2012; Ali
et al., 2014; Kim et al., 2014). However, the influence of obligate
biotroph pathogens on the A. thaliana apoplastic secretome is still
unknown.

Host plant colonization by obligate biotrophs of the genus
Albugo is associated with suppression of non-host resistance
(NHR; Cooper et al., 2008). Specifically, Albugo sp. suppressed
the “runaway cell death” phenotype, allowing a formerly avirulent
downy mildew species to infect (Cooper et al., 2008). Assuming
this phenomenon would extend to other non-host pathogens,
Albugo sp. could thereby influence the microbial community
composition of the host. We previously used network modeling
of microbial community structures in the phyllosphere to show
that the community composition is not only affected by abiotic
factors and host genotype, but also by microbial hubs, including
Albugo (Agler et al., 2016). Microbial hubs are taxa that are
highly interconnected in a microbial community network and
have significant effects on the community structure (Agler
et al., 2016). It is still unclear whether hubs affect microbial
colonization via direct microbe-microbe interactions or if they
depend on host-mediated defense responses like suppression of
NHR and effector-triggered immunity (ETI).

We investigated how Albugo, which is vitally dependent on
a living host, can paradoxically compete in nature for a limited
niche while in effect breaking host resistance to colonization.
This was done by performing shotgun proteomics on leaf
apoplastic fluid samples of Albugo sp.-infected and -uninfected
A. thaliana. We examined plant samples from two different
wild sites and a common garden experiment to compare the
results with experiments performed under controlled laboratory
conditions. Our results conclusively show that both wild-
grown and lab-grown A. thaliana supports extensive Albugo sp.
colonization, but the secretomes between wild and lab plants
were significantly different. Regardless of Albugo sp. infection
status, wild plants showed a broad spectrum of defense-related
proteins at high abundances and lab-grown plants did not.
We hypothesized that the activated immune system in wild
plants leads to high hormone levels of, e.g., SA or abscisic
acid (ABA). We used A. thaliana hormone mutants to mimic
variable hormone levels in the field and found that Albugo
laibachii strains are less affected in their infection rate than
the natural competitor Hpa. Thus, our findings reveal how the
biotroph pathogen Albugo only selectively interferes with host
defense under different environmental conditions to maintain
its ecological niche. Adaptation to host immune responses
while maintaining partially active immunity seems advantageous
against competitors.

MATERIALS AND METHODS
Plant Growth Conditions

Arabidopsis thaliana seeds were stratified on moist soil for 7 days
at 4°C in darkness, before transfer into growth chambers with
short day conditions (10 h light, 14 h darkness, 23/20°C, constant
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60% humidity). Plants were grown for 6 weeks prior to infection,
except ABA mutants which were grown for 4 weeks. For
apoplastic fluid proteomics experiments in the lab (see Extraction
of Apoplastic Fluid from A. thaliana Leaves), A. thaliana Ws-0
was used. Since all mutants used for gPCR experiments (see DNA
Extraction and Oomycete Growth Quantification via gPCR) were
in Col-0 background, wild type Col-0 was used as a control for
infections in these experiments.

Arabidopsis thaliana Infections with

Oomycete Pathogen Isolates

Spore solutions were prepared by washing spores from Albugo
candida Nc2 or A. laibachii Nc14 or MPI1 infected leaf material
with tap water and held on ice for 1 h. One milliliter spore
solution was sprayed per plant (16 x 10* spores/ml) on 6-week-
old A. thaliana using airbrush guns (Conrad Electronics GmbH).
Plants were kept overnight in a dark cold room to promote spore
germination, then were further grown in cabinets (Sanyo Inc.)
with a dark-light cycle of 10 h light at 22°C and 14 h darkness at
16°C.

Infections with Hpa Noco2 were done similarly by washing
infected leaves to make a conidiospore solution (4 x 10*
spores/ml), then spraying on A. thaliana plants (Stuttmann et al.,
2011).

Sampling of Wild A. thaliana Plants

Wild A. thaliana plants were sampled in Pulheim (Pul,
50°59'08.5"N 6°49'35.4"E) and Geyen (Gey, 50°58'43.9"N
6°47'35.8"E). Leaf material was pooled from several plants with
white rust infection symptoms or asymptomatic plants at each
site to reach appropriate amounts (>2 g) for apoplastic fluid
extractions. While sampling asymptomatic plants, care was taken
to use only leaves where the whole plant did not show any white
rust sporulation. Sampling was done in spring and fall 2013 (only
fall at Gey) and in spring 2014. A third (fourth) replicate was also
taken from Gey (Pul) in spring 2015, but liquid chromatography
tandem mass spectrometry (LC-MS/MS) analysis (see below)
was performed with an updated workflow combining in-solution
digestion and analysis on a Q Exactive Plus. This increased
sensitivity, coverage and resolution; the absolute values are
therefore not comparable with samples analyzed on the LTQ
Velos after in-gel digestion.

Growth of plants in the common garden experiment at the
Max-Planck-Institute, Cologne, Germany, was described in Agler
et al. (2016). A. thaliana Ws-0 and Sf-2, which is an A. thaliana
ecotype resistant to Albugo infections, were planted and sampling
was performed exactly as described for the wild sites.

Extraction of Apoplastic Fluid from

A. thaliana Leaves
For laboratory experiments, ~7 g of leaves were harvested

from uninfected mock (H,O sprayed) or Albugo sp.-
infected (10 dpi) plants and immersed in 180 mM
2-(N-morpholino)ethanesulfonic ~ acid (MES)  (Duchefa

Biochemie; pH 5.5) infiltration buffer. Leaves sampled from
natural sites or the common garden experiment (2-9 g) were

washed twice with ddH,O to reduce dirt that was sticking to the
leaves prior to immersion in infiltration buffer. A vacuum was
applied with three cycles of 2:30 min followed by slow release
over the course of 10 min to infiltrate the leaves homogenously.
The leaves were blot-dried with tissue and placed in a 50 ml
falcon tube with holes in the bottom in a centrifugation bottle.
Apoplastic fluid was collected via centrifugation (Thermo
Scientific) at 4°C and 900 x g for 10 min and was then sterile
filtered (0.22 pm syringe filter, Spectrum Labs). Proteins were
precipitated via chloroform/methanol precipitation (Wessel and
Fligge, 1984). Pellets were dissolved in Laemmli sample buffer
(Laemmli, 1970) for in-gel digestion and stored at —20°C until
LC-MS/MS analysis.

LC-MS/MS Analysis

For samples analyzed with the LTQ Velos machine (lab and wild
samples replicates 1-3), about 20 pg of apoplast protein extract
per sample was separated at 125 V on a linear 12% Tris-Glycine
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) for approximately 2 h. Gels were stained with PageBlue
protein staining solution (Fermentas). Each gel lane was dissected
into 30-32 slices. Gel slices were destained, reduced, alkylated,
and trypsinated by a Proteineer dp robot (Bruker Daltonics).
Peptides were separated on a Thermo/Proxeon Easy nLC Il in a
two-column configuration (precolumn 3 cm x 100 pwm, 5 pm
C18AQ medium, analytical column 10 cm X 75 pm, 3 pm
C18AQ) coupled to a LTQ-Velos ion trap (Thermo Scientific).
Peptides were eluted over a segmented linear 130 min gradient
running from 5 to 95% acetonitrile (ACN)/H,O with 0.5% formic
acid (FA) at a flow-rate of 300 nl/min. Survey full-scan mass
spectra were acquired in a mass range from 400 to 1600 m/z.
MS/MS spectra were acquired with collision-induced dissociation
(CID) at 35 eV on multiply charged precursor ions using a Top10
method with active exclusion for 60 s in a window from 0.2 Da
below to 1.5 Da above the precursor mass. The ion selection
threshold was set to 500 counts for MS2, the activation Q was
set to 0.25 and the activation time to 10 ms. The resulting RAW
files were converted to MGF format using Proteome discoverer
1.4.0288 (Thermo Scientific).

For samples analyzed on the Q Exactive Plus machine (lab
samples, wild sample replicate 4 and common garden experiment
samples), 5-20 pg apoplast protein extract per sample were
digested in solution. The protein pellet was dissolved in 8 M
urea, 0.1 M Tris-HCl pH 8.0, 1 mM CaCl,. Cysteins were
reduced by adding dithiothreitol (DTT) to a final concentration
of 5 mM and incubation for 30 min. Subsequently, alkylation was
performed by adding chloroacetamide to a final concentration of
14 mM and incubation for 30 min. The reaction was quenched
by addition of DTT. Urea concentration was adjusted to 2 M
by dilution with 0.1 M Tris-HCI pH 8.0, 1 mM CaCl,. Trypsin
digestion (1:100 enzyme-to-protein ratio) was performed over
night at 37°C and stopped by addition of 1% FA. Peptides were
desalted with StageTips (Empore C18, 3 M) as described in
Rappsilber et al. (2007). Dried peptides were redissolved in 2%
ACN, 0.1% trifluoroacetic acid for analysis and adjusted to a final
concentration of 0.18 pg/pl. Samples were analyzed using an
EASY-nLC 1000 (Thermo Fisher) coupled to a Q Exactive Plus
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mass spectrometer (Thermo Fisher). Peptides were separated on
16 cm frit-less silica emitters (New Objective, 0.75 pwm inner
diameter), packed in-house with reversed-phase ReproSil-Pur
C18 AQ 3 pm resin (Dr. Maisch). Peptides (1 jLg) were loaded
on the column and eluted for 120 min using a segmented linear
gradient of 0-95% solvent B (solvent A 5% ACN, 0.5% FA;
solvent B 100% ACN, 0.5% FA) at a flow-rate of 250 nl/min.
Mass spectra were acquired in data-dependent acquisition mode
with a Top15 method. MS spectra were acquired in the Orbitrap
analyzer with a mass range of 300-1750 m/z at a resolution of
70,000 FWHM (full width at half maximum) and a target value of
3 x 10° ions. Precursors were selected with an isolation window
of 1.3 m/z. High-energy collisional dissociation fragmentation
was performed at a normalized collision energy of 25. MS/MS
spectra were acquired with a target value of 10° ions at a
resolution of 17,500 FWHM and a fixed first mass of m/z
100. Peptides with a charge of +1, greater than 6, or with
unassigned charge state were excluded from fragmentation for
MS2, dynamic exclusion for 30 s prevented repeated selection of
precursors.

MS Data Processing

MS/MS spectra were searched against the A. thaliana proteome
(TAIR10) and against the A. laibachii Ncl4/A. candida Nc2
(Kemen et al, 2011; McMullan et al, 2015) proteomes.
A database containing 248 common contaminants and reverse
“decoy” sequences were included. Trypsin specificity was
required and a maximum of two missed cleavages allowed.
Carbamidomethylation of cysteine residues
fixed modification and oxidation of methionine as variable
modification. LTQ Velos data was searched using X! Tandem
(version 2013.02.01.1; Craig and Beavis, 2004). A fragment
monoisotopic mass error of 0.4 Da was permitted with a parent
monoisotopic mass error of £0.3 Da. Protein identifications
were validated via the trans-proteomic-pipeline (TPP version
4.6.2; Deutsch et al., 2010), using default settings. For refinement
and quantification of protein identifications APEX spectral
counting (version 1.1.0) was used (Braisted et al., 2008). The
APEX abundances of observed proteins were calculated using
the results from PeptideProphet and ProteinProphet analyses
(part of TPP) and a false discovery rate (FDR) of 1%. For
further analyses proteins were filtered for secreted proteins,
based on TargetP 1.1 predictions (Emanuelsson et al., 2000)
(Supplementary Material: Tables S3-S7).

Q Exactive data were processed using MaxQuant software
(version 1.5.2.8'; Cox and Mann, 2008) with label-free
quantification (LFQ) and iBAQ enabled (Cox et al., 2014).
Minimal peptide length was set to seven amino acids. Peptide-
spectrum-matches and proteins were retained if they were below
a FDR of 1%. Subsequent quantitative statistical analyses were
performed in Perseus (version 1.5.2.6'; Cox and Mann, 2012).
LFQ intensities were log2 transformed. iBAQ values were used
to filter for the 100 most abundant proteins, which were further
analyzed based on their LFQ values (Supplementary Material:
Table S8).

was set as

Uhttp://www.maxquant.org

Due to different mass spectrometers and sample preparations
a direct comparison based on protein abundances is not possible
for samples analyzed with different setups.

Statistical Analyses of Proteomics

Samples

To evaluate how the composition of proteomic samples varied
between different treatments and sampling sites, we used
redundancy analyses (RDA) in the R-package Vegan 2.2-1
(Oksanen et al., 2015). We first built an unconstrained model
with the command RDA of all proteins in the sample with
their respective APEX or LFQ abundance value. This model
was then constrained by the factors location, infection status,
or sample type (treatment). For visualization, we plotted the
first constrained axes (if the factor was only two levels, only
one constrained and one unconstrained axis are generated)
and calculated the total variation of protein composition
that was correlated to the constraining variables. To test
if the constraining was significant (p < 0.05), we used
the ANOVA function built into Vegan, which uses random
permutations of factor classes followed by Tukey honestly
significant difference (HSD) in R 3.0.2 (R Core Team, 2013).
Ellipses of confidence intervals were plotted to help visualizing
significant correlations. The built-in ordiellipse function was
used to calculate the 95% confidence limits based on standard
error.

RDA with all of the Q Exactive Plus-measured samples,
constrained for the factor “treatments,” indicated that five
samples strongly diverged from their respective replicates
(Supplementary Figure S1A). Due to technical reasons, these
samples had abnormal MS/MS identification rates and showed
low correlation to all other samples (Supplementary Figure S1B).
For further analyses, these samples were excluded.

To determine if asymptomatic wild-grown A. thaliana plants
were free of Albugo growth, the identified MS/MS spectra
of these samples were searched against the A. laibachii Nc14
proteome and A. thaliana proteome and the ratio of Albugo
proteins/A. thaliana proteins was compared with the ratios in
Albugo-infected samples (Supplemenatry Tables S1 and S2).

DNA Extraction and Oomycete Growth
Quantification via gPCR

Plants from the mutant infection assay were harvested at
10 dpi (A. laibachii/A. candida infections or mock) or at 5
dpi (Hpa Noco2 infections or mock) and were immediately
frozen in tubes in liquid nitrogen. Three adult plants (or five
seedlings) were pooled and ground to powder using a liquid
nitrogen-cooled mortar and pestle and DNA was extracted
following a phenol/chloroform-extraction protocol (McKinney
et al, 1995). In short, ground powder was taken, added
to extraction buffer (50 mM Tris pH 8.0, 200 mM NaCl,
0.2 mM ethylenediaminetetraacetic acid (EDTA), 0.5% SDS,
0.1 mg/ml proteinase K (Sigma-Aldrich) and incubated at
37°C for 30 min. One volume phenol was added, centrifuged
and the top aqueous layer recovered and was mixed with
1 volume chloroform/isoamyl alcohol (24:1; Sigma-Aldrich).
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After centrifugation, the top aqueous layer was recovered
and mixed with 3 M sodium acetate and two volumes pure
ethanol to precipitate the nucleic acids. DNA was pelleted
by centrifugation and washed twice with 70% ethanol. It
was resuspended in 50 pl nuclease free water (NFW) and
used for qPCR. DNA concentrations were determined via
NanoDrop (Thermo Scientific) and diluted to 1 ng/pl. One
qPCR reaction contained 7.5 pl SsoAdvanced universal SYBR
Green supermix (Bio-Rad), 0.3 pl of each primer (10 mM),
1.9 pl NFW and 5 pl DNA. Samples were measured in
triplicates in a CFX Connect real-time PCR detection system
(Bio-Rad) using the following program: (1) 95°C, 2 min; (2)
(95°C, 20 s, then 56°C, 20 s, then 72°C, 30 s) x40, 72°C,
5 min followed by a temperature gradient from 65 to 95°C.
To quantify the amount of oomycete DNA per plant sample
two standard genes were used (A. thaliana EF1-a: 5-AAGGAG
GCTGCTGAGATGAA-3, 5-TGGTGGTCTCGAACTTCCAG-
3’; Oomycete internal transcribed spacer (ITS) 5.8s: 5'-ACTTT
CAGCAGTGGATGTCTA-3/, 5-GATGACTCACTGAATTCTG
CA-3'). The amount of oomycete DNA was normalized to the
respective plant DNA content and infected plant mutants were
normalized to infected Col-0 wild type plants via calculating the
AACq.

Amplicon Sequencing of Microbial

Communities

DNA extraction, amplicon library preparation, and sequencing
were performed as previously described (Agler et al., 2016). In
short, DNA was extracted with bead beating and SDS/lysozyme
lysis with a phenol/chloroform cleanup. Amplification was
performed for four amplicon regions (bacterial 16S rRNA gene
regions V3/V4 and V5/V6/V7, Fungal ITS1 and ITS2) in two
steps: The first step employed universal amplification primers
and oligonucleotide clamps to block host amplification. The
second step employed primers consisting of a concatenation
of the Illumina adapter P5 (forward) or P7 (reverse), an
index sequence (reverse only), a linker region, and the base
primer for the region being amplified. Amplicon libraries
were quantified fluorescently and products were combined in
equimolar concentrations and were sequenced on an Illumina
MiSeq lane using a mixture of custom sequencing primers
complementary to the linker/primer region of the concatenated
primers.

To process the reads, we used the custom pipeline described
in Agler et al. (2016). For downstream analyses, operational
taxonomic unit (OTU) tables were rarefied to an even depth of
reads per sample and summarized to the genus level. A bar chart
was plotted including all genera with >5% abundance in any
one sample (Supplementary Figures S2 and S3). Beta diversity
plots were generated using principal coordinates analyses based
on Bray-Curtis similarities between rarefied samples (Figure 5;
Supplementary Figure S4). Alpha diversity (number of observed
taxa) was calculated based on the average of 10 rarefactions of the
data (Figure 5; Supplementary Figure S4). The raw sequencing
data is available on Qiita®.

Zhttps://qiita.ucsd.edu/; study 10369

Albugo Strain Determination with

Microsatellite Markers

Microsatellite markers were used to analyze genetic diversity
between wild A. laibachii strains as in Agler et al. (2016).
Three primer sets (AISSR2[F/R], AISSR6 [F/R], and AISSR10
[E/R]) were employed which produce amplicons with which
A. laibachii strains are easily distinguished. PCRs were performed
as previously described (Agler et al., 2016) with equal amounts
of extracted DNA from endophytic compartment samples as
template. Products were visualized on a 3% high-resolution
agarose gel (Bio-Budget) with a 100 bp ladder. In some gels
weak bands appeared in the background at lengths unexpected
for the used markers. These were considered as non-target
amplification and only bright bands of similar intensity were
analyzed. If the length of amplified bands for all three markers
were indistinguishable, we considered strains to be the same.

RESULTS

The Secretome of Wild-Grown
A. thaliana Differs Significantly from

Lab-Grown Plants

To get insights into the physiology of wild versus lab-grown
plants we used a shotgun proteomics approach to elucidate plant
secretomes on plants from two different wild sampling sites
and from plants grown in a common garden experiment. We
chose two sites nearby Cologne, Germany (Pul and Gey), due
to their stable A. thaliana population structure and repeated
observations of naturally occurring white rust symptoms caused
by Albugo sp. These sampling sites are located within 2.5 km
of one another and at similar elevations such that weather-
caused environmental conditions are essentially similar. We
sampled leaf material, pooled leaves from several plants at a
site, during the early vegetative growth phase of A. thaliana in
fall before its resting stage over winter and in spring, before
it goes into its reproductive stage. All analyses are based on
three biological replicates (two spring and one winter) from
Pul, and two biological replicates (one spring and one winter)
from Gey. We compared wild plants with or without visible
white rust infection to lab-grown infected and uninfected mock
plants. We focused our analyses on the plant apoplastic space,
as it has been shown in previous work that upon biotic and
abiotic stress perception there is a massive increase in secretion
of defense- or stress-associated proteins into this compartment
(Doehlemann and Hemetsberger, 2013; Delaunois et al., 2014).
The apoplast is therefore a good analytical readout for plant
responses.

Analyses revealed between 370 and 585 unique secreted
Arabidopsis proteins per sample, with abundance values spanning
four orders magnitude (Supplementary Material: Tables S3-
S7). We used constrained RDA of the 100 most abundant
proteins across all uninfected samples to unravel the factors
determining the variation of secretome compositions. Seventy-
six percent of the total protein variation (ANOVA based
on 999 random class permutations for significance of the
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FIGURE 1 | The secretome of uninfected wild A. thaliana differs
significantly from A. thaliana grown in controlled environment. The
apoplastic fluid proteome (100 most abundant secreted proteins) of
asymptomatic wild A. thaliana from Pul and Gey clusters significantly different
to uninfected lab plants. Seventy-six percent of the variation in protein
composition of these samples can be explained by constraining for these
different “treatments” [lab uninfected (yellow, n = 5), Pul uninfected (pink,

n = 3), Gey uninfected (red, n = 2)] (ANOVA, p-value: 0.004). Confidence
ellipses (lines) (0.95) based on the standard error show an overlap of Pul and
Gey samples indicating their strong similarity.

treatment constraint, p-value: 0.004) was constrained by the
factor “treatments,” distinguishing lab, Pul, and Gey samples
(Figure 1). Here, uninfected lab samples cluster together and
are significantly different from wild samples (0.95 confidence
interval; Figure 1). Samples from different wild sites, however,
show significant overlaps of their confidence intervals (Figure 1).
This demonstrates that wild plants differ significantly from plants
grown under controlled conditions even in an uninfected stage
and that samples from two different wild sites are more similar to
each other than to lab-grown plants.

To check if the phenotypically uninfected wild plants were
free of Albugo sp. growth, we annotated the protein spectra
against the A. laibachii Nc14 genome and compared this with
laboratory uninfected samples (Supplementary Table S1). Two
of the five asymptomatic natural samples (Pul uninfected first
and third replicate) exhibited augmented amounts of Albugo
proteins (11.57% respectively 14.37%), while the other samples
were comparable to background levels in non-inoculated control
laboratory experiments (maximum 3.07%). The higher levels

in the two asymptomatic Arabidopsis samples could result
from asymptomatic endophytic Albugo sp. growth (not visible
during sampling) or contamination from Albugo spores attached
to the leaves. However, they do not cluster closely together
with corresponding samples showing white rust symptoms
(Supplementary Figure S5C), suggesting that they do not behave
like infected samples.

To demonstrate reproducibility of our experimental setup,
we performed constrained ordination analyses with the factor
“replicates” (three biological replicates) for all lab samples
(uninfected and infected). Variation between replicates was not
significantly more than random variation (ANOVA, p-value:
0.509), indicating the reproducibility of the results under
controlled conditions (Supplementary Figure S6). On the other
hand, “replicates” was a highly significant factor explaining most
of the total variation (58%) in wild samples (for both infected
and uninfected samples; ANOVA, p-value: 0.004; Supplementary
Figure S5C). Not surprisingly, the reproducibility of wild samples
is low in comparison to the lab likely because the samples from
different sampling dates and seasons (spring/fall) were exposed
to different environmental stresses.

Considering the overall difference in secretome composition
of uninfected wild and lab plants we had a closer look at the
100 most abundant proteins. Forty-two proteins had significantly
different abundances between lab plants and wild Pul or
Gey plants (Student’s t-test, p-value < 0.05; Figure 2). For
uninfected plants, the four overall most abundant proteins in
the apoplastic fluid samples (annotated as: PR5 AT1G75040.1,
PR1 AT2G14610.1, BG3 AT3G57240.1, PR2 AT3G57260.1) were
significantly more abundant in the wild samples and are
associated with responses to abiotic or biotic stimulus gene
ontology (GO biological process, Berardini et al., 2004; Figure 2).
In total, twelve proteins that had significantly higher abundance
in the wild samples are associated with response to [a]biotic
stimulus or to stress (GO biological process). This indicates that
phenotypically healthy wild plants have an activated immune
system which distinguishes them from plants grown in a
controlled lab environment.

The Oomycete Pathogen A. laibachii
Does Not Suppress the Activated

Immune System of Wild A. thaliana

To determine to which extent the oomycete pathogen Albugo
manipulates its host under controlled conditions and in the wild,
we infected A. thaliana with two A. laibachii strains (isolates Nc14
and MPI1) and an A. candida strain (isolate Nc2). The strains
Nc14 and Nc2 have been isolated from A. thaliana field plantings
in Norwich, UK, while the MPI1 strain was the most frequently
occurring Albugo sp. strain in our common garden experiments
in Cologne, Germany (Kemen et al., 2011; McMullan et al., 2015;
Agler et al.,, 2016). Microsatellite markers (van Treuren et al,
1997) demonstrated that in Pul and Gey A. thaliana plants were
infected with various strains of A. laibachii whereas we did not
detect A. candida with specific primers in any wild or common
garden experiment (Supplementary Figure S7 and Agler et al.,
2016, for the common garden experiment).
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FIGURE 3 | Wild white rust Albugo sp. infections differ from lab infections, but Albugo laibachii does not change the A. thaliana secretome

Uninfected A. laibachii A. candida
Nc14 inf. Nc2 inf.

significantly. (A) RDA constrained for factor “treatments” with all infected samples. Wild samples from Pul (dark green, n = 3) and Gey (light green, n = 2) cluster
significantly different to laboratory infections of A. laibachii Nc14 (dark blue, n = 4) and A. candida Nc2 (light blue, n = 3). Confidence ellipses are based on standard
error. (B) RDA constrained for factor “treatments” with all laboratory samples. Uninfected (yellow, n = 5) and A. laibachii Nc14 (dark blue, n = 4) infected samples
cluster closely together apart from A. candida Nc2 (light blue, n = 3) infected samples. The spread of the protein samples on both axes plotted in boxplots indicates
a significant difference between A. candida Nc2 and A. laibachii Nc14/uninfected samples along RDA1-axis with 24.5% of the total variation (Tukey honestly
significant difference (HSD), p-value < 0.05). (C) Arabidopsis thaliana \Ws-0 grown in a common garden experiment under wild conditions (red, asymptomatic plants;
pink, Albugo-infected plants) has significantly different secretome compositions compared to A. thaliana Ws-0 grown under laboratory conditions (yellow, uninfected;

orange, Albugo-infected). Confidence ellipses (0.95) are based on standard error. All samples presented in (C) were analyzed with a Q Exactive Plus following
in-solution digestion (see liquid chromatography tandem mass spectrometry (LC-MS/MS) Analysis).

Constrained analyses revealed clear differences in protein
composition of the infected samples: 63% of the total protein
variation was constrained by distinguishing the samples from
Pul, Gey, and the two Albugo lab infections (factor “treatment”;
ANOVA, p-value: 0.015; Figure 3A). Pul and Gey infections
clustered closely together with significant separation from both
A. laibachii Ncl4 and A. candida Nc2 infected samples in
the laboratory (Figure 3A). Even though the wild samples
were from spatially separated sampling sites and infected
with different A. laibachii strains, there were no significant
differences in their secretome composition. Comparable to the
apoplastic secretome of uninfected and asymptomatic A. thaliana
plants (see The Secretome of Wild-Grown A. thaliana Differs
Significantly From Lab-Grown Plants), wild plants showing a

white rust phenotype differ significantly from plants showing
white rust symptoms following infections under controlled lab
conditions.

To unravel to which extent Albugo sp. can change the
A. thaliana protein secretion following successful colonization,
we compared for each environmental condition (laboratory/wild)
the secretome of plants showing successful infection of
Albugo with uninfected plants. Under laboratory conditions,
32% of the total variation were constrained by separating
uninfected, A. candida Nc2 infected and A. laibachii Ncl4
infected samples (ANOVA, p-value: 0.013; Figure 3B). All
uninfected/symptomless samples clustered closely together with
A. laibachii Ncl4 infected leaf samples, apart and with no
significant overlap with A. candida Nc2 infected samples.
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Considering the spread of the plotted samples along RDA1
(x-axis; explains 24% of the protein variation) there is
a significant difference between the A. candida Nc2 and
uninfected/A. laibachii Ncl4 infected samples (Tukey HSD,
p-value: 0.001; Figure 3B). The uninfected and A. laibachii
Nc14 infected samples cluster closely together without significant
differences along this axis and with only weak differences along
the y-axis. Therefore, under controlled conditions A. laibachii
Nc14 infections had non-significant effects on the abundance of
secreted A. thaliana proteins.

In order to better unravel the environmental influences on
Arabidopsis secretomes and to check whether differences between
lab and field were due to differences between Ws-0 used in
the lab and wild plants, we planted A. thaliana Ws-0 (Albugo
susceptible) and Sf-2 (Albugo resistant) plants, in a common
garden experiment (described in Agler et al., 2016). Nearly all
wild-grown A. thaliana Ws-0 plants were infected in spring
(mostly by A. laibachii strain MPI1) and we compared these to
laboratory experiments with an isolate of this Albugo strain. The
high infection rates of Ws-0 impeded sampling of asymptomatic
plants. RDA constrained for “treatments” (ANOVA, p-value:
0.001) showed a significant difference between the secretomes
of field- and lab-grown A. thaliana Ws-0. Under laboratory
conditions, A. thaliana Ws-0 plants infected with A. laibachii
MPI1 did not significantly differ from uninfected plants. This
was comparable to field-grown A. thaliana, which showed
dense clustering of samples irrespective of infection status
(Figure 3C). Albugo-resistant A. thaliana Sf-2 samples clustered
closely with A. thaliana Ws-0. The single replicate from Pul and
Gey that was analyzed with the same method clustered away
from the plants of the common garden experiment but were
more variable. Therefore, these results confirmed differences
that were observed between lab-grown plants ((un-)infected)
and wild Arabidopsis samples from Pul and Gey (Figures 1
and 3A).

Constraining for differences between infected and uninfected
samples by site (i.e., within each of Pul and Gey) explained
24% of the variation in secretome composition, but this was
not significant (ANOVA, p-value: 0.744; Supplementary Figure
S5A). Similarly, constraining for infection status across both
natural sites, which only distinguishes all plants with white
rust symptoms from symptomless plants, explained 6% of
the total protein variation and was not significant (ANOVA,
p-value: 0.686; Supplementary Figure S5B). This indicates that
similar to results in the lab, the protein composition in
A. thaliana apoplastic fluid is highly similar in A. laibachii-
infected and -uninfected wild plants (overlapping confidence
ellipses based on standard error; Supplementary Figure S5A).
Similar to uninfected wild plants (Figure 2), A. laibachii-
infected wild plants exhibited high levels of PR proteins
like beta-1, 3-glucanases (PR2 AT3G57260.1, AT3G57240.1),
PR1 (AT2G14610.1) and PR5 (AT1G75040.1; APEX log,
abundance > 5.0; Figure 4). Since there was no significant
difference (paired t-test, p-value > 0.05) in abundance of
these proteins in uninfected wild plants compared to wild
plants showing white rust symptoms, A. laibachii infection does
not significantly affect A. thaliana defense protein secretion.

Furthermore, A. laibachii infections do not reduce the secretion
of defense proteins that were already present in plants prior
to infection. These results suggest that the obligate biotroph
A. laibachii is adapted to A. thaliana triggered immune responses
in the wild and can complete its infection cycle without
severe suppression of the apoplastic protein based defense
machinery.

Bacterial Alpha Diversity Changes with
Albugo sp. Infection While Fungal
Community Compositions Are More
Stable

To unravel which biotic factors might have triggered the observed
elevated levels of PR proteins under field conditions regardless
of Albugo infection status, we characterized the endophytic
microbial communities of Albugo sp. infected versus uninfected
A. thaliana plants in Pul and Gey via amplicon sequencing
(bacterial 16S rRNA, fungal ITS).

The sampling was done at the same time points as for
proteomics and the processing was described in Agler et al.
(2016) (see Amplicon Sequencing of Microbial Communities).
Unconstrained ordination of the infected and uninfected
wild samples indicated that the bacterial communities were
fairly variable and clustered by the sampling time point
(Figure 5; Supplementary Figure S4). Similar to fungi, bacterial
communities grouped by plant generations (the samples that
were harvested in December 2013 and March 2014 are
one plant generation since A. thaliana germinates in fall,
is vegetative over winter and dies in late spring following
reproduction; Figure 5; Supplementary Figure S4). Contrary to
the bacterial communities, only the fungal community in Gey
clusters separately from Pul samples, supporting previous results
suggesting that fungi are more location-specific than bacteria
(Agler et al., 2016; Coleman-Derr et al., 2016). Endophytic fungi,
detected at Pul or Gey, belonged largely to the order Pleosporales
or the class of Leotiomycetes, which are, often necrotrophic,
ascomycotal fungi (Supplementary Figure S3). Calculating the
alpha diversity within the bacterial and fungal communities in
the infected and uninfected samples revealed a decrease of the
diversity in infected plants (Figure 5; Supplementary Figure
S4).

Taken together the results indicate that Albugo sp. infections
have a stronger influence on the colonization of bacteria
where sample clustering is more variable and Albugo-infection
status correlates to diversity (Agler et al., 2016). We therefore
propose that fungi trigger the observed host immune responses,
since these communities are similar in infected and uninfected
samples and therefore seem to be less under the control of
Albugo.

Albugo laibachii Infections Are Less
Affected by Altered Host Hormone

Levels than Hpa

Arabidopsis thaliana immune responses to biotic stresses often
result in alteration of plant hormone levels including SA-
mediated defense against (hemi-)biotrophs or jasmonic acid
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FIGURE 4 | Asymptomatic, uninfected wild A. thaliana plants show an activated immune system, which is not changed by Albugo sp. infections. The
most abundant A. thaliana proteins in wild Albugo sp.-infected and -uninfected plants are related to defense responses. APEX abundance values were averaged
across replicates and logy transformed. Significant differences between wild samples are indicated by symbols.
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(JA)/ethylene-mediated defense against necrotrophs (Thomma
et al., 1998; Glazebrook, 2005). Especially PR1, PR2, and PR5
proteins were shown to be SA responsive (Uknes et al., 1992), and
we showed that they were highly abundant in all wild A. thaliana
samples. Hpa has an overlapping host range and is a natural
competitor of Albugo sp. on A. thaliana, because as obligate
biotrophic oomycetes they occupy a similar niche.

During our experimentation, we phenotypically observed far
more A. laibachii infection in the wild than other biotrophic
pathogens of A. thaliana like Hpa. Therefore, we wanted to know
if A. laibachii is better adapted to the primed immune system
(i.e., constantly high PR protein levels) than Hpa. We compared
both pathogens in growth assays on A. thaliana hormone
mutants for their infection efficiency (Figure 6). Oomycete
growth quantification via qPCR showed that Hpa Noco2 is
especially affected in ABA biosynthesis-deficient mutants (aba3-
1, aba2-12, negative effect), an SA-induction deficient mutant
(sid2-2, positive effect) and a mutant with constitutive expression
of PR-genes (cpr5, positive effect) compared to A. laibachii.
Furthermore, Hpa Noco2 growth is significantly lowered in
the ein2-1 mutant (ethylene insensitive), which has elevated JA
levels after pathogen treatment and constitutive PRI expression
(Penninckx et al., 1998; Chen et al., 2009). Two different
A. laibachii strains (MPI1 and Ncl4) were tested. Contrary

to Hpa, A. laibachii Ncl4 and MPI1 colonization was very
resilient, since its growth was only affected (relative to mock
control) in the cpr5 (Nc14/MPI1) and the aba2-12 (MPI1)
mutant backgrounds. In total, Hpa Noco2 growth varied more
in the different mutant backgrounds (significant difference to
mock control in five of eight mutants), than A. laibachii
(significant difference in one of eight mutants for Nc14 and
two of eight mutants for MPI1). This suggests that A. laibachii
strains show a high plasticity to adapt to a broad range of
host pre-existing defense fluctuations. This plasticity might
give an advantage in competing for limited growth space in
nature.

DISCUSSION

Arabidopsis thaliana is the best-studied flowering plant under
controlled lab conditions (Koornneef and Meinke, 2010). How
A. thaliana physiology changes and what happens on a molecular
level under natural conditions compared to lab conditions is
largely unknown. We have addressed this knowledge gap by
comparing the apoplastic secretome of A. thaliana plants grown
under standard experimental conditions in the lab with wild
plants in stable, well-established, populations or with wild-grown
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FIGURE 6 | Oomycete growth quantification via qPCR in different A. thaliana hormone mutants. Oomycete growth (A. laibachii MPI1/Nc14,

H. arabidopsidis Noco2) was quantified via qPCR at 10 dpi (A. laibachii) or 5 dpi (H. arabidopsidis) in different A. thaliana hormone mutants (Col-0 as control).

A. laibachii Nc14 growth (orange) was only significantly different to the control in cpr5 mutants. H. arabidopsidis Noco2 growth (purple) was affected in aba3-1,
aba2-12, ein2-1, sid2-2, and cprb mutants. Asterisks indicate significant differences to Col-0 control infections and differences of infections within a mutant group

cpr5

plants in a common garden experiment. Our data demonstrates
that morphologically healthy, wild- or field-grown A. thaliana
plants are significantly different in physiology from plants grown
under controlled lab conditions. The main difference is that
naturally grown plants have significantly higher abundances
of defense- and stress-related proteins in the apoplastic space
(Figure 2).

Asymptomatic Wild A. thaliana Has an

Induced Immune System

The apoplastic space is important for plant defense and pathogen
virulence, as it is one of the main contact points of the host
to invading pathogens (e.g., Kaffarnik et al., 2009; Floerl et al.,
2012; Ali et al., 2014; Kim et al., 2014) and beneficial endophytes
(e.g., Dong et al.,, 1994; Chi et al., 2005). Colonizing pathogens
are generally recognized by plant cells in the apoplast where
they are directly attacked by plant defenses. Upon microbe
recognition, plants try to limit their growth by, e.g., reacting
with a burst of reactive oxygen species (ROS; Daudi et al.,
2012) or producing antimicrobial proteins from the PR-family
(PR proteins; Loon et al., 2006). In apoplastic fluids extracted
from wild, asymptomatic A. thaliana plants we found the most
abundant proteins were PR2 (pathogenesis-related 2), PR5, BG3
(beta-1,3-glucanase 3), PR1 and eukaryotic aspartyl protease,
which indicates triggered immune responses. Especially PRI,
PR2, and PR5 are known marker proteins for SA-dependent

systemic acquired resistance (SAR; Uknes et al., 1992, 1993),
which is a long-lasting form of broad-spectrum disease resistance
against avirulent pathogens in the whole plant (Maleck et al.,
2000). High abundance of PR1 and SAR often goes along
with redox regulation and accumulation of ROS, which are
generated by nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases or apoplastic peroxidases (Mammarella et al.,
2015). A. thaliana encodes several peroxidases, of which the
apoplastic peroxidase 34 (PRX34, AT3G49120.1) is specifically
activated under plant defense conditions, as well as peroxidase
33 (PRX33, AT3G49110.1; Daudi et al, 2012; Mammarella
et al, 2015). However, PRX34 and PRX33 peroxidases were
not significantly different in abundance in lab or wild plants
and PRX33 was generally only very low abundant (not among
top 100 proteins, Figure 4). A further 16 extracellular class III
peroxidases that were shown to be expressed in leaves (Welinder
et al., 2002), were either not detected or only at very low
abundances with no difference between symptomless wild and lab
samples. This could suggest that no ROS-burst or hypersensitive
response was triggered in asymptomatic wild plants. In lab-
grown unchallenged plants, only low levels of PR-proteins were
detectable, consistent with the basal level that has been described
for A. thaliana in previous studies (Floerl et al., 2012; Trentin
et al., 2015).

The most abundant protein in untreated lab grown samples
is a thioglucoside glucohydrolase (known as myrosinase;
AT5G26000.1), which is significantly more abundant compared
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FIGURE 7 | The well-adapted microbial hub Albugo keeps host immunity active to gain colonization advantages over competitors in nature. Under
natural growth conditions, A. thaliana shows an induced immune system and a high microbial diversity in the phyllosphere. Infections of A. laibachii influence the
microbial community structure, but do not suppress host defense reactions so that colonization of weak pathogens is hindered. If the A. thaliana immune system is
not induced, as in plants grown under lab conditions, pathogens like weak strains of H. arabidopsidis can infect A. thaliana even after a preceding Albugo infection.
Albugo does not trigger strong host defense reactions, which allows the growth of H. arabidopsidis.

to asymptomatic field samples (Figure 2). Glucosinolates are
secondary metabolites that can be cleaved by the enzyme
thioglucoside glucohydrolase resulting in toxic products
against fungi and insects (Barth and Jander, 2006; Halkier
and Gershenzon, 2006; Bednarek et al., 2009). As such it
can deter generalist herbivores, but might attract crucifer
specialists  (Barth and Jander, 2006). Taking lab-uninfected
A. thaliana protein abundances as a measure for protein levels
under unstressed conditions, we hypothesize that microbes
colonizing healthy, uninfected wild plants lead to suppression
of myrosinases and glucosinolates in nature. Thus, defense
against eukaryotic microbes might be lowered, facilitating the
colonization of fungi and oomycetes in nature and ultimately
leading to the induced immune system.

Restructuring the Leaf Microbial
Community by the Microbial Hub

A. laibachii Is Not Mediated via Host
Protein Secretion

Naturally grown A. thaliana plants accommodate a broad range
of microbes (Vorholt, 2012; Agler et al, 2016), which are
probably responsible for the observed activated defense and
myrosinase suppression. Thus, our goal was to dissect the
endophytic microbial community to identify responsible key
organisms. Our community profiling revealed that bacteria did
not differ markedly between the two wild populations of Pul
and Gey, whereas fungal communities showed a significant
location specificity. This indicates a rather homogenous spread
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of bacterial inoculum, while fungal dispersal/growth is more
unequal and site specific. This agrees with previous reports
that bacterial communities vary in their relative abundance
of species between sites, while fungal communities differ by
presence/absence between different sites (Agler et al., 2016;
Coleman-Derr et al., 2016). Bacterial and fungal communities
were fairly stable over one plant generation (December 2013,
March 2014) even though challenged by natural biotic and abiotic
fluctuations, but differed significantly from one to the next plant
generation (May 2013).

Endophytic fungi belonged largely to the order Pleosporales,
which has many members that are necrotrophic plant pathogens
like the detected Alternaria sp., Ascochyta sp. or Boeremia
sp. Even though these fungi were detected as endophytes via
sequencing, the plants did not show any signs of necrosis and
were otherwise healthy during sampling. Possibly, these fungi
initially colonized plants and triggered the observed immune
responses and the primed host immune system restricted their
growth. Although Alternaria brassicicola was shown to trigger
SA-marker gene expression, growth restriction, and resistance
against A. brassicicola relies on callose-deposition (Ton and
Mauch-Mani, 2004). Even though we did not observe the
callose synthase enzymes (e.g., AtGSL5), we cannot exclude
their activation, since they are cellular and not detectable in the
apoplast.

Besides fungi, the most abundant eukaryotic microbes
observed in wild A. thaliana populations were the causal
agents of white rust symptoms, Albugo sp. Endophytic bacterial
communities of wild A. thaliana plants changed after infection
by Albugo sp. showing significantly reduced alpha diversity and
Gammaproteobacteria (mostly Pseudomonas sp.) dominating
bacterial communities. Again, this is consistent with Agler
et al. (2016), which highlighted an A. Iaibachii-mediated
reduction of the bacterial alpha diversity of endo- and epiphytes
and a stabilization of the community structure. Identifying
A. laibachii as a hub organism structuring the A. thaliana
microbial community left one main question: Does the hub
reduce bacterial diversity via triggering plant defense or is
there a direct interaction between hub and microbes? With
this work, we can now show that the increase of relative
abundance of major bacterial taxa and limiting the bacterial
diversity is not mediated via the host protein secretion, as the
hub microbe A. laibachii does not influence the A. thaliana
protein secretion significantly. This suggests that direct microbe—
microbe interactions might take place in the apoplastic
space that result in observed decreased diversity of bacteria.
Investigating the secretome of Albugo sp. during apoplastic
space colonization could better resolve such microbe-microbe
interactions.

Albugo laibachii Tolerates Apoplastic
Broad-Spectrum Immune Responses
Instead of Suppressing Them

Even though A. laibachii was shown to suppress resistance-
gene-mediated  broad-spectrum  resistance  (non-systemic;
Cooper et al, 2008), we showed that this does not translate

into broad effects on suppressing apoplastic defense. Thus,
Albugo sp. are still able to go through their whole infection
cycle without suppressing already activated host immune
responses in the apoplast. In controlled lab conditions, where
replicability was significantly higher, revealed that A. laibachii
Ncl14-infections lowered the protein abundance of only four
A. thaliana proteins (serine carboxypeptidase-like protein,
pectinacetylesterase family protein, mannose binding lectin
protein and alpha-galactosidase; Supplementary Figure S8). Two
of these proteins, pectinacetylesterase and alpha-galactosidase,
could be involved in cell wall organization processes and could
therefore be A. laibachii target proteins for haustoria formation
in the host cells. The other two proteins, serine carboxypeptidase
and mannose binding lectin protein, might contribute to plant
defense reactions as carboxypeptidases are involved in protein
degradation and many lectins bind foreign polysaccharides
and can play a role in pathogen recognition (Lehfeldt et al.,
2000; Sharon and Lis, 2004). Nevertheless, A. laibachii has
suppressive effects on the abundance of only 4% of the host
secreted proteins, none of which are classics of defense, like PR
proteins or peroxidases (Supplementary Figure S8). Therefore,
one might speculate that instead of broad-spectrum suppression,
Albugo must have developed some mechanisms to protect its
hyphae from immune responses. Similar mechanisms have been
observed for fungal pathogens that use a-1-3-glucan to protect
chitin in the cell wall from degradation by plant chitinases
(Oliveira-Garcia and Valent, 2015).

Being adapted to the naturally occurring immune responses
in wild host plants and not triggering further defense reactions
seems to be advantageous in competing for limited growth space.
A. laibachii appears to not only tolerate host-mediated broad-
spectrum immune responses but also its growth is very resilient
in host plants with altered hormone levels. On the other hand,
the potential competitor Hpa — a common obligate biotroph
pathogen on A. thaliana in the wild (Holub et al., 1994) is strongly
affected (positively and negatively) by hormonal changes. The
cpr5 mutant secretome might be most similar to wild A. thaliana
plants as it has high protein concentrations of PRI, PR2, PR5
and the defensin protein PDF1.2 (Bowling et al., 1997). The
cpr5 mutant also harbors high levels of SA compared to Col-0
wild type plants and was shown to be fully resistant against Hpa
Noco2 (Bowling et al., 1997; Clarke et al., 2000). Infection screens
were formerly based on conidiophores or spore counts at 7 dpi
(Bowling et al., 1997; Clarke et al., 2000). We also did not observe
sporulation after Hpa Noco2 infections at 5 dpi, but the more
sensitive qPCR quantification revealed low levels of Hpa growth
(Figure 6). A. laibachii infections were routinely harvested at 10
dpi and showed weak white rust sporulation in ¢pr5 mutants,
as well as stronger quantified growth than Hpa, highlighting
the capability of A. laibachii to grow even under induced plant
defense. Furthermore, Hpa infections were affected in aba2-12,
aba3-1, ein2-1, and sid2-2 mutant background while A. laibachii
was not. The sid2-2 mutant, defective in ISOCHORISMATE
SYNTHASE 1, does not accumulate pathogen-inducible SA
and is impaired in its SAR activation (Nawrath and Métraux,
1999; Bernsdorft et al,, 2015). Thus the sid2-2 mutant is hyper
susceptible to Hpa infections, whereas A. laibachii grew only
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slightly better on these plants (Figure 6; Nawrath and Métraux,
1999). The mutants that are impaired in ABA biosynthesis (aba3-
1, aba2-12) did not affect A. laibachii Nc14 growth (A. laibachii
MPI1 was affected in aba2-12), but Hpa Noco2 grew significantly
less in all of these (Figure 6; Léon-Kloosterziel et al., 1996;
Adie et al., 2007). The impairment of ABA synthesis results in
decreased levels of JA and increased levels of SA-induced genes
after pathogen infection, compared to wild type (Adie et al,
2007). Together, our results imply different strategies of the two
pathogens: Hpa can quickly take advantage of suppressed defense
where it probably would outcompete A. laibachii, but it is also
more susceptible to plant defenses than the highly plastic and
robust Albugo. Probably the latter situation is more common in
many plant populations, explaining our observation of less Hpa
in the wild.

In summary, our work gives significant new experimental
insight into how plants behave under natural conditions on
a molecular level and dissects clear, significant differences to
experiments under controlled lab conditions (Figure 7). It further
indicates that oomycete pathogens of the genus Albugo, which are
important microbial hubs regulating the A. thaliana microbial
community in the wild, are extremely fine-tuned to neither
trigger strong host defense reactions, nor to act on broad-
spectrum defense suppression in the apoplast. Therefore, we
hypothesize that Albugo is well adapted to an active host immune
system, which gives them an advantage over competitors in
fighting for limited growth space in the same niche.
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Phakopsora pachyrhizi is the causal agent of Asian Soybean Rust, a disease that
causes enormous economic losses, most markedly in South America. P pachyrhizi is
a biotrophic pathogen that utilizes specialized feeding structures called haustoria to
colonize its hosts. In rusts and other filamentous plant pathogens, haustoria have been
shown to secrete effector proteins into their hosts to permit successful completion of
their life cycle. We have constructed a cDNA library from P pachyrhizi haustoria using
paramagnetic bead-based methodology and have identified 35 P pachyrhizi candidate
effector (CE) genes from this library which are described here. In addition, we quantified
the transcript expression pattern of six of these genes and show that two of these CEs
are able to greatly increase the susceptibility of Nicotiana benthamiana to Phytophthora
infestans. This strongly suggests that these genes play an important role in P pachyrhizi
virulence on its hosts.

Keywords: Asian soybean rust, soybean, effectors, virulence

INTRODUCTION

Soybean rust is a devastating disease that threatens soybean crops worldwide. Its effect is most
pronounced in Brazil, where crop losses and extra fungicide expenses have been calculated to be
in the billions of dollars (Yorinori et al., 2005). While extensive effort has been made to discover
effective genetic resistance to this disease in soybean there are currently no known resistant
commercial cultivars and extensive germplasm screening has not identified soy varieties that are
resistant to all known rust isolates (Walker et al., 2014). These observations, plus the fact that
Phakopsora pachyrhizi has an unusually broad host range for an obligate biotroph (Keogh, 1976;
Slaminko et al., 2008), suggest that this pathogen is very adept at evading host defenses.

Many filamentous pathogens, including rusts, exert their virulence through effector proteins
that are transferred into plant cells from haustoria (Garnica et al., 2014); specialized feeding
structures that become embedded in host cells without breaching the plasma membrane. Fungal
effectors translocate from haustoria into plant cells through a poorly-understood mechanism
and then act to modulate the physiology of their host (Petre et al., 2014). Effectors were
first identified as avirulence genes that triggered strong host defense responses known as
ETI (effector-triggered immunity), but many effectors have since been shown to play an
important virulence function for the pathogen expressing them (Kamoun, 2007). While some
effectors are thought to play a role in nutrient uptake, most characterized effectors that have a

Frontiers in Plant Science | www.frontiersin.org

March 2016 | Volume 7 | Article 269 | 99


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2016.00269
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2016.00269&domain=pdf&date_stamp=2016-03-08
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:grairdan@gmail.com
http://dx.doi.org/10.3389/fpls.2016.00269
http://journal.frontiersin.org/article/10.3389/fpls.2016.00269/abstract
http://loop.frontiersin.org/people/307302/overview
http://loop.frontiersin.org/people/307304/overview
http://loop.frontiersin.org/people/307297/overview
http://loop.frontiersin.org/people/317737/overview
http://loop.frontiersin.org/people/306056/overview

Kunijeti et al.

Functional Characterization of Phakopsora pachyrhizi Candidate Effectors

demonstrated virulence activity act by suppressing host defenses
(Gohre and Robatzek, 2008). There are many examples of
effectors from filamentous pathogens that have been shown to
suppress plant defenses. In oomycetes, Avr3a and Avrblb2 from
Phytophthora infestans were shown to suppress plant defense
responses (Bos et al, 2010; Bozkurt et al., 2011) as were a
large number of predicted effectors from Hyaloperonospora
arabidopsidis (Fabro et al., 2011). In fungi, the rice blast
(Magnaporthe oryzae) effector AvrPiz-t suppresses immunity
in rice by targeting a RING E3 ubiquitin ligase (Park et al,
2012), while corn smut (Ustilago maydis) Pepl can subdue corn
defense responses via the suppression of peroxidase activity
(Hemetsberger et al., 2012).

Like other filamentous pathogens, rust proteins have been
identified that trigger ETI in plant cells (Dodds et al., 2004;
Catanzariti et al., 2006), and a number of intriguing studies have
demonstrated biochemical activities attributable to secreted rust
proteins (Kemen et al., 2013; Pretsch et al., 2013; Petre et al.,
2015a,b) but to date no rust effectors have been clearly shown to
block plant defenses or enhance pathogen virulence. In this study,
we have developed an improved method to generate a cDNA
library from P. pachyrhizi haustoria and have bioinformatically
identified 35 candidate effectors. Gene expression analysis of six
of these CEs showed expression patterns consistent with these
genes having a role in virulence. Additionally, we were able to
show that when expressed in planta, two of these candidate
effectors were able to dramatically enhance P. infestans virulence
on Nicotiana benthamiana, suggesting that these effectors are
important for P. pachyrhizi virulence on hosts.

MATERIALS AND METHODS

Plant Growth and Infection Conditions
Glycine max was grown in a growth chamber at 22°C with a
16 h photoperiod until the primary (unifoliate) leaves had fully
expanded. All experiments with P. pachyrhizi were performed
in an USDA/APHIS-approved biocontainment facility. All
inoculation experiments were conducted with a GA-05, an
internal P. pachyrhizi field isolate collected from a soybean field
in Georgia in 2005.

Before inoculation, spores were suspended in an aqueous
solution of 0.01% Tween 20, heat-shocked at 40°C for 5 min and
mixed thoroughly; the spore concentration was then adjusted
to 1 x 10° with a hemocytometer. Plants were spray-inoculated
with the urediniospore suspension, incubated at 100% relative
humidity in the dark for 24-36 h and then transferred to a growth
chamber set at 22°C, 70% RH, 16 h photoperiod.

P. pachyrhizi cDNA Library Construction

Fifty-four infected leaves were detached 8 days following
inoculation, briefly rinsed with H,O and transferred to a
chilled blender, where they were homogenized in 100 ml of
homogenization buffer (0.3M Sorbitol, 20 mM MOPS, 0.2%
PVP, 1mM DTT, 0.1% BSA, pH 7.2) with 0.2% RNA protect
solution (Qiagen). The homogenate was filtered first through
Nytex 100 mesh and then through Nytex 25. The filtrate was then
concentrated by centrifugation and resuspended in suspension
buffer: 0.3 M Sorbitol, 10 mM MOPS, 0.2% BSA, 1 mM CaCl,,

1 mM MnCl,, and kept on ice. The resuspension was divided
into six aliquots of 1ml each and mixed with Con-A-biotin
paramagnetic beads which were prepared by mixing 150 ul of
1 mg/ml Con-A-biothin, 1501 of streptavidin paramagnetic
beads and suspension buffer in a total volume of 900 pl. Con-
A-streptavidin bead complex (200 j11) was added to each 1ml
aliquot of the resuspended homogenate and mixed at 4°C for
30 min. The mixture was then washed by placing tubes in
magnetic stands and exchanging suspension buffer three times
after beads have aggregated proximal to the stand. After the last
wash was removed, the beads were suspended in 250 |11 of Trizol
and transferred to a glass dounce, where the collected tissue was
homogenized. Trizol solution was transferred to a microfuge tube
with 200 pl of chloroform, mixed and centrifuged. The aqueous
phase was then transferred to a new tube and the RNA was
precipitated with NaCl and isopropanol. Precipitated RNA was
pelleted and resuspended in 20 1 H,O. This total RNA was used
to make a cDNA library using the Clontech SMART directional
cDNA kit according to the manufacturer’s recommendations.

Gene Expression Profiling

Soybean (Glycine max, var. Jack) plants were grown to the
VC stage and then spray-inoculated with a suspension of
P. pachyrhizi spores (GA05-1; 100 k spores/ml 0.01% Tween
20). Unifoliate leaves were collected from three replicate plants
and flash frozen in liquid nitrogen at 0, 12, 24, 36, 48, 72, 96,
and 168 h post-infection (hpi). Total RNA was prepared from
either uninfected or infected leaf tissue using Trizol Reagent
(Life Technologies #15596-026). Isolated total RNA was DNAse-
treated and ¢cDNA synthesized using the QuantiTect Reverse
Transcription Kit (Qiagen #205311). Absolute quantification of
transcript levels was determined by TagMan qPCR (TagMan
Gene Expression Master Mix; Applied Biosystems #4309849).
Each sample was run in triplicate on a QuantStudio™ 6
Flex Real-Time PCR System (Applied Biosystems) using cDNA
generated from 200 ng of total RNA and the primers (200 nM
each) and probes (100 nM) indicated in Supplementary Table 1.
QuantStudio 6 and 7 Flex Software was employed for analysis.
Effector transcript levels in infected plants are expressed relative
to those of a P. pachyrhizi o-tubulin gene DN739993.1, (van
de Mortel et al., 2007) that was used as an internal control for
expression studies.

Effector Virulence Assays

N. benthamiana plants were grown in a controlled environment
green house at 22°C with 55% humidity at 16h light.
Agrobacteria were incubated in induction buffer (11 MMA: 5 g
MS salts, 1.95g MES, 20 g sucrose, 200 wM acetosyringone, pH
5.6) for at least 1 h prior to infiltration into leaves as described
(Bos et al., 2006).

P. infestans (wild-type isolated from an infested tomato field in
New Castle County, Delaware) was grown on pea agar at 18°C in
the dark. Two leaves of 4- to 5-week old N. benthamiana plants
were agro-infiltrated at an ODggg of 0.3 with the binary vector
PMAXY226 (tagged with 3x FLAG toward the C-terminus) on
one half of the mid-vein and an effector cloned into pMAXY226
(tagged with 3x FLAG toward the C-terminus) into the other
half of the same leaf. P. infestans sporangia were harvested and
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diluted to ~100,000 spores/ml (Kamoun et al., 1998; Schornack
et al., 2010). Droplets (10 1) of zoospores were applied onto
the abaxial side of detached leaves 24 h post agro-infiltration and
incubated for several days on wet paper towels in 100% relative
humidity (King et al., 2014). To determine lesion size, leaves were
placed on a light box and photographed. On the resulting image,
the border of the lesion that was visible (dark brown region)
was marked manually on digital images of standardized size. An
example of a marked image is shown in Supplementary Figure 1.
Lesion area within this border was then calculated with Image-
Pro Analyzer (v7.0) software from these images.

Effectors CSEP-07, CSEP-08, CSEP-09, and CSEP-35 were
synthesized (Genscript, Piscataway, NJ) without signal peptide
and cloned into an expression vector fused with 3x FLAG tag at
the 3’ end of the gene. Mature effector PexRD2 was amplified
from the genomic DNA of P. infestans using KOD DNA high
fidelity polymerase (Novagen) and was also sub-cloned into
the expression vector with a 3x FLAG tag. The sequence of
PexRD2 was confirmed by sequencing. All three cloned vectors
were sequence-verified and transformed into Agrobacterium
tumefaciens (AGL1 competent cells).

Agro-infiltrated N. benthamiana leaves were harvested at
5 days post-infiltration (dpi). Total protein extracts were
prepared by grinding five leaf discs (6.0mm each) in 1ml
radioimmunoprecipitation assay (RIPA) lysis and extraction
buffer (Pierce® RIPA buffer product no. 89900; Thermo
Scientific, Rockford, IL, USA) in the presence of 0.1 mM protease
inhibitor HALT Protease and Phosphatase inhibitor cocktail
(Thermo Scientific, no. 78442).

Accession Numbers
Sequence data from this article can be found in the GenBank data
library under accession numbers KU695151-KU695185.

RESULTS

In order to understand P. pachyrhizi virulence, we sought to
identify genes that encode effector proteins. Rust effectors are
synthesized in and translocated into host cells from specialized
structures called haustoria, so we generated and screened a
cDNA library from isolated haustoria, an approach that has been
successful in identifying effectors from other rust fungi (Hahn
and Mendgen, 1992; Catanzariti et al., 2006).

We developed a new method for isolating haustorial RNA as
we were initially unsuccessful in isolating RNA from haustoria
using concanavalin A-conjugated beads, the method that has
been successfully used to generate cDNA libraries from other
rust species (Hahn and Mendgen, 1997; Catanzariti et al.,
2006). Link et al. (2014) also noted difficulty in identifying
high-quality RNA from P. pachyrhizi haustoria using Con-A
sepharose beads, but were ultimately successful in generating
a haustorial transcriptome using next-generation sequencing.
We homogenized soybean leaves infected with P. pachyrhizi
field isolate GA-05 8 days prior and filtered the extract
through Nytex membranes. Instead of a Sepharose A column,
we used streptavidin-conjugated paramagnetic beads that were
then coated with biotin-concanavalin A (Figure 1A). These

concanavalin A beads were then added to filtered extract of
leaves that had been inoculated with P. pachyrhizi 8 days prior.
The bound fraction of the extract was washed twice, greatly
reducing chloroplast abundance (Figures 1B-D), and then RNA
was extracted. We extracted 2.7 g of high quality RNA from 54
infected leaves, and this RNA was used to construct a directional
cDNA library (Figure 1E). We obtained quality sequence from
6481 clones using Sanger sequencing, which provided us with
500-900 bp of 5" sequence for each clone. This collection
of sequences was then assembled into 1944 contigs, 1633 of
which were singletons. We identified 995 ORFs predicted to
encode proteins of fifty amino acids or more in these 1944
contigs and these ORFs. A BLAST search identified 187 of these
sequences that had a closest homolog from the plant kingdom
and these were disregarded. The remaining 808 sequences were
then analyzed with the SignalP algorithm to identify sequences
with predicted secretory signal peptides (Emanuelsson et al.,
2007). If the sequence did not encode any signal peptides, or
if an ORF encoding a signal peptide was not the longest ORF
for that sequence, the clone was disregarded. In addition the
sequence was discarded if there was not a stop codon seen 5’
to the start codon of the largest ORF, which eliminates partial
transcripts with incomplete ORFs. This left us with a collection
of clones with sequences of predicted haustorially-expressed
secreted proteins (HESPs). Within this collection of HESPs we
found homologs of a number of previously characterized HESPs,
such as hexose transporter 1, AAT1, and RTP1 (Hahn and
Mendgen, 1997; Mendgen et al., 2000; Voegele et al., 2001).

While only six rust effectors have been validated to date (Petre
et al,, 2014), the most striking similarity of these effectors is that
they do not have homology to any proteins from species outside
of Pucciniales (Saunders et al., 2012; Petre et al., 2014). We thus
used this as the primary criterion to identify the strongest effector
candidates from P. pachyrhizi. We searched the HESP collection
against Genbank and fully sequenced a representative clone from
each contig that did not have clear homologs from any non-
Pucciniales species. The predicted proteins from fully-sequenced
clones were again searched against the Genbank protein database
to rule out non-rust orthologs and the remaining sequences
comprise our collection of P. pachyrhizi candidate effectors.
These coding sequences are predicted to encode P. pachyrhizi
candidate secreted effector proteins and they were thus named
Pp-CSEP-01 to Pp-CSEP-35 (Supplementary Files 1, 2).

Within our collection of CEs, twenty-four are unique to
P. pachyrhizi, while twelve have orthologs in at least one other
rust species (Table 1). We also found that 31/35 of our CEs were
identified in the P. pachyrhizi Thail transcriptome described by
Link et al. (2014), although only fifteen of these were identified
as secreted proteins in that study (Table 1). Nine of the CEs
identified here were not annotated as secreted proteins in Link
et al. (2014) because the assembled transcript was not full length
and presumably would not have been identified as an ORF.
While effectors from filamentous pathogens have been shown
to evolve rapidly (Allen et al., 2004; Dodds et al., 2006; Win
et al., 2007), we found that most of the P. pachyrhizi Thail
homologs were highly conserved with the CEs we identified
from GA-05. Only CSEP-01, CSEP-14, and CSEP-22 have clear

Frontiers in Plant Science | www.frontiersin.org

March 2016 | Volume 7 | Article 269 | 101


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Kunijeti et al.

Functional Characterization of Phakopsora pachyrhizi Candidate Effectors

Thail homologs with <90% amino acid identity. Interestingly,
CEs that have homologs in other rust species are only relatively
distantly related to these proteins, with no orthologs having
more than 50% amino acid identity. A public EST collection
generated from germinating urediniospores (Posada-Buitrago
and Frederick, 2005) was searched for these sequences and only
six CEs were found (Table1). This EST collection contains
over 34,000 sequences while our haustorial collection consists of
<6500 clones, suggesting that the transcripts of 29/35 of these
CEs are more abundant in haustoria than urediniospores. While
true effectors are often strongly induced while the pathogen is in
planta, it is not always the case (Dodds et al., 2004; Catanzariti
et al., 2006), so we cannot exclude the transcripts that are
expressed in urediniospores from our CE collection.

We wished to determine if the expression of these CEs were
induced in planta. To determine the expression patterns of these
CEs we analyzed the transcript levels of a random subset of
six effectors during an infection time course using qRT-PCR
(Figure 2). We measured CE transcript abundance as a fraction
of the abundance of P. pachyrhizi a-tubulin, a gene shown to be
constitutively expressed in rust species (Hacquard et al., 2011).
We found that in 5/6 cases the CEs were strongly induced in
planta, with two primary expression patterns observed: CSEP-
03 and CSEP-07 transcript levels were undetectable in early
infection and induced after day 3; in contrast, CSEP-06, CSEP-08,
and CSEP-09 are maximally induced by 24 h and then continue
to express throughout infection. CSEP-32 is the only CE strongly
expressed at 12h post-inoculation and is maximally induced at
24 h after which expression decreases. This also is consistent with
the library data, as CSEP-32 is the only of these six CEs that
could be found in the Posada-Buitrago EST collection (Posada-
Buitrago and Frederick, 2005).

True effectors facilitate pathogen infection and we used a
N. benthamiana/P. infestans pathosystem to detect virulence
phenotypes of our CEs. This pathosystem was previously used
to demonstrate the increased pathogen growth in N. benthamia
transiently expressing P. infestans effector PexRD2 (King et al.,
2014). We chose this system to assay P. pachyrhizi eftectors
because, like P. pachyrhizi, P. infestans is a hyphal pathogen
and may be susceptible to the same plant defense responses.
In addition, N. benthamiana is well-known for its high level of
foreign protein expression (Goodin et al., 2008) and P. infestans
only grows modestly on this host which allows for increased
virulence to be more readily measured than a better-adapted
plant-pathogen interaction.

We expressed P. pachyrhizi CEs via agrobacterium-mediated
transient expression. CEs were cloned into a T-DNA vector that
expresses the mature (signal peptide-truncated), epitope-tagged
effector under the regulation of the strong double-Mirabilis
Mosaic Virus promoter (Dey and Maiti, 1999). Each leaf was
infiltrated with an effector and empty-vector control side-by-side.
Twenty-four hours after infiltration N. benthamiana leaves were
detached and both halves of the leaf were drop-inoculated with
P. infestans zoospores and then incubated at room temperature
as described by King et al. (2014). Four CEs, CSEP-07, CSEP-
08, CSEP-09, and CSEP-35, were chosen to test. Expression of
two of these CEs, CSEP-07, and CSEP-09 showed a dramatic

Homogenize leave 8 dpi. Pre-incubate streptavidin-paramagnetic
( ) v beads w/ biotin-concanavalin A

Filter homogenate. /
v

Incubate with concanavilin A-coated
paramagetic beads

v
Wash 3X using magnet stand
v
Grind haustoria (w/ beads) in Trizol
v

Purify RNA and construct cDNA library

(e)

1.5kb— —_1.5kb
1.0kb—

—1.0kb
0.5 kb — __05kb

FIGURE 1 | RNA purification from isolated P. pachyrhizi haustoria. (A)
Schematic of haustorial RNA purification. (B) Micrograph of
ConA-FITC-stained haustoria after homogenization and filtration through Nytex
membrane. Red objects are chloroplasts. Bar = 10 um (C) ConA-FITC stained
haustoria after paramagnetic bead purification. Bar = 10 um (D) Close up of
ConA-FITC stained haustoria after purification showing association with
paramagnetic beads. Bar = 10 um (E) 1% Agarose gel separation of 1 g
haustorial RNA (left) and 0.5 g cDNA prep (right).

increase of P. infestans growth at s7 days post-inoculation, and
these two effectors were chosen to study in greater detail. In
further experiments, P. infestans growth was quantified 7 days
after inoculation by photographing leaves and analyzing them
with ImagePro Analyzer v7.0. Figure 3A shows representative
infected leaves expressing CSEP-07, CSEP-09, and P. infestans
PexRD2 as a positive control. The area infected in each lesion
was calculated and plotted in Figure 3B. A clearly statistically
significant increase in P. infestans growth was seen in tissue
expressing these three effectors compared to controls; a paired
student’s t-test calculated the p-value to be <0.001 in each case.
To confirm that the effectors being tested were expressed in
the plant tissue, protein was extracted from plants infiltrated at
the same time and immunoblotted using the a-FLAG antibody
(Figure 3C). No macroscopic cell death phenotype was seen at
the time of protein harvest (5-dpi).
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TABLE 1 | Candidate Phakopsora pachyrhizi effectors.

Pp CSEP Public EST? Orf size (AA) Cysteines Unique to PpP Ortholog accession number (Organism)®© Link et al. contig
Pp-CSEP-01 N 76 2 X 5608
Pp-CSEP-02 N 55 5 x 4757
Pp-CSEP-03 N 208 8 49 XP_003322944 (Pgt)

Pp-CSEP-04 N 204 2 X 5072
Pp-CSEP-05 N 291 1 X 3430
Pp-CSEP-06 N 218 3 35 XP_003324954 (Pgt) 4760
Pp-CSEP-07 N 105 5 X 6714
Pp-CSEP-08 N 198 12 34 XP_007408015 (Mip) 3139
Pp-CSEP-09 N 182 12 37 XP_007408015 (Mip) 8880
Pp-CSEP-10 N 103 3 X 5608
Pp-CSEP-11 N 147 1 X 7075
Pp-CSEP-12 N 192 3 28 XP_007404648 (Mip) 3185
Pp-CSEP-13 N 142 4 X 1885
Pp-CSEP-14 N 126 2 X 7139
Pp-CSEP-15 N 311 4 X 13271
Pp-CSEP-16 N 270 2 46 KNF03382 (Pst) 3900
Pp-CSEP-17 N 240 4 X 29071
Pp-CSEP-18 N 195 6 X 8647
Pp-CSEP-19 N 183 2 X 324
Pp-CSEP-20 N 327 5 X 3176t
Pp-CSEP-21 N 131 0 X 3969
Pp-CSEP-22 N 294 1 X 14541
Pp-CSEP-23 N 134 0 X 6204
Pp-CSEP-24 N 312 2 X 27157
Pp-CSEP-25 N 357 4 X 13261
Pp-CSEP-26 N 196 7 32 XP_003332659 (Pgt)

Pp-CSEP-27 Y 348 11 30 XP_003328542 (Pgt) 88157
Pp-CSEP-28 N 321 3 X 7972t
Pp-CSEP-29 N 301 4 30 KNF03382 (Pst) 1256
Pp-CSEP-30 N 119 0 X

Pp-CSEP-31 Y 213 9 X 1525
Pp-CSEP-32 Y 142 0 42 XP_003326807 (Pgt) 3471
Pp-CSEP-33 Y 161 8 34 XP_007403891 (Mip)

Pp-CSEP-34 Y 200 1 X 1607
Pp-CSEP-35 Y 291 20 44 KNZ58433 (Ps) 4224

@presence of CSEP in public urediospore EST collection.

bx represents a CE for which orthologs could not be identified. Numbers are the percent amino acid identity of closest ortholog; numbers in bold are annotated as secreted proteins in

Link et al. (2014).

Caccession number of closest identified ortholog, source organism in parenthesis. Pgt, Puccinia graminis f. sp tritici, Mlp, Melampsora larici-populina; Pst, Puccinia striiformis f. sp. Tritici;

Ps, Puccinia sorghi.
dcontigs in bold are annotated as secreted proteins in Link et al. (2014).
tassembled transcript in Link et al. (2014) is not full-length.

DISCUSSION

A biotrophic pathogen’s ability to infect and colonize a host is
at least partially a function of the collection of the effectors that
it expresses during its life cycle. Identifying and characterizing
the effectors of P. pachyrhizi is an important step toward
understanding how this pathogen infects important crops like
soybean and causes devastating economic consequences. We
identified 35 P. pachyrhizi coding sequences that meet our strict
criteria for effector candidates; a secretory signal peptide and the
absence of any clear homologs outside of Pucciniales. Over half

of predicted effectors are smaller than 200 amino acids, and over
80% are <300. In addition, most transcripts encoding these CEs
were not found in a germinating urediniospore EST collection,
suggesting haustorial enrichment.

Three rust genomes have been sequenced to date, Puccinia
graminis f. sp. tritici, Puccinia stiiformis f. sp. tritici, Melampspora
larici-populina (Duplessis et al., 2011; Cantu et al., 2013), and
each has been shown to have a large number of families
of short, secreted proteins that are presumed to be effectors
important for pathogenesis. In addition, there have been
thorough transcriptomic analyses of coffee rust, bean rust, and

Frontiers in Plant Science | www.frontiersin.org

March 2016 | Volume 7 | Article 269 | 103


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Kunijeti et al.

Functional Characterization of Phakopsora pachyrhizi Candidate Effectors

PP-CSEP-03

CSEP-03/aTubulin 0000 0.000 0.000 0.000 0019 0.082 0085 o082

PP-CSEP-09

uii2 w2 w24 "6 mas w72 moe s
CSEP-07/aTubulin 0000 0074 2027 1918 1916 1624 um 127
PP-CSEP-06

CSEP-06/aTubulin  0.000 0.000 1540 2102 1927 1829 1938 1662

are standard error of the mean of three biological repeats.

FIGURE 2 | Expression profiles of selected P. pachyrhizi candidate effectors. RNA was harvested from soybean leaves at 12, 24, 36, 48, 72, 96, and 168h
after spray inoculation and transcript levels were quantified using gqRT-PCR. RNA was also harvested from uninoculated tissue as a negative control (UN12). Error bars
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soybean rust haustoria (Fernandez et al., 2012; Link et al,
2014). Each of these studies has identified many more candidate
effectors than we present here. This is partly because our criteria
for what qualifies as a candidate effector (CE) is stricter than in
these reports, and partly because the next-generation sequencing
methods used in these studies provides a much deeper sampling
of transcript diversity.

When we initially tried to purify haustoria from infected
leaves using a column of concanavalin A-conjugated sepharose
B we found that the resulting RNA was too degraded to
make cDNA libraries of the desired quality. We consequently
modified our haustorial purification methodology to utilize

streptavidin-conjugated paramagnetic beads that were pre-
bound to biotin-concanavalin A and then used to bind P.
pachyrhizi haustoria. Paramagnetic bead capture resulted in a
greatly shortened window of time between homogenization of
the infected leaves and extraction of RNA because of very
short washing steps and because it was not required to liberate
the haustoria from the beads before they were used for RNA
extraction.

Two of our effector candidates, Pp CSEP-07 and Pp CSEP-
09, are able to increase the virulence of P. infestans on N.
benthamiana expressing them. Since these two effectors have
such dramatic phenotypes, counteracting their biochemical
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FIGURE 3 | Virulence phenotypes of P. pachyrhizi candidate effectors CSEP-07 and CSEP-09 (A) Representative leaves infiltrated agro-infiltrated with
empty vector (left half of leaf) or indicated gene (right half of leaf), followed by inoculation with P. infestans zoospores. Images were taken at 7 days after
zoospore inoculation. (B) Quantification of P infestans lesion area 7 days after inoculation. P-value is from a two-tailed paired Student’s t-test. Results are an average
of at least 10 inoculated leaves. (C) Immunoblot showing expression of indicated proteins from three plants that were agro-infiltrated but not inoculated with P
infestans. For each CE, protein was extracted from three independently infiltrated plants and immunoblotted with a-FLAG antibody. Directly below, protein from the
same extraction was also loaded on a second gel and stained to demonstrate equal loading. This experiment was repeated twice with similar results.

activity may significantly impair the virulence of P. pachyrhizi  assistance, and Jim Sweigard for sharing biological material and
and doing so may provide a method for controlling the disease.  for helpful advice.

The observation that a rust effector can enhance the virulence

of P. infestans also suggests that at least some plant defenses to

rust and P. infestans are shared, and it is likely that they are SUPPLEMENTARY MATERIAL

counteracted by both fungal and oomycete pathogens despite

these pathogens being very distantly related to each other. The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2016.
AUTHOR CONTRIBUTIONS 0026

Supplementary Figure 1 | Examples of the region identified to mark
SK, GI, EJ, and EL performed the experiments KB, GR, and GJR lesion area. The border of the lesion was manually marked on a digital

conceived and supervised the experiments and analyzed results. ~ image of an infected leaf on a lightoox. The border is defined as the

SK and GJR wrote the manuscript junction between the dark brown region of the leaf and the greener,
’ unaffected region.

ACKNOWLEDGMENTS Supplementary Table 1 | Primers for qRT-PCR experiments.

X . . . . Supplementary File 1 | CSEP nucleotide sequences.
We would like to thank Michelle Hamilton for assistance in

making the cDNA library, Carl Simmons for bioinformatics  Supplementary File 2 | CSEP amino acid sequences.

Frontiers in Plant Science | www.frontiersin.org March 2016 | Volume 7 | Article 269 | 105


http://journal.frontiersin.org/article/10.3389/fpls.2016.00269
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Kunijeti et al.

Functional Characterization of Phakopsora pachyrhizi Candidate Effectors

REFERENCES

Allen, R. L., Bittner-Eddy, P. D., Grenville-Briggs, L. J., Meitz, J. C., Rehmany,
A. P, Rose, L. E, et al. (2004). Host-parasite coevolutionary conflict
between Arabidopsis and downy mildew. Science 306, 1957-1960. doi:
10.1126/science.1104022

Bos, J. L, Armstrong, M. R., Gilroy, E. M., Boevink, P. C., Hein, I, Taylor, R. M.,
et al. (2010). Phytophthora infestans effector AVR3a is essential for virulence
and manipulates plant immunity by stabilizing host E3 ligase CMPG1. Proc.
Natl. Acad. Sci. U.S.A. 107, 9909-9914. doi: 10.1073/pnas.0914408107

Bos, J. I, Kanneganti, T. D., Young, C., Cakir, C., Huitema, E., Win, J., et al.
(2006). The C-terminal half of Phytophthora infestans RXLR effector AVR3a is
sufficient to trigger R3a-mediated hypersensitivity and suppress INF1-induced
cell death in Nicotiana benthamiana. Plant J. 48, 165-176. doi: 10.1111/j.1365-
313X.2006.02866.x

Bozkurt, T. O., Schornack, S., Win, J., Shindo, T., Ilyas, M., Oliva, R,, et al.
(2011). Phytophthora infestans effector AVRbIb2 prevents secretion of a plant
immune protease at the haustorial interface. Proc. Natl. Acad. Sci. U.S.A. 108,
20832-20837. doi: 10.1073/pnas.1112708109

Cantu, D., Segovia, V., MacLean, D., Bayles, R., Chen, X., Kamoun, S., et al. (2013).
Genome analyses of the wheat yellow (stripe) rust pathogen Puccinia striiformis
f. sp. tritici reveal polymorphic and haustorial expressed secreted proteins as
candidate effectors. BMC Genomics 14:270. doi: 10.1186/1471-2164-14-270

Catanzariti, A. M., Dodds, P. N., Lawrence, G. J., Ayliffe, M. A. and
Ellis, J. G. (2006). Haustorially expressed secreted proteins from flax rust
are highly enriched for avirulence elicitors. Plant Cell 18, 243-256. doi:
10.1105/tpc.105.035980

Dey, N., and Maiti, I. B. (1999). Structure and promoter/leader deletion analysis
of mirabilis mosaic virus (MMYV) full-length transcript promoter in transgenic
plants. Plant Mol. Biol. 40, 771-782. doi: 10.1023/A:1006285426523

Dodds, P. N., Lawrence, G. J., Catanzariti, A. M., Ayliffe, M. A, and Ellis, J.
G. (2004). The Melampsora lini AvrL567 avirulence genes are expressed in
haustoria and their products are recognized inside plant cells. Plant Cell 16,
755-768. doi: 10.1105/tpc.020040

Dodds, P. N., Lawrence, G. J., Catanzariti, A. M., Teh, T., Wang, C. I, Ayliffe, M.
A., et al. (2006). Direct protein interaction underlies gene-for-gene specificity
and coevolution of the flax resistance genes and flax rust avirulence genes. Proc.
Natl. Acad. Sci. U.S.A. 103, 8888-8893. doi: 10.1073/pnas.0602577103

Duplessis, S., Cuomo, C. A., Lin, Y. C, Aerts, A., Tisserant, E., Veneault-
Fourrey, C,, et al. (2011). Obligate biotrophy features unraveled by the genomic
analysis of rust fungi. Proc. Natl. Acad. Sci. U.S.A. 108, 9166-9171. doi:
10.1073/pnas.1019315108

Emanuelsson, O., Brunak, S., von Heijne, G., and Nielsen, H. (2007). Locating
proteins in the cell using TargetP, SignalP and related tools. Nat. Protoc. 2,
953-971. doi: 10.1038/nprot.2007.131

Fabro, G., Steinbrenner, J., Coates, M., Ishaque, N., Baxter, L., Studholme, D.
J., et al. (2011). Multiple candidate effectors from the oomycete pathogen
Hyaloperonospora arabidopsidis suppress host plant immunity. PLoS Pathog.
7:¢1002348. doi: 10.1371/journal.ppat.1002348

Fernandez, D., Tisserant, E., Talhinhas, P., Azinheira, H., Vieira, A., Petitot, A.
S., et al. (2012). 454-pyrosequencing of Coffea arabica leaves infected by the
rust fungus Hemileia vastatrix reveals in planta-expressed pathogen-secreted
proteins and plant functions in a late compatible plant-rust interaction. Mol.
Plant Pathol. 13, 17-37. doi: 10.1111/§.1364-3703.2011.00723.x

Garnica, D. P, Nemri, A., Upadhyaya, N. M., Rathjen, J. P., and Dodds, P. N.
(2014). The ins and outs of rust haustoria. PLoS Pathog. 10:e1004329. doi:
10.1371/journal.ppat.1004329

Gohre, V., and Robatzek, S. (2008). Breaking the barriers: microbial effector
molecules subvert plant immunity. Annu. Rev. Phytopathol. 46, 189-215. doi:
10.1146/annurev.phyto.46.120407.110050

Goodin, M. M., Zaitlin, D., Naidu, R. A., and Lommel, S. A. (2008). Nicotiana
benthamiana: its history and future as a model for plant-pathogen interactions.
Mol. Plant Microbe Interact. 21, 1015-1026. doi: 10.1094/MPMI-21-8-1015

Hacquard, S., Veneault-Fourrey, C., Delaruelle, C., Frey, P., Martin, F., and
Duplessis, S. (2011). Validation of Melampsora larici-populina reference genes
for in planta RT-quantitative PCR expression profiling during time-course
infection of poplar leaves. Physiol. Mol. Plant Pathol. 75, 106-112. doi:
10.1016/j.pmpp.2010.10.003

Hahn, M., and Mendgen, K. (1992). Isolation by ConA binding of haustoria from
different rust fungi and comparison of their surface qualities. Protoplasma 170,
95-103. doi: 10.1007/BF01378785

Hahn, M., and Mendgen, K. (1997). Characterization of in planta-induced rust
genes isolated from a haustorium-specific cDNA library. Mol. Plant Microbe
Interact. 10, 427-437. doi: 10.1094/MPMI.1997.10.4.427

Hemetsberger, C., Herrberger, C., Zechmann, B., Hillmer, M., and Doehlemann,
G. (2012). The Ustilago maydis effector Pepl suppresses plant immunity
by inhibition of host peroxidase activity. PLoS Pathog. 8:e1002684. doi:
10.1371/journal.ppat.1002684

Kamoun, S. (2007). Groovy times: filamentous pathogen effectors revealed. Curr.
Opin. Plant Biol. 10, 358-365. doi: 10.1016/j.pbi.2007.04.017

Kamoun, S., van West, P., Vleeshouwers, V. G., de Groot, K. E., and Govers,
F. (1998). Resistance of nicotiana benthamiana to phytophthora infestans is
mediated by the recognition of the elicitor protein INF1. Plant Cell 10,
1413-1426. doi: 10.1105/tpc.10.9.1413

Kemen, E., Kemen, A., Ehlers, A., Voegele, R., and Mendgen, K. (2013). A novel
structural effector from rust fungi is capable of fibril formation. Plant J. 75,
767-780. doi: 10.1111/tpj.12237

Keogh, R. (1976). The host range and distribution of Phakopsora pachyrhizi
in New South Wales. Aust. Plant Pathol. Soc. Newslett. 5, 51-52. doi:
10.1071/APP9760051

King, S. R, McLellan, H., Boevink, P. C., Armstrong, M. R., Bukharova, T, Sukarta,
O., et al. (2014). Phytophthora infestans RXLR effector PexRD2 interacts with
host MAPKKK epsilon to suppress plant immune signaling. Plant Cell 26,
1345-1359. doi: 10.1105/tpc.113.120055

Link, T. I, Lang, P., Scheffler, B. E., Duke, M. V., Graham, M. A., Cooper, B.,
et al. (2014). The haustorial transcriptomes of Uromyces appendiculatus and
Phakopsora pachyrhizi and their candidate effector families. Mol. Plant Pathol.
15, 379-393. doi: 10.1111/mpp.12099

Mendgen, K., Struck, C., Voegele, R. T., and Hahn, M. (2000). Biotrophy
and rust haustoria. Physiol. Mol. Plant Pathol. 56, 141-145. doi:
10.1006/pmpp.2000.0264

Park, C. H., Chen, S., Shirsekar, G., Zhou, B., Khang, C. H., Songkumarn,
P, et al. (2012). The Magnaporthe oryzae effector AvrPiz-t targets
the RING E3 ubiquitin ligase APIP6 to suppress pathogen-associated
molecular pattern-triggered immunity in rice. Plant Cell 24, 4748-4762. doi:
10.1105/tpc.112.105429

Petre, B., Joly, D. L., and Duplessis, S. (2014). Effector proteins of rust fungi. Front.
Plant Sci. 5:416. doi: 10.3389/fpls.2014.00416

Petre, B., Lorrain, C., Saunders, D. G., Win, J., Sklenar, J., Duplessis, S., et al.
(2015a). Rust fungal effectors mimic host transit peptides to translocate into
chloroplasts. Cell. Microbiol. doi: 10.1111/cmi.12530. [Epub ahead of print].

Petre, B., Saunders, D. G., Sklenar, J., Lorrain, C., Win, J., Duplessis, S., et al.
(2015b). Candidate effector proteins of the rust pathogen Melampsora larici-
populina target diverse plant cell compartments. Mol. Plant Microbe Interact.
28, 689-700. doi: 10.1094/MPMI-01-15-0003-R

Posada-Buitrago, M. L., and Frederick, R. D. (2005). Expressed sequence tag
analysis of the soybean rust pathogen Phakopsora pachyrhizi. Fungal Genet.
Biol. 42, 949-962. doi: 10.1016/j.fgb.2005.06.004

Pretsch, K., Kemen, A., Kemen, E., Geiger, M., Mendgen, K., and Voegele,
R. (2013). The rust transferred proteins-a new family of effector proteins
exhibiting protease inhibitor function. Mol. Plant Pathol. 14, 96-107. doi:
10.1111/j.1364-3703.2012.00832.x

Saunders, D. G., Win, J., Cano, L. M., Szabo, L. J., Kamoun, S., and Raffaele,
S. (2012). Using hierarchical clustering of secreted protein families to
classify and rank candidate effectors of rust fungi. PLoS ONE 7:¢29847. doi:
10.1371/journal.pone.0029847

Schornack, S., van Damme, M., Bozkurt, T. O., Cano, L. M., Smoker, M.,
Thines, M., et al. (2010). Ancient class of translocated oomycete effectors
targets the host nucleus. Proc. Natl. Acad. Sci. U.S.A. 107, 17421-17426. doi:
10.1073/pnas.1008491107

Slaminko, T. L., Miles, M. R., Frederick, R. D., Bonde, M. R., and Hartman,
G. L. (2008). New legume hosts of Phakopsora pachyrhizi based on
greenhouse evaluations. Plant Dis. 92, 767-771. doi: 10.1094/PDIS-92-
5-0767

van de Mortel, M., Recknor, J. C., Graham, M. A., Nettleton, D., Dittman, J. D.,
Nelson, R. T., et al. (2007). Distinct biphasic mRNA changes in response to

Frontiers in Plant Science | www.frontiersin.org

March 2016 | Volume 7 | Article 269 | 106


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Kunijeti et al.

Functional Characterization of Phakopsora pachyrhizi Candidate Effectors

Asian soybean rust infection. Mol. Plant Microbe Interact. 20, 887-899. doi:
10.1094/MPMI-20-8-0887

Voegele, R. T., Struck, C., Hahn, M., and Mendgen, K. (2001). The role of haustoria
in sugar supply during infection of broad bean by the rust fungus Uromyces
fabae. Proc. Natl. Acad. Sci. U.S.A. 98, 8133-8138. doi: 10.1073/pnas.131186798

Walker, D. R., Harris, D. K., King, Z. R, Li, Z., Boerma, H. R, Buckley, J.
B., et al. (2014). Evaluation of soybean germplasm accessions for resistance
to populations in the Southeastern United States, 2009-2012. Crop Sci. 54,
1673-1689. doi: 10.2135/cropsci2013.08.0513

Win, J., Morgan, W., Bos, J., Krasileva, K. V., Cano, L. M., Chaparro-Garcia, A.,
et al. (2007). Adaptive evolution has targeted the C-terminal domain of the
RXLR effectors of plant pathogenic oomycetes. Plant Cell 19, 2349-2369. doi:
10.1105/tpc.107.051037

Yorinori, J. T., Paiva, W. M., Frederick, R. D., Costamilan, L. M., Bertagnolli,
P. F,, Hartman, G. E,, et al. (2005). Epidemics of Soybean Rust (Phakopsora

pachyrhizi) in Brazil and Paraguay from 2001 to 2003. Plant Dis. 89, 675-677.
doi: 10.1094/PD-89-0675

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest. This research is protected by US
patent US20140283207 Al.

Copyright © 2016 Kunjeti, Iyer, Johnson, Li, Broglie, Rauscher and Rairdan. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

March 2016 | Volume 7 | Article 269 | 107


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

1' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 18 May 2016
doi: 10.3389/fmicb.2016.00709

OPEN ACCESS

Edited by:
Pietro Daniele Spanu,
Imperial College London, UK

Reviewed by:

Takaki Maekawa,

Max Planck Institute for Plant

Breeding Research, Germany
Ben Petre,

The Sainsbury Laboratory, UK
Liliana M. Cano,

University of Florida, USA

*Correspondence:
Jiang Lu
jiangluvitis@cau.edu.cn

T These authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Plant Biotic Interactions,

a section of the journal
Frontiers in Microbiology

Received: 19 February 2016
Accepted: 28 April 2016
Published: 18 May 2016

Citation:

Xiang J, Li X, Wu J, Yin L, Zhang Y
and Lu J (2016) Studying the
Mechanism of Plasmopara viticola
RxLR Effectors on Suppressing Plant
Immunity. Front. Microbiol. 7:709.
doi: 10.3389/fmicb.2016.00709

®

CrossMark

Studying the Mechanism of
Plasmopara viticola RxLR Effectors
on Suppressing Plant Immunity

Jiang Xiang'?, Xinlong Li'?, Jiao Wu', Ling Yin?, Yali Zhang' and Jiang Lu™*

" The Viticulture and Enology Program, College of Food Science and Nutritional Engineering, China Agricultural University,
Beijing, China, ? Guangxi Crop Genetic Improvement and Biotechnology Laboratory, Guangxi Academy of Agricultural
Sciences, Nanning, China

The RxLR effector family, produced by oomycete pathogens, may manipulate host
physiological and biochemical events inside host cells. A group of putative RxLR effectors
from Plasmopara viticola have been recently identified by RNA-Seq analysis in our lab.
However, their roles in pathogenesis are poorly understood. In this study, we attempted to
characterize 23 PvRxLR effector candidates identified from a P, viticola isolate “ZJ-1-1.”
During host infection stages, expression patterns of the effector genes were varied and
could be categorized into four different groups. By using transient expression assays in
Nicotiana benthamiana, we found that 17 of these effector candidates fully suppressed
programmed cell death elicited by a range of cell death-inducing proteins, including
BAX, INF1, PsCRN63, PsojNIP, PvRxLR16 and R3a/Avr3a. We also discovered that all
these PVRxLRs could target the plant cell nucleus, except for PvRxLR55 that localized
to the membrane. Furthermore, we identified a single effector, PvRxLR28, that showed
the highest expression level at 6 hpi. Functional analysis revealed that PvRxLR28 could
significantly enhance susceptibilities of grapevine and tobacco to pathogens. These
results suggest that most P viticola effectors tested in this study may act as broad
suppressors of cell death to manipulate immunity in plant.

Keywords: Plasmopara viticola, grapevine, RxLR effector, cell death, immunity

INTRODUCTION

During co-evolution with microbial pathogens, plants have evolved multiple layers of innate
immune surveillance that successful pathogens have evolved to evade or suppress. The first
layer is comprised of pattern recognition receptors (PRRs) that recognize broadly conserved
pathogen molecules (pathogen/microbe-associated molecular patterns, PAMP/MAMPs), and
activate defense responses including the induction of defense genes, production of reactive
oxygen species (ROS) and deposition of callose (Jones and Dangl, 2006). This recognition
leads to the so-called PAMP (or pattern)- triggered immunity (PTI; Katagiri and Tsuda, 2010).
However, successful pathogens can deliver effectors into plant cell to suppress or interfere with
PTI, resulting in effector-triggered susceptibility. The second layer of defense is mediated by
resistance (R) proteins that directly or indirectly recognize the presence of pathogen effectors,
leading to effector-triggered immunity (ETL Jones and Dangl, 2006). A hallmark of this
recognition is the programmed cell death (PCD), termed hypersensitive response (HR) which
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helps resist biotrophic pathogens (Dodds and Rathjen, 2010).
However, this distinction between PAMPs and effectors, or
between PTI and ETI, is blurred and has been challenged
by recent studies (Thomma et al., 2011). Additionally, not all
microbial defense activators conform to the common distinction
between PAMPs and effectors, and downstream defense pathways
in plants activated during PTT and ETI often overlap and operate
against a broad spectrum of pathogens. These layers of immunity
likely function together as a continuum (Thomma et al., 2011).

Many plant pathogens can secrete effector proteins to
counteract immune response of plant. The role of effector
proteins in pathogenesis has been characterized most extensively
in bacteria. For example, it has been well known that bacterial
species could secrete 20-40 effectors into the cytoplasm of
plant cells via a type-III secretion system (TTSS; Grant et al.,
2006). During infection, many of these bacterial effectors
suppress defense responses, PTI and/or ETI, through a variety
of mechanisms (Hann et al., 2010). In contrast, researches on
effectors from fungi and oomycetes are relatively few.

Oomycete pathogens are a phylogenetically distinct
eukaryotic lineage within the Stramenopiles and are evolutionary
related to brown algae, which cause some of the most destructive
plant diseases and result in huge economic losses in the world
(Soanes et al., 2007; Stassen and Van den Ackerveken, 2011).
Over the last few years, the genomes of several hemibiotrophic
oomycete pathogens, including Phytophthora ramorum (the
causal agents of sudden oak death), Phytophthora sojae (soybean
root rot pathogen) and Phytophthora infestans (potato late
blight pathogen), have been sequenced (Tyler et al, 2006;
Haas et al., 2009). The genomes of two biotrophic oomycete
pathogens, Hyaloperonospora arabidopsidis, a pathogen causes
downy mildew in Arabidopsis thaliana (Baxter et al., 2010), and
Plasmopara halstedii, which infects sunflower germlings and
young plantlets (Sharma et al., 2015), have also been sequenced.
Bioinformatic analysis of the sequenced genomes revealed
that oomycete pathogens maintain an extraordinarily large
superfamily of secreted proteins that could potentially act as
effectors. The superfamily of effectors can broadly be divided
into two groups: apoplastic effectors and host-translocated
effectors. Host- translocated effectors were mainly identified as
Crinklers and RxLR effectors (Stassen and Van den Ackerveken,
2011). The most extensively studied effectors are RxLR effectors,
defined by a conserved N-terminal secretory signal peptide
followed by an RxLR amino acid motif. However, many aspects
of the mechanisms by which oomycete RxLR effectors target to
the interior of plant cells remain unsolved (Petre and Kamoun,
2014).

With 134 putative RxLR effector genes in H. arabidopsidis,
260 RxLR-like proteins in P. halstedii, over 350 predicted RxLR
effectors in P. ramorum and P. sojae, and more than 550 RxLR
sequences in the genome of P. infestans, assessing functions of
all RXLR effector candidates is a tremendous challenge (Tyler
et al., 2006; Haas et al., 2009; Baxter et al., 2010; Sharma et al.,
2015). Thus, the development of a medium/ high- throughput
system to explore their function in plants is strongly desired.
Recently, large-scale function surveys to identify avirulence or
virulence role of predicted RxLR effectors from oomycetes have

already been undertaken. Until now, only a small number of
avirulence genes have been characterized from Phytophthora
species and H. arabidopsidis, including P. sojae Avrla (Qutob
etal., 2009), Avr1b (Shan et al., 2004), Avr3a (Dong et al., 2011b),
Avr3b (Dong et al, 2011a), Avr3c (Dong et al., 2009), Avr4/6
(Dou et al., 2010), Avr5 (Dong et al., 2011b), P. infestans Avr2
(Gilroy et al., 2011), Avr3a (Armstrong et al., 2005), Avrblbl
(Vleeshouwers et al., 2008), Avrblb2 (Oh et al., 2009), Avr4 (van
Poppel et al., 2008), H. arabidopsidis ATR13 and ATRI (Allen
et al., 2004; Rehmany et al., 2005). However, there are more
virulence effectors that suppress the immunity of their hosts.
For example, most of the surveyed 169 RxLR effectors of P.
sojae could suppress cell death triggered by multiple elicitors in
soybean and tobacco (Wang et al., 2011). Forty-three of 64 tested
RxLR effector candidates in H. arabidopsidis isolate Emoy2 were
able to affect plant immunity by suppressing callose deposition
and facilitating bacterial growth (Fabro et al., 2011). Whereafter,
a study revealed that all but one of the thirteen RxLR genes from
isolate Waco9 of H. arabidopsidis could impair plant immunity
(Vinatzer et al., 2014). These studies conclude that suppression
of immunity is a major function of the RXLR secretome.

The oomycete Plasmopara viticola ([Berk. et Curt.] Berl.
et de Toni) is an obligate biotroph that causes devastating
downy mildew disease of grapevine. P. viticola is considered a
typical obligate biotroph that derives all of its nutrition from
living cells of grapevines via globose haustoria to complete its
life cycle (Gessler et al., 2011). During the infection process,
P. viticola can secrete a set of putative effector proteins to
subvert the defense mechanism of grapevine (Casagrande et al.,
2011). Preliminary search for P. viticola effectors in an in vitro
germinated spore library containing 1543 cDNA clones resulted
in the identification of 2 putative RxLR effectors expressed upon
infection (Mestre et al, 2012). But a follow-up study about
these two effectors has never been reported. A transcriptome
of a P. viticola isolate “ZJ-1-1” was recently sequenced in our
lab. Bioinformatic surveys revealed that a set of 20 RxLR-
containing proteins were predicted during the infection of a
V. amurensis “Shuanghong” grapevine (Yin et al,, 2015). Then
additional 11 RxLR effectors were digged out by delving further
into the RNA-seq data (unpublished). Multiple alignments of
the amino acid sequences of these 31 effectors showed that
only PvRxLR5 and PvRxLR16 share 57.03% similarity. BLASTP
searches revealed that three PvRxLR effectors (PvRxLR10, 21
and 25) from “ZJ-1-1" isolate show homology to effectors from
Bremia lactucae, H. arabidopsidis or P. infestans. It seems that the
majority of PVRXLR effectors are specific for P. viticola.

As a first step toward elucidating the molecular basis for
colonization of P. viticola in grapevines, the P. viticola repertoire
of candidate RxLR effectors were cloned and functionally
analyzed. Out of 31 predicted RxLR effector candidates,
23 were cloned successfully. Expression patterns, subcellular
localizations and their abilities to suppress cell death triggered
by various elicitors were explored. Furthermore, in planta
functional analysis revealed that PvRxLR28 enhances plant
susceptibility. Collectively, the candidate effectors identified
here provide valuable information for their roles in P. viticola
virulence.
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MATERIALS AND METHODS

Plant Material, Strains, and Growth

Condition

The grapevine (V. vinifera cv. Thompson Seedless) and tobacco
(N. benthamiana) used in this study were grown in the
greenhouse at 25°C with a photoperiod of 18 h light/6 h darkness.
Escherichia coli and Agrobacterium tumefaciens strains carrying
the disarmed Ti plasmid were routinely grown on Luria-Bertani
(LB) agar or broth at 37°C and 28°C, respectively. Plasmopara
viticola isolate “ZJ-1-1" was subcultured on grapevine leaf discs
every 10 days at 22°C in 16/8 h light/dark cycles.

Construction of Expression Plasmids

The oligonucleotides used for plasmid construction and the
constructs used in this study are documented in the Supporting
Information, Table S1. The RxLR genes were amplified using
cDNA from P. viticola isolate “ZJ-1-1" based on the results of
RNA-seq analysis (Yin et al, 2015). For the PVX assay, the
open reading frames of RxLR genes without the predicted signal
peptide were amplified using primers (Table S1). The amplified
fragments were cut using appropriate restriction enzymes and
ligated into the PVX vector pGR107 to generate pGRI107-
PvRxLR. To make the subcellular location construct pH7FWG2,
0-PvRxLR, we used the pGR107-PvRxLR as template to amplify
the genes with the primers. The PCR fragments were inserted
into entry vector pPDONR222 and were subsequently transferred
to the plant expression vector pH7FWG2, 0 with Gateway
Technology (Invitrogen). To generate the stable expression
recombinant vector, PvRxLR28 PCR products were digested and
ligated between Xhol and BstBI sites of a pER8 plasmid with an
estrogen-inducible promoter (Zuo et al., 2000). All plasmids were
validated by sequencing (Majorbio, Inc., Shanghai, China).

RNA Isolation, cDNA Synthesis and
Quantitative RT-PCR

Grapevine leaf discs infected with spore drops of P. viticola
“ZJ-1-1” were harvested at indicated time points and RNA was
extracted using CTAB method as previously described (Iandolino
et al, 2004). All cDNA Synthesis and quantitative RT-PCR
reactions were conducted by using protocols established in
our lab (Wu et al., 2010). The relative expression values were
determined using the actin from P. viticola as reference gene
(Schmidlin et al., 2008). Primers were designed using Beacon
Designer 8.10 software with the default settings.

Agrobacterium-Mediated Transient

Expression in Planta

Constructs were transformed into A. tumefaciens strain GV3101
by electroporation (Hellens et al., 2000). The pGR107-PvRxLR
transformants were selected using tetracycline (12.5 pg/ml),
kanamycin (50 pg/ml) and rifampicin (50 pg/ml), and the
pH7FWG2,0 transformants were selected using spectinomycin
(50 pg/ml) and rifampicin (50 pg/ml). To analyze the
suppression of cell death triggered by different elicitors in
N. benthamiana, Agrobacteria containing the corresponding
constructs were cultured in LB medium containing 50 pg/ mL of

kanamycin at 28°C with shaking at 200 rpm for 48 h. The culture
was harvested and washed three times in 10 mM MgCl,, then
resuspended in 10 mM MgCl, to achieve a final ODggo of 0.4.
For infiltration of pH7FWG2,0 into leaves, recombinant strains
of A. tumefaciens were grown in LB medium with 50 pg/mL
spectinomycin for 48 h, harvested, suspended in infiltration
medium [10 mM MgCl,, 5mM MES (pH 5.7), and 150 puM
acetosyringone] to an ODgyp = 0.4 before infiltration. Then
100 L of A. tumefaciens cell suspension was infiltrated into
leaves using a syringe without a needle. Green fluorescence
and symptom development were monitored 1-2 d and 4-8 d
after infiltration, respectively. Agrobacterium-mediated vacuum
infiltration was used for grapevine transient expression assay as
described (Guan et al., 2011).

Generation of the PvRxLR28-Transgenic
N. benthamiana

Transgenic tobacco plants generated by leaf-disc
transformation approach (Gallois and Marinho, 1995). Briefly,
leaf discs were placed into Agrobacterium suspension carrying a
plasmid of interest for 30 min and co-cultured with bacteria for
2 d. Then the infected leaf tissue was placed adaxial side down
onto a fresh shoot induction medium containing 1mg/mL of
6-BA, 30 mg/mL of hygromycin and 300 mg/mL timentin. About
1 month later, 1-2 cm tall shoots were excised and transferred
into a selective rooting medium which contains 0.2 mg/L of IAA,
30 mg/mL of hygromycin and 300 mg/mL timentin. Roots were
generated within 2-3 weeks in culture and transferred to soil for
seeds collected. All plants were kept in growth cabinet at 25°C
with a 16h light and 8h dark regime. T2 transforments were
treated with 17-f- estradiol (100wM) and Silwet L-77 (0.01%)
48 h prior to conducting further experiments.

were

Pathogen Infection Assays

For P. viticola infection, 2 days post-infiltration grapevine leaf
discs were inoculated with 30 WL of spore suspensions with a
concentration of 10° spores/ mL on the abaxial surface. Infected
disc samples were kept in a growth cabinet at 22°C with a 16h
photoperiod. Phenotype was monitored within 4-5 d.

For Phytophthora parasitica infection, two approaches were
used as described (Rajput et al., 2014). Briefly, P. parasitica was
grown on 10% (v/v) V8 juice agar at 25°C in the dark and
zoospores were prepared as reported previously (Zhang et al.,
2012). For detached leaves, 20 wL of zoospore suspensions with
a concentration of 100 zoospores/wL were applied onto the
abaxial side of detached N. benthamiana leaves. The phenotype
was monitored within 72 h, and photographs were taken at
36 h post-inoculation. For whole seedlings, the infection assays
were performed by using the root-dip inoculation method. The
whole transgenic plants were inoculated with zoospores. The
GFP-transgenic lines were used as controls. The inoculated plants
were maintained in a moist chamber, and disease progression was
monitored within 10 days.

Protein Extraction and Western Blot
N. benthamiana leaf tissues were ground in liquid nitrogen and
mixed with an equal volume of cold protein extraction buffer
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FIGURE 1 | Expression patterns of 23 PvRxLR effector genes from P. viticola isolate “ZJ-1-1” during the pathogen-grapevine infection. Relative
PvRxLRs mRNA levels were quantified by quantitative RT-PCR in samples and grapevine leaves inoculated with P, viticola at different time-points post infiltration.
P viticola actin transcripts were used as a reference. Error bars represent standard errors (SEs) from three biological replicates.

[50 mM HEPS, 150 mM KCI, 1 mM EDTA (pH 8.0), 0.1% triton
X-100, ImM DTT, 1 x Protease Inhibitor Cocktail (Sigma)].
Suspensions were mixed and centrifuged at 12,000 rpm for 15
min at 4°C. The supernatant was transferred to a new tube
and boiled in 5 x SDS loading buffer. Proteins were separated
by 12% SDS-PAGE and transferred to a nitrocellulose blotting
membrane. The membrane was washed with PBST for 15 min
and then blocked in 5% non-fat milk for 1 h. Mouse monoclonal
anti-Flag antibody (Transgen Biotech) was added at a ratio of
1:2000 and incubated overnight at 4°C, followed by three washed
with PBST. Then the membranes incubated with goat anti-mouse
lgG (H&L)-HRP polyclonal antibody (Jiamay Biotech) for 1h
at a ratio of 1: 5000 at RT. After three washes with PBST, the
membranes were visualized using HRP-ECL system.

Confocal Microscopy

To analyze the subcellular localizations of the PvRxLRs in
N. benthamiana, patches cut from leaf samples were immersed
into PBS buffer which contains 5mg/L 4/, 6-diamidino-2-
phenylindole (DAPI) for staining the nuclei for 10 min. Then the
patches were mounted on microscope slides and observed with
a Nikon C1 Si/TE2000E confocal laser scanning microscope. For
co-localization, co-infiltrated leaves with Agrobacterium contain

pH7FWG2,0-PvRxLR55-GFP and pBI121- Avh241-mCherry
constructs were detected at 2 dpi. The excitation/emission
wavelengths for GFP, DAPI and RFP were 488 nm/505-530 nm,
405 nm/420-480 nm and 543 nm/600-630 nm, respectively.
EZ-C1 3.00 software was used for image processing.

Analysis of HoO»> Level

H,0O, was monitored in situ using 3, 3-diaminobenzi-dine (DAB)
(Sigma) staining as described previously (Thordal-Christensen
et al., 1997). Briefly, the infected leaves 12h after inoculation
were soaked in DAB solution at 1 mg/mL and maintained for
8h at 25°C. Then the samples were transferred into 95% ethanol
and boiled for 15min until the chlorophyll was completely
bleached. The bleached leaves were further soaked in 2.5 g/mL
trichloracetic aldehyde solution to clear the background. The
H, 0, level was quantified by Image J and Photoshop.

RESULTS

Expression Patterns of Candidate RxLR

Effector Genes of P, viticola
When the compatible P. viticola strain “ZJ-1-1" was inoculated
onto the“downy mildew-resistant” V. amurensis “Shuanghong”
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grapevine, the disease progressed quickly on the infected leaves,
and branched hyphae with many haustoria and sporangia were
visible by 3 days post-inoculation (Li et al., 2015a). When the
transcriptional levels of effector genes were measured at different
time courses during the infection (0, 6, 12, 24, 48, 72, 96, and
120 hpi), all the 23 PvRxLR genes identified from the P. viticola
strain “ZJ-1-1” were up-regulated at some time points. However,
the expression patterns, which could be grouped into four
different kinds, varied greatly among these effectors (Figure 1).
In general, the PvRxLR genes of the first two groups were
highly expressed at the earlier infection stages (6 and 24 hpi),
while in the other two groups, increasing gene expressions
occurred much latter (72 and 96 hpi). PvRxLR28, for example,
increased more than 275-fold at 6 hpi, and then declined sharply
at the subsequent interacting time points. A similar pattern of
induction was described for RxLR effectors of H. arabidopsidis
and P. sojae which has been termed “immediate-early, low”
(Wang et al., 2011; Anderson et al., 2012).

Subcellular Localizations of PvRxLRs in

N. benthamiana

The localizations of these pathogen effectors after entering a plant
cell could well be an indication of their mode of action (Dowen
et al., 2009; Schornack et al., 2010). To determine the subcellular
localizations of PvRxLRs, we generated green fluorescent
protein-tagged versions of the 23 effectors downstream of their
signal peptide cleavage site. Fusion plasmids were expressed
transiently in N. benthamiana using agroinfiltration. Results
showed that 6 effector proteins strictly localized to the nucleus,
while 16 of them localized to both nucleus and the cytoplasm
(Figure 2A, Figure S1). The only exception is the effector
PvRxLR55 that was only detected in the cell membrane. For
further confirmation, co-localization of PVRXxLR55-GFP has been
done with a plasma membrane protein Avh241 (Yu et al,
2012). It was observed that the GFP signal of PvRxLR55-
GFP overlapped with Avh241—mCherry fluorescence signal,
suggesting the localization of PvRXLR55 to the plasma membrane
(Figure 2B).

PvRxLRS Suppress Different
Elicitors-Induced Cell Death in

N. benthamiana

Virulence of the effectors was assessed by testing their abilities
of inhibiting programmed cell death in tobacco using transient
over-expression. The elicitors used in the present study included
the mouse BAX (Lacomme and Santa Cruz, 1999), the PAMP
elicitor INF1 from P. infestans (Kamoun et al., 1998), the P. sojae
effector CRN63 (Liu et al., 2011), the necrosis-inducing protein
PsojNIP (Qutob et al., 2002) and the Avr3a/R3a (Armstrong
et al., 2005). The PvRxLR16 of P. viticola was also used as
an elicitor as it could induce cell death in N. benthamiana.
Agrobacterium strains carrying each effector gene were infiltrated
into N. benthamiana leaves 12h prior to infiltration of the cell
death-inducers. Of the 22 effectors tested, 17 effector proteins
completely inhibited cell death induced by the above elicitors,
while the remaining five (PvRxLR19, PvRxLR25, PvRxLR61,

A Fluorescence

PvRxLRS
Sna[ONN

PvRxI.R9

PvRxI.R28

15 pm
Plasma membrane

FIGURE 2 | Subcellular localizations of PvRxLR proteins. (A)

N. benthamiana leaf tissues showing expression of the PvRxLRs-GFP fusion
protein driven by the 35S promoter. Scale bar = 20 um. (B) Co-localization of
PVRXLR55 protein with plasma membrane marker Avh241. PvRxLR55-GFP
showing GFP signal merges completely with Avh241-mCherry. GFP fusion to
the PvRxLR55 protein is shown in green, Avh241-mCherry in red and overlay
of the two proteins in dark field view. Scale bar = 15 um.

PvRxLR63, and PvRxLR67) partially suppressed the tobacco
PCD (Figure 3, Figure S2). As expected, the negative control of
GFP alone did not suppress the PCD. Notably, our results are
consistent with previous findings that seven effectors (PvRxLR1,
5,9, 10, 11, 19, 25) could repress BAX- and INF-induced cell
death (Yin et al., 2015). These results suggest that each of the 17
effectors may act as a broad suppressor of cell death to interrupt
plant immunity.

The C-Terminus and the Nuclear
Localization Are Required for Mediating

THE Suppression of PCD

To understand how the PvRxLRs work, effector PvRxLR28,
the most dramatic up regulating one triggered by pathogen-
host interaction was chosen for study in detail. Seven deletion
mutants of PVRXLR28 were generated and tested for their
abilities to inhibit BAX-induced PCD. Figure 4A demonstrated
that positions from 150 to 200 of PvRxLR28 were required for
suppressing the cell death. The result also indicated that the
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FIGURE 3 | Suppression of different elicitors-induced cell death in N. benthamiana by PvRXLR effectors. Agroinfiltration sites in each N. benthamiana leaf
expressing PvRxLRs and GFP (negative control) were challenged after 12 h with A. tumefaciens carrying the indicated elicitors. Experiments were repeated three times
with 8 sites for each elicitor or GFP and assessed with percentage of cell death sites 5 d after cell death inducer infiltration.
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FIGURE 4 | The C-terminus and the nuclear localization are essential for the function of PvRxLR28 effector. (A) Deletion analysis of PvRxLR28. Deletion
mutants were expressed by agroinfiltration in N. benthamiana to assay suppression of cell death induced by BAX. Typical symptoms were photographed 5 d after
infiltration of the BAX. (B) Nuclear localization is required for mediating the suppression of PCD. NES impairs accumulation of GFP: PvRxLR28 in N. benthamiana
nucleus. N. benthamiana leaves were agroinfiltrated with the indicated constructs 48 h before assessment of GFP confocal imaging. Scale bars, 50 um. NES and nes

represent the nuclear export signal and nonfunctional NES respectively. Scale bar = 30 pwm.
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FIGURE 5 | Suppression of the plant resistance by transient expressing PvRxLR28. (A) Phenotypes of grapevine leaf discs expressing GFP, PvRxLR25 or
PvRXxLR28. The representative pictures were taken at 5 d post infection of P, viticola. (B) Average zoospore numbers of R viticola on a total of 50 infected discs. Error
bars represent SD from three independent biological replicates (**P < 0.01, Dunnett’s test). (C) The transcript accumulation of R viticola actin. The development of
pathogen was calculated by gRT-PCR assays of P, viticola actin at 5 dpi. Transcript level of grapevine actin gene was used as an internal reference (**P < 0.01,
Dunnett’s test). (D) Lesions of the N. benthamiana leaves expressing GFF, PvRxLR25 or PvRxLR28 at 36 hpi. (E) Lesion diameters of N. benthamiana leaves
expressing the indicated genes inoculated with P parasitica. Statistical analyses were performed using a Dunnett’s test (*P < 0.01).
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conserved N-terminal RxLR motif was not necessary for the PCD
suppressions.

In order to determine whether the localization is crucial for
PvRxLR28 to suppress PCD, a synthetic NES (nuclear exclusion
signal) and a nes (nonfunctional NES) were added to the C
terminus, respectively. Cell death symptoms were observed when
the NES was attached to PVRXLR28, but not with the attachment
of the nes (Figure 4B). It is clear that the ability of PvRxLR28 to
repress cell death relies on the nuclear localization.

PvRxLR28 Expression Enhances Plant

Susceptibility to Pathogens

As PCD is a hallmark of HR-based immunity in plants
(Abramovitch et al., 2003), we dissected the effects of PvRxLR28
expression on plant immunity. GFP and effector PvRxLR25,
which could not suppress cell death induced by elicitors, were
chosen as controls. PvRxLR28 was transiently expressed in the
leaves of grapevine and tobacco 2 days prior inoculation of
P. viticola and P. parasitica zoospores, respectively. P. viticola
development was evaluated by monitoring zoospore numbers
and PvActin transcript accumulation in infected leaf discs.
P. parasitica development was evaluated by lesion length on
leaf areas. More zoospores of P. viticola were produced in

PyRxLR28 - expressing grapevine leaves, and higher expression
of actin transcripts was also observed compared to controls
(Figures 5A-C). Similarly, the lesion diameter was significantly
larger in PvRxLR28- than PvRxLR25- or GFP-expressing
tobacco (Figures 5D,E). These results show that transient
expression of PvRxLR28 could impair plant resistance to
pathogens.

To verify the above observation, we generated a PvRxLR28:
Flag fusion construct driven by an estrogen-inducible
promoter, and introduced it into N. benthamiana leaf discs
by Agrobacterium-mediated transformation. A total of 35
independent transgenic lines (T0) including 21 PvRxLR28-
expressing plants and 14 GFP- expressing plants were obtained.
T1 lines were generated by self-pollination. RT-PCR and
Western-blot analysis confirmed that PvRxLR28 and GFP
were highly expressed in several T2 lines after induced by
oestradiol (Figure 6). Similar to transient expression assay, stable
PvRxLR28-transgenic plants also blocked cell death triggered
by the six elicitors (Figure 7). When the transgenic plants were
challenged with oomycete P. parasitica, detached leaf tissues of
PyRxLR28-transgenic plants developed larger lesion than the
ones of GFP lines (Figures 8A,B). When they were sprayed with
P. parasitica, the PvRxLR28-transgenic plants also showed earlier
and severer symptoms with higher death rate than control lines
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Ponceau S

FIGURE 6 | Expression analysis of PvRxLR28 in transgenic

N. benthamiana. (A) RT-PCR analysis of PvRxLR28 expression in transgenic
lines of T2 generation, and EF7-a was used as a control. (B) Western blot
analysis of total proteins from transgenic N. benthamiana lines using
monoclonal antibody against flag. The leaves for RT-PCR and western blot
were collected at 2d post spraying of 17-- estradiol (100 wM) and Silwet L-77
(0.01%).

even though both PvRxLR28- and GFP-transgenic plants showed
symptoms of wilting and stunting (Figures 8C,D). The above
findings clearly indicated that effector PVRXLR28 enhanced plant
susceptibility to oomycete pathogens.

PvRxLR28 Expression Reduces the
Transcriptional Levels of the Defense-
Related Genes and Impairs the H>0»

Accumulation in N. benthamiana
To preliminarily explore the role of PvRxLR28 in plant immune
response, expressional levels of selected host defense-related
genes were examined using qRT-PCR. Since salicylic acid
(SA), jasmonic acid (JA) and ethylene (ET) are three main
phytohormones essential for the immune response against
pathogen (Vlot et al., 2009; Ballaré, 2011; Robert-Seilaniantz
et al., 2011). Marker genes PR1b and PR2b (SA), LOX (JA) and
EFRI1 (ET), in each of these phytohormone mediated signaling
pathways, were analyzed. These genes all positively contribute to
the resistance against pathogen. Expression levels of these four
defense-related genes were significantly decreased in PvRxLR28-
transgenic lines during P. parasitica infection (Figure 9A),
suggesting that PvRxLR28 may enhance plant susceptibility by
repressing the expression of the defense-related genes in plants.
To expand understanding of the mechanism that leads to host
susceptibility to pathogen, we also analyzed the accumulation of
H,0; in N. benthamiana leaves which takes part in the defense
responses (Thordal-Christensen et al., 1997). The H,0, levels
in the transgenic plants were measured at the early infective
stages of P. parasitica using DAB staining method. As a result,
the relative staining was significantly lower in the PvRxLR28-
transgenic lines than that in the GFP lines (Figure 9B). In
order to elucidate the possible mechanisms underlying the
reduced H,O; accumulation in PvRxLR28-transgenic plants, the
expression levels of RbohA and RbohB genes that encode ROS-
producing proteins were also measured (Figure 9C). Expression

LY GFP

Avr3a/R3a|PvRxLR16

PsojNIP [PsCRN63

INF1 Bax

I PvRXLR16
Il Avi3a/R3a

Percentage of sites showing cell death (%)

GFP #1 #5 #6 #11 #13

FIGURE 7 | Suppression of cell death in PvRxLR28- transgenic

N. benthamiana. (A) Phenotypes of leaves challenged with cell death
inducers 5 d after infiltration. (B) Showing percentages of cell death sites on
the PvRxLR28- transgenic lines assessed from 16 infiltrated leaves of three
independent experiments.

of these genes was significantly reduced in the stable PvRxLR28-
transgenic plants and thus the H,O, reduction might be caused
by down-regulation of ROS-producing genes. In conclusion,
PvRxLR28 effector enhancing plant susceptibility is likely by
reducing the transcriptional levels of the defense-related genes
and impairing the H,O, accumulation.

DISCUSSION

Despite the worldwide economic impact of diseases caused by
P. viticola, little is known about the molecular basis of the
pathogenicity of this species. The study of the secrete proteins
from the pathogen may greatly advance our understanding of
pathogen virulence. In the secretome of P. viticola isolate “ZJ-
1-1 a total of 31 putative RXLR effectors have been predicted.
Here we used a virus in planta over-expression system to assess
the potential of PvRxLRs to manipulate immune response in
non-host plant. The utility of the screening approach has been
validated in studies of effectors from Phytophthora sojae (Wang
et al., 2011), Globodera rostochiensis (Ali et al., 2015) and Valsa
mali (Li et al., 2015b). Of 23 PvRxLR effector genes cloned
(Table S2), only PvRxLR16 could directly trigger cell death, while
17 were able to completely and 5 partially suppress PCD induced
by various elicitors. Findings from this study strongly suggest that
P. viticola secreted RXLR effectors to suppress PTT, ETT and other
types of host immune responses during the pathogen infection.
Although the mechanism of broad PCD/defense suppression by
P. viticola effectors is not clear, it is possible that they target a
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FIGURE 8 | Suppression of the resistance in PvRxLR28-transgenic N. benthamiana. (A) Detached leaves of GFP- and PvRxLR28-transgenic plants 36 h post
inoculated with P, parasitica zoospores. (B) Average lesion diameters of the inoculated leaves at 36 hpi. Error bars represent standard deviation calculated from 12
independent biological replicates (**P < 0.01, Dunnett’s test). (C) The transgenic lines inoculated with zoospores of P. parasitica using the root dip method at 4 dpi.
(D) Death rates of transgenic plants inoculated with P parasitica. The experiments were repeated four times with similar results. 20 plants for each line were used for
each treatment in each experiment. Bars represent the standard errors. Asterisks indicate statistical significance (*P < 0.01, Dunnett’s test).
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FIGURE 9 | Suppression of pathogenesis-related genes and H,O, accumulation in N. benthamiana by PVvRxLR28. (A) Relative expression levels of PR1b,
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significant differences (**P < 0.01, Dunnett’s test). (C) Relative expression levels of ROS-producing genes RbohA and RbohB. Asterisks indicate significant differences
(**P < 0.01, Dunnett’s test).
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central component downstream from the convergence node of
resistance network, or multiple distinct pathways.

To confirm the roles of effectors in plant immunity,
PvRxLR28 was chosen for further research. As P. viticola was
recalcitrant to genetically manipulate because of its obligate
lifestyle, the effector PvRXLR28 was expressed in plant cells
by transiently and stably integrated transgenes. Overexpression
of the PvRxLR28 in tobacco and grapevine enhanced their
susceptibility to P. parasitica and P. viticola, respectively,
suggesting that this effector contributes to pathogen virulence.
The H;0Ojaccumulation and the defense marker genes in the
transgenic plants were significantly lower than in the control
lines, indicating PvRXLR28 can promote pathogen infection
by reducing H,Oslevels and suppressing SA and JA signaling
pathways which usually act antagonistically in plant defense. Due
to the difficulty of obtaining stable transgenic grapevines, the
effector candidate PvRXLR28 was stably expressed in non-host N.
benthamiana in the current study. Therefore, a more convincing
conclusion about the enhancement of host susceptibility to the
pathogen by PvRXLR effectors should come from a transgenic
grapevine experiment.

It has been documented that N-terminal RxLR motif is
involved in translocation mechanism, while the C-terminus
is important for function (Whisson et al., 2007; Dou et al.,
2008). A series of deletion mutants of PvRxLR28 indicated
that the C-terminus of PvRxLR28 is essential for suppressing
PCD, although our present data could not demonstrate that
the RxLR is responsible for entering the plant cell. This
unique characteristic of RxLR effectors seems conserved in
different oomycete pathogens. Similar to previous reports (Boch
and Bonas, 2010; Kelley et al, 2010; Caillaud et al., 2013;
Zheng et al., 2014), all the tested PvRXLR effectors except
PvRXLR55 could localized to the plant cell nucleus, implicating
that most RxLR effectors of P. viticola tested in this study
may function by manipulating the host nuclear processes to
attenuate the plant defense and subsequently promote pathogen
infection.

Interestingly, the percentage of putative effectors that can
suppress elicitor-induced PCD varied a good deal among
different species. For example, in a study of V. mali effectors,
only 7 out of 70 randomly selected effectors exhibited the capacity
to suppress BAX-induced PCD (Li et al., 2015b), while 107 of
169 RxLR effectors from P. sojae (Wang et al., 2011), and 43
of 64 RxLR effectors from H. arabidopsidis (Fabro et al., 2011)
could suppress cell death induced by BAX or plant immunity.
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Advancing basic and applied plant research requires the continuous innovative
development of the available technology toolbox. Essential components of this toolbox
are methods that simplify the assembly, delivery, and expression of multiple transgenes
of interest. To allow simultaneous and directional multigene assembly on the same plant
transformation vector, several strategies based on overlapping sequences or restriction
enzymes have recently been developed. However, the assembly of homologous and
repetitive DNA sequences can be inefficient and the frequent occurrence of target
sequences recognized by commonly used restriction enzymes can be a limiting factor.
Here, we noted that recognition sites for the restriction enzyme Sfil are rarely occurring in
plant genomes. This fact was exploited to establish a multigene assembly system called
“COLORFUL-Circuit.” To this end, we developed a set of binary vectors which provide a
flexible and cost efficient cloning platform. The gene expression cassettes in our system
are flanked with unique Sfil sites, which allow simultaneous multi-gene cassette assembly
in a hosting binary vector. We used COLORFUL-Circuit to transiently and stably express
up to four fluorescent organelle markers in addition to a selectable marker and analyzed
the impact of assembly design on coexpression efficiency. Finally, we demonstrate the
utility of our optimized “COLORFUL-Circuit” system in an exemplary case study, in
which we monitored simultaneously the subcellular behavior of multiple organelles in a
biotrophic plant-microbe interaction by Confocal Laser Scanning Microscopy.

Keywords: multigene coexpression, circuit design, synthetic biology, binary vectors, gene stacking, plant
biotechnology

INTRODUCTION

The coordinated expression of foreign genes in plant cells by genetic engineering is one of the
most important technologies in basic and applied plant research (Brophy and Voigt, 2014; Farré
et al,, 2015). The most common method used for genetic engineering of plants is Agrobacterium
tumefaciens-mediated transformation. An essential step toward genetic manipulation via
A. tumefaciens is the construction of binary vectors containing gene expression cassettes. The basic
structure of a gene cassette is a promoter, the gene of interest and a transcriptional terminator. For
overexpression in plants two promoter elements, the cauliflower mosaic virus CaMV 35S promoter
(35S) and the polyubiquitin 10 (UBQ10) promoter of Arabidopsis thaliana are commonly used.
Both provide constitutive and high levels of gene expression (Grefen et al., 2010). To stop the gene
transcription process, the terminators of the cauliflower mosaic virus 35S (T35S), nopaline synthase
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(Tnos), and octopine synthase (Tocs) of the A. tumefaciens
have been frequently used (Mitsuhara et al., 1996; Martin et al.,
2009). An enormous number of binary plasmids containing
combinations of these regulatory elements were developed to
enable foreign gene transfer and expression in plant cells (Lee
and Gelvin, 2008). The use of these vectors for transgene delivery
into plants contributed to our understanding of gene function
and genetic networking, and supported the development of plant
biotechnology (Dafny-Yelin and Tzfira, 2007). However, their
application was mainly limited to expression of one single gene of
interest in addition to the selectable marker. Thus, the available
molecular toolbox for one-step transformation with more than
one transgene is far from being satisfactory despite increasing
demands (Atkinson and Urwin, 2012; Ainley et al., 2013; van Erp
etal., 2014). Therefore, stable overexpression of multi-transgenes
is still considered to be one of the bottlenecks that constrain the
engineering of complex metabolic pathways or the improvement
of quantitative traits (Bohmert et al., 2002; Naqvi et al., 2010;
Giuliano, 2014).

To ease the construction of multigene assemblies, several
approaches that make use of DNA overlapping sequences or
restriction enzymes have recently been developed (Tzfira et al.,
2005; Li and Elledge, 2007; Quan and Tian, 2009; Naqvi et al.,
2010; Zeevi et al., 2012; Emami et al,, 2013; Liu et al., 2013;
Sarrion-Perdigones et al., 2013; Binder et al., 2014; Engler et al.,
2014; Hecker et al., 2015). A powerful assembly technique that
can be used for joining multiple DNA fragments simultaneously
in a single tube is Gibson Assembly (Gibson et al., 2009). Gibson
Assembly allows joining the DNA molecules via overlapping
ends. By concerted action of a 5" exonuclease, a DNA polymerase
and a DNA ligase, single strands of overlapping sequences
are generated, annealed, empty gaps filled, and then ligated.
Application of Gibson assembly can be limited when homologous
sequences and repetitive sequences have to be combined. The
same holds true for other overlap-based assembly platforms
such as overlap extension polymerase chain reaction, circular
polymerase extension cloning, sequence and ligase independent
cloning, InFusion® (Clontech) and Multisite Gateway® system
(Thermo Fisher Scientific; reviewed in Liu et al., 2013). In
addition, these techniques are expensive.

Alternatively, restriction enzyme-based assembly systems can
be used for multigene construction. Pioneering work by Tzfira
et al. (2005) and Zeevi et al. (2012) provided sets of binary
vectors that allow multiple gene cassette assembly using a
limited set of DNA-modifying enzymes. In these systems the
gene cassettes are ligated together via compatible flanking
overhangs which are produced by rare-cutting restriction
enzymes, zinc-finger nucleases and homing endonucleases.
Despite the unquestionable utility and elegance of these systems
their applicability is limited due to their dependency on
comparatively expensive enzymes. Another powerful approach
for simultaneous DNA fragment assembly is provided by Golden
Gate and Golden Gate-related systems (Engler et al., 2008;
Emami et al., 2013; Sarrion-Perdigones et al., 2013). The latter
cloning strategies are based on type II restriction enzymes,
such as Bsal, BsmBI, and Sapl, which cut DNA outside of
the recognition sites and produce unique overhangs that allow

combinatorial DNA assembly. However, we noticed that the
restriction enzyme recognition sites used in Golden Gate cloning
occur at relatively high frequencies in the genome sequences
of plants (see below). Consequently, Golden Gate cloning
often requires site-directed mutation of the naturally occurring
restriction enzyme recognition sites in the cloned DNA fragment.
Therefore this cloning system can be laborious or even of
limited utility, in particular when codon optimization is not
possible, e.g., in case of promoters or other noncoding DNA
sequences. In summary, despite important recent improvements
there is still a need to develop DNA assembly methods that can
overcome the aforementioned limitations and facilitate multiple
gene expression.

Moreover, it has to be kept in mind that the construct design
of multigene assemblies may influence the expression efficiency
of genetic circuits (Peremarti et al., 2010). For example, repetitive
use of the same promoter in multigene constructs may negatively
impact on transgene expression (Mette et al., 2000). To assess
the performance of individual promoters in multigene assembly
and to quantify the gene expression they control, adequate
reporter genes are required. Fluorescent proteins (FPs) are
instrumental reporters and provide an easy readout to monitor
gene expression. Several FPs have been recently developed to
cover wide ranges of emission spectra (Kremers et al., 2011).
Simultaneous employment of spectrally distant FPs can thus be
used to monitor gene expression derived from different gene
cassettes (Zeevi et al., 2012; Binder et al., 2014; Hecker et al.,
2015). The fluorescent proteins mTurquoise2, Venus, TagRFP-
T and mKate2 are spectrally distant, and represent the brightest
and most photostable in their spectral ranges (Nagai et al., 2002;
Shaner et al., 2008; Shcherbo et al., 2009; Goedhart et al., 2012)
making them convenient for multi-reporter purposes.

Besides their suitability to monitor promoter activities and
transgene stability, FPs can also be used as markers in
plant cell biology. For example, the coexpression of two FP
fusions can provide evidence for protein co-localization using
conventional fluorescence or confocal microscopy or protein-
protein interaction using fluorescence resonance energy transfer
(FRET) microscopy (Tzfira et al, 2005; Hecker et al., 2015).
More complex live-cell imaging experiments, such as the co-
localization of several proteins or studying the spatiotemporal
dynamics of several cell organelles, require the use of three or
more FPs. However, the FPs-encoding genes generally share a
common origin and thus have a high DNA sequence homology
(Kremers et al.,, 2011). This may be problematic as homology
of the coding sequences can cause gene silencing (Cogoni and
Macino, 1999). Since circuit dynamics can be influenced by the
choice of the coding sequence and/or the deployment of the
regulatory elements (Peremarti et al., 2010; Brophy and Voigt,
2014), an optimal design of multigene circuit constructs allowing
efficient gene expression is necessary.

Here, we developed a set of binary vectors, which we
named “COLORFUL-Circuit” that allow for cost-efficient and
straightforward cloning of multiple foreign genes, variable FP
tagging as well as easy and straightforward promoter exchange.
A prominent characteristic of the vectors is that they allow
simultaneous assembly of gene cassettes after digestion with one
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restriction enzyme. We optimized the design of the COLORFUL-
Circuit assemblies to increase the efficiency of gene expression
of two to four homologous FPs in stable transgenic plants.
We believe that the COLORFUL-Circuit platform represents a
valuable asset to the genetic circuit design toolbox that provides a
number of substantial advantages for scientists working on basic
and applied aspects of plant biology.

MATERIALS AND METHODS

Plant Growth Conditions and Inoculation

with Golovinomyces orontii

Seeds of A. thaliana (Col-0) or Nicotiana benthamiana were
vernalized at 4°C for 2 days. Plants were grown in a climate
chamber (Johnson Controls, USA) under long day conditions
(16/8 h) with 130umol-m~2-s~! at 22/18 and 25/22°C,
respectively. For inoculation experiments with G. orontii, 4-week
old plants were inoculated with the conidiospores of the
fungus and then incubated in a growth chamber under short
day conditions (8/16 h) with 130 pmol-m~2-s~! at 22/18 and
25/22°C, respectively.

Frequency Determination of Restriction

Enzymes Cleavage Sites in Plant Genomes
The chromosomal DNA sequences excluding the randomly
assembled nucleotide sequences of A. thaliana (ecotype Col-0),
rapeseed (Brassica napus cultivar Darmor-bzh), tomato (Solanum
lycopersicum cultivar Heinz 1706), and rice (Oryza sativa cultivar
Nipponbare; Initiative, 2000; Consortium, 2012; Kawahara et al.,
2013; Chalhoub et al., 2014) were retrieved from the Arabidopsis
Information Resource database (ftp://ftp.arabidopsis.org/home/
tair/home/tair/Sequences/whole_chromosomes), ~ Genoscope
database (http://www.genoscope.cns.fr/brassicanapus/data), Sol
genomics network database (ftp://ftp.sgn.cornell.edu/genomes/
Solanum_lycopersicum/assembly/current_build), and  Rice
Genome Annotation Project database (ftp://ftp.plantbiology.
msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_
dbs/pseudomolecules/version_7.0/all.dir), respectively. Then,
the cleavage sites of the restriction enzymes Sfil, BsmBI, Bsal and
SapI in each chromosome were detected and counted using the
software Geneious®8.1.7 (Biomatters Ltd). Finally, the number
of cleavage sites per megabase (MB) in the entire genome for
each restriction enzyme was calculated.

DNA Assembly and Plasmid Constructions

For PCR amplification of the DNA fragments that were used
for cloning, the oligonucleotide primers listed in Supplementary
Table S1 were used. The basic gene cassette (C1) modules were
cloned in a pUC19 cloning vector (Clontech, Saint-Germain-
en-Laye, France), which was modified to contain the Sfil-A and
Rsrll, Sfil-B recognition sites. The UBQ10 was cloned via RsrIl
cloning sites, and mKate2 was fused to UBQ10 using BamHI
restriction sites, which were present in the reverse primer that
was used to amplify the UBQ10 and the forward primer used
for generation of the mKate2 fragment. Likewise, we sequentially
fused LTI6b and T35S using the cloning sites EcoRI/Spel, and
Spel/Sfil-B, respectively, to generate the C1 cassette. The C1.1,

C1.2, and Cl1.3 cassettes were generated by PCR amplification
of the C1 cassette using pairs of oligonucleotide primers that
replace the Sfil-A and Sfil-B with SfiI-C and Sfil-D, Sfil-E and Sfil-
E and $fil-G and Sfil-H, respectively as indicated in Figure 1A.
Meanwhile, four binary vector backbones were PCR-amplified
from the plasmid pXNS2pat-YFP (accession number KF499077;
Dahncke and Witte, 2013) using four pairs of primers that
add distinct Sfil cleavage sites in the flanks of the backbones
to specifically allow ligation with the overhangs of either C1,
C1.1, C1.2, or C1.3 gene cassette as indicated in Supplementary
Figure S1. The gene cassettes C1, C1.1, C1.2, or C1.3 and their
corresponding vector backbones were cleaved with Sfil (NEB,
Germany), separated on agarose gel electrophoresis, and then
cleaned up from the gel using innuPREP DOUBLEpure Kit
(Analytik Jena, Germany). For the Sfil cleavage, 0.5-1 ug DNA,
2l CutSmart® buffer and 0.2-0.5 ul Sfil (20 unit/pl) were
added in 20l total volume, and then incubated for 1-16h
at 50°C in a thermocycler (MyCycler™, Bio-Rad, USA). Note
that Sfil functions more efficiently in excess of DNA containing
multiple cleavage sites of the enzyme. The Sfil-cleaved vector
backbone was then ligated with the corresponding gene cassette
to produce pCl, pCl.1, pCl.2, and pCl.3. To generate binary
vectors expressing the fluorescent organelle markers, the gene
encoding TagRFP-T-SKL was PCR amplified and cloned into
pCl.1 via BamHI and Spel restriction sites to produce pC2.
Venus and mTurquoise2 were cloned into pCl.2 and pCl.3,
respectively, via BamHI and EcoRI. Then pC1.2 and pCl1.3 were
cleaved with EcoRI and Spel, and then MAP4 and N7, which were
PCR amplified using primers that add 20 bp overlapping to 3’-
ends of Venus or mTurquoise2, and 5 -ends of T35S, were fused
into the vectors via Gibson Assembly (NEB, Gibson et al., 2009)
to generate pC3 and pC4, respectively. The UBQ10 promoters
in pC2 and pC4 were replaced with the 35S promoters using the
RsrlI cloning sites. The Tocs terminator was PCR amplified and
replaced the T35S of pC2 using the Spel and Sfil cloning sites.
To construct multigene binary vectors, we amplified the
backbone of pGreenll “hosting vectors” (Hellens et al., 2000)
by PCR using primer pairs, which add Sfil recognition sites
compatible with the free Sfil overhangs of the gene cassettes
to be assembled. The vector backbones and the plasmids pCl,
pC2, pC3, and pC4 were digested with Sfil, separated on
agarose gel electrophoresis, and then the corresponding DNA
fragments were cleaned up from the gel. The gene cassettes
C2 and C3 were ligated with a hosting vector, which harbors
compatible overhangs to the Sfil-C and Sfil-E sites, to produce the
plasmid containing double-gene cassette pC2-C3. Likewise, we
produced the plasmid containing triple-gene cassettes pC1-C3
and quadruple-gene cassettes pC1-C4 (version I). For assembling
the multigene into a hosting binary vector, we ligated 50 ng
vector backbone in 1:1 molar ratio with the Sfil-cleaved gene
cassettes in a 20l total reaction that contained 2 pl buffer
and 1l T4 DNA ligase (1 unit/pl; Thermo Fisher Scientific,
Germany). The gene cassettes C2i and C3i were generated by
PCR amplification from pC2 and pC3 using primer pairs, which
contained swapped recognition sites of Sfil-C and Sfil-D and Sfil-
E and Sfil-E respectively. The C2i and C3i cassettes were Sfil
cleaved and then ligated with the Sfil-cleaved vector backbones of
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