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Abstract

Biotrophic pathogens derive nutrients from living cells by maintaining host viability. This host Maintenance sustain
through highly specialized structural and biochemical relations. For valuable virulence activity biotrophic fungi have:
highly developed infection structures; limited secretory activity, carbohydrate rich and protein-containing interfacial
layers; long-term suppression of host defense; haustoria that used for nutrient absorption and metabolism. Plant
defenses biotrophic fungal pathogen by penetration resistance and program cell death (PCD). Plant strengthens
cell wall and membrane to halt spore germination and prevent the formation of the haustorium by Penetration
resistance. The second resistance mechanism applied inside the penetrated epidermal cell that terminates nutrient
supply to fungi for further development by induction of invaded program cell death. Plant innate immune responses
occur through two basic interconnected forms: pathogen-associated molecular patterns (PAMP)-triggered immunity
(PTI) and effector-triggered immunity (ETI) to activate defense signal molecules. However, Biotrophic fungi have
several mechanisms to defend their effectors from plant receptor molecules. Once the fungal effector passes
plant defense mechanism the plant will not resist. Subsequently the plant reduces production of defense signaling
molecule like salicylic acid. This review overviews recent knowledge of biotrophic fungi infection and plant defense

strategies.
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Introduction

Toxin-antitoxin (TA) systems are ever-present bacterial systems
that may function in genome maintenance and metabolic stress
organization, but are also thought to play a role in virulence by
helping pathogens survive stress. TA systems are now thought to
increase virulence through mechanisms that may include increased
stress resistance, persister cell formation, or biofilm formation [1].
Pathogen effectors may be differ structurally even the can bind the
same regulatory element in regulated promoter regions. For instance
AvrRxol1-ORF2 binds AvrRxol-ORF1, it is structurally different
from typical effector-binding chaperones, in that it has a distinct fold
containing a novel kinase-binding domain [2]. The gene structure and
cis-acting regulatory elements of effector genes are highly conserved
between in different pathogens and report several novel effector genes
these regulate pathogene responsive genes like WRKY53 [3].

Plant pathogens are classified based on their nutrition methods.
Biotrophic pathogens derive nutrients from living cells by maintaining
host viability. This lifestyle contrasts with that of necrotrophic
pathogens actively kill host tissue as they grow on the contents of dead
or dying cells [4]. A third group, hemibiotrophs, show both forms of
nutrient via shifting from an early biotrophic phase to necrotrophy
latterly. The duration of the biotrophic or necrotrophic phase varies
significantly among hemibiotrophic pathogens. These different
classified pathogens show differences in immune responses because of
their modes of nutrient uptake [5].

The biotrophic fungi and their plant host have highly specialized
relationship structurally and also biochemically. Biotrophc fungi
penetrate the host cell wall and colonizing the intercellular space using
feeding structures like haustoria to absorb nutrients and suppress host
defenses without disrupting the plasma membrane [6,7]. A constant
balance between virulence and evading host detection show a very
sophisticated form of pathogenesis of biotrophic fungi. By contrast,
necrotrophs overpowering the host by utilizing a variety of secreted
pathogenicity and virulence factors throughout infection instead of
producing specialized infection structures.

By their feeding acitivities, biotrophic fungi create a nutrient sink
to the infection site, so that the host is disadvantaged and shows serious

yield lost. In many ways, this type of parasitism is very sophisticated
- keeping the host alive as a long-term source of food. In this review
the most important groups of biotrophic fungi plant pathogens like
powdery mildew fungi (Ascomycota), the rust fungi (Basidiomycota)
and plant defense mechanism have been considered.

Biotrophic fungi infection mechanisms

Plant pathogens have to pass the complex multilayered defense
system for compatible interaction. Fungus protection may include
fungal chitin shield, scavenger, which protect the fungal cell wall
and the chitin fragments from chitinases. For example effector of
Cladosporium fulvum holds a functional chitin-binding domain [8].
Plants secrete beta-1,3-glucanases to damage fungal cell walls but
some pathogen produces glucanase inhibitor protein. Other effectors
(proteinase inhibitors and phytoalexin detoxifying enzymes) may aid
the pathogen success too.

For the success of pathogenesis including attachment, host
recognition, penetration and proliferation biotrophic fungi form
infection structure. The structure formation is restricted by regulated
gene expression and complex regulatory pathways [9]. For valuable
virulence activity biotrophic fungi have: highly developed infection
structures; limited secretory activity, especially of lytic enzymes;
carbohydrate rich and protein-containing interfacial layers, which
separate fungal and plant plasma membranes; long-term suppression
of host defense; haustoria that used for nutrient absorption and
metabolism. Biotrophic fungi also have several mechanisms to defend
their effectors from plant receptor molecules. Once the fungal effector
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Figure 1: Defense effector entering the host cell through several pathways.

(EE=Extracellular effectors outside apoplast. |E= intracellular effectors. (1)
Prevent effector from cell walls or (2) prevent recognition receptors (PRR).
Plants secrete proteases (Pr) (3) to degrade IE or EE, but pathogens (4)
secrete protease inhibitors (Pl) to block those proteases. Recognition of PAMPs
by PRRs (5) produces signaling events that trigger PAMP-triggered immune
responses (PTI). Recognition of EE by trans-membrane leucine-rich receptors
(TM-LRRs) (6) or recognition of IE by nucleotide-binding leucine-rich receptors
(NB-LRRs) (7) leads to effector-triggered immune responses (ETI). Signaling
events for both PTI and ETI may be inhibited by intracellular effectors. PTI
and ETI both produce programmed cell death (8), and effectors may inhibit
the triggering of cell death or the cell death machinery itself. PTI and ETI both
involve transcriptional changes (9), and nuclear-targeted effectors may interfere
with signaling within the nucleus or transcriptional events directly. PTI and ETI
involve numerous other responses (10), including the production of reactive
oxygen and nitrogen species (RONS), and effectors may interfere with those
responses as well).

Figure 2: Biotrophic infection by Uromyces fabae (dikaryon). A germ tube (GT)
emerges from anurediospore (S) attached to the host by an adhesion pad (P).
After recognition of the guard cell lip, anappressorium (A) develops over the
stomatal pore. The penetration hypha (PE) penetrates into the substomatal
chamber and elongates into an infection hypha (IH). When the tip of the infection
hypha contacts a host cell wall, a haustorial mother cell (HM) is formed from
which the haustorium (H) invades the host cell. Unique features of the dikaryotic
haustorium are the dark-staining neck-band (NB) around the haustorial neck and
the interfacial, extrahaustorial matrix (yellow) surrounded by the extrahaustorial
membrane (EHM). After forming the first haustorium, the infection hypha
branches and further intercellular hyphae, haustorial mother cells (HM) and
haustoria are formed.

passes plant defense mechanism the plant will not resist. Subsequently
the plant reduces production of defense signaling molecule like salicylic
acid [10] (Figure 1). To emphasize the infection process in host plant
by biotrophic fungi are explained here.

Cladosporium fulvum: C. fulvum is a biotrophic fungal pathogen
that causes leaf mould of tomato [11]. The infection, colonization, and
suppression of host defenses by C. fulvum are mediated by a number
of effector proteins [12]. In order to avoid host recognition by host
PRRs C. fulvum secretes the effector Ecp6 that contains a LysM chitin
binding domain [13]. To restrict the release of chitin oligosaccharides
by binding chitin in the intact fungal cell wall C. fulvum also secretes
the Avr4 [8,14]. In addition to chitin binding proteins, secretes the
effector Avr2, which inhibits plant extracellular cysteine proteases
required for basal defense also secreted by C. fulvum for successful host
defense suppression [15].

Ustilago maydis: U. maydis is a biotrophic fungus that causes smut
maize. U. maydis penetrate the plant cell wall and develops hyphae
that are enclosed by the plant plasma membrane and are considered to
interface for nutrient uptake and signal communication [16]. Several
genes of this pathogen are up-regulated at the time of infection for
the suppression of host defense mechanism [12]. Among the most
predicted U. maydis effectors, Pepl, which is a small (178 amino acids)
protein required for successful invasion of epidermal cells of Zea
mays [17]. Inoculation of leaves with deletion mutants of U. maydis
lacking Pep1 led to the failure of the pathogen to establish a compatible
interaction with the host. The secreted hydrophobin, Hum3, and
the hydrophobic repetitive and secreted protein, Rspl effectors are
involved in cell adhesion and surface coating also play an important
role in infection process of U. maydis [18].

Blumeria graminis: B. graminis is an obligate biotrophic fungus
that causes powdery mildew disease on wheat (B. graminis f. sp. tritici)
and barley (B. graminis f. sp. hordei). B. graminis grows as filamentous
hyphae on the leaf surface. However after penetrating the wall of the
underlying epidermal cells it forms a specialized feeding structures
called a haustoria, which surrounded by an intact plant plasma
membrane (Figure 2). Recently about 248 candidate secreted effector
proteins (CSEPs), less homology with other related species, have been
identified in the B. graminis f. sp. hordei genome [19]. The previously
identified AVRal0 and AVRklefectors have important role infection
enhancement [20].

Melampsora lini: M. lini is a rust biotrophic fungus that causes
flax (Linum usitatissiumum) rust. Like powdery mildews, rust infection
involves formation of haustoria, but rust hyphae reproduce within the
leaf rather than on the leaf surface. AvrL567, first identified flax rust
effector protein was recognised by the L6, L5, and L7 R proteins [21].
Because of diversifying selection this effector has undergone about
twelve variants, some of which through altering surface exposed amino
acid residues have now escaped recognition by the cognate R proteins
[22,23]. Other three secreted flax rust effector proteins, AvrM, AvrP123
and AvrP4 have been identified, which have important role in host
defense suppression [24].

Erysiphe necator: E. necator is an obligate biotrophic fungus that
causes powdery mildew in grapevine. This pathogen fully depends
on photosynthesis-active tissues to complete its life cycle. When a
conidiospore of E. necator lands on the epidermis of photosynthesis-
active tissues, it germinates to form a lobed appressorium. Its
germination and development involves through the secretion of fungal
lytic enzymes such as cutinases esterases and lipases, which leads to
the release of long-chain fatty acid derivatives [25,26]. A haustorium
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is a specialized intracellular structure, formed from the lower surface
of the appressorium by penetration peg emerges that penetrates
the cell wall and invades the host epidermal cell. The haustorium is
an interface between the host cell and the fungus that facilitates the
dynamic exchange of molecules derived from both fungal and host
cells. The fungus obtains amino acids, hexoses, vitamins, and other
nutrients from host cells, through the haustorium. If the interaction
is compatible, the fungus proliferates via hyphae across the surface
at regular intervals. To start a new cycle of infection, after 5-25 days
sporulation occurs in the form of conidiophores [27]. During the whole
infection process secretion of effecter proteins takes place to suppress
host defense mechanism. Adapted PM species are able to successfully
penetrate their host plant by secreting effector proteins that suppress
host PTIT. However, successful penetration by the adapted PM species
has been shown to be dependent on the presence of a functional allele
of the Mildew resistance Locus O (MLO) in a range of host species
[28-31]. Based on these result the suggestion goes to, adapted PM
species are able to utilize MLO proteins to suppress host PTI by the
secretion of an effector that targets MLO. For instance Arabidopsis
PM susceptibility protein AtMLO2 acts as a susceptibility factor for
infection of by Pseudomonas syringae (bacterial pathogen), which is
targeted by the P. syringae effector HopZ [32].

Plant Defenses Against Biotrophic Fungal Pathogens

There are two main strategies that plants use to restrict the invasion
and growth of biotrophic fungal pathogens: penetration resistance and
programmed cell death (PCD)-mediated resistance. Plant strengthens
cell wall and membrane to halt spore germination and prevent the
formation of the haustorium by Penetration resistance. The second
resistance mechanism applied inside the penetrated epidermal cell
that terminates nutrient supply to fungi for further development by
induction of invaded program cell death.

Plant innate immune responses occur through two basic
interconnected forms: pathogen-associated molecular patterns
(PAMP)-triggered immunity (PTI) and effector-triggered immunity
(ETI) [33]. By the interaction of pathogen effector proteins and
extracellular pattern-recognition receptors in the plasma membrane of
the host cell PTI is activated [34]. Once PAMP detected by pattern-
recognition receptors activation of multiple defense responses, like
the generation of reactive oxygen species, defense genes expression,
biosynthesis of defense hormones, phytoalexin biosynthesis, and
cell wall strengthening happened in the host cell [35,36]. PTI offers
protection against the majority of microbes that plants face. However
certain isolates have become ‘adapted’ to a specific host through
revolution [33]. Plant acquires resistance (R) proteins that specifically
recognize pathogen effectors to activate ETI. Because of R protein
interacton with effectors directly or indirectly defense response that
overlap with PTT will be activated [37]. ETT commonly associated with
PCD that prevents biotrophic pathogens from acquiring nutrients and
completing their life cycle.

Pamp-Triggered Immunity Against Biotrophic Fungi

Penetration resistance is the major component of PTI against
non-adapted biotrophic fungi. In Arabidopsis and barley three
PENETRATION (PEN) genes (PENI, PEN2, and PEN319-21)
involve to combined action of Penetration resistance and PTI [38].
PTI responses are selected for its immune enhancement without much
fitness cost. Due to the low specificity in pathogen recognition PTI
may not be beneficiary for plant in the infection of adapted biotrophic
pathogen.

Plants can evaluate the effectiveness of PTI responses. For instance,
increasing MAMP signaling may be interpreted as an insufficiency of
early responses. If the early responses are enough, plants can terminate
unnecessary additional immune responses. In the case of inadequate
early responses to amplify the signal for burlier responses in a later
stage plants may use the four-sector network. The amplified signal
involves as positive feedback loops. As the result PTT shows synergistic
communications among the sectors [31,39]. The strong immunity
triggered by treatment of plants with flg22 one day prior to inoculation
with virulent P. syringae because of higher concentration of flg22 per
number of plant cells responding [40]. This could be because of early
weak response of PTI that interpreted by the plant resulting late four-
sector mediated network strong immunity.

Because of unhurried initiate of PTT can offer adapted biotrophic
fungi pathogens opportunities to well hold up with PTI signaling. Weak
PTI signaling can easily suppress by Low concentrations of effectors.
Therefore there could be vulnerable synergistic interactions among the
sectors by inactivation of one of the late signaling sectors.

Effector-Triggered Immunity Against Biotrophic Fungi

R-genes in plants encode proteins with nucleotide binding
(NB) site — leucine-rich repeat (LRR) domains [34]. These NB-LRR
proteins particularly detect the microbial effector molecules and
initiate ETI, which is highly effective against biotrophic pathogens.
Effectors, in opposite to MAMPs, are properties of strong pathogens.
Therefore plants activate strong immune responses in ETT directly
after recognition of very low concentration pathogen elicitors by an
R protein in order to secrete strong signals. Consequently, destruction
of some signaling sectors by pathogen effectors do not have a large
impact on overall immunity. ETI signals strong against suppression
by pathogen effectors speed in phase I and network compensation in
phase II. Constructing such strong network and dynamics system are
vital because pathogens progress much faster than plants; as a result,
rapid changes in the effector stock can change the points at which the
signaling network is disconcerted. Some effectors like Xoc delivers a
type III effector AvrRxo1-ORF1 into rice plant cells can be recognized
by disease resistance (R) protein Rxol the mechanism and virulence
role of AvrRxol is not known [1]. Some pathogens also have type III
effector that can function as a TA system toxin, and illustrates the
potential of microbiome data to reveal new environmental origins or
reservoirs of pathogen virulence factors [2].

Activation of signal molecules in plant defense against
biotrophic fungi

The contact of fungi elicitors with host R gene product activates
primary and secondary signal molecules. Primary/ Early signaling
event those observed during disease defense include reactive oxygen
species (ROS), protein phosphorylation and ion fluxes. The regulation
of these primary event assisted by different genes expressional changes
for example WRKY53 transcriptional network regulates oxidative
responses to a wide array of stresses [3]. In tomato and parsley cell
suspension cultures, fungal elicitors trigger protein phosphorylation
[41]. K-252a, Protein kinase inhibitor, blocks the elicitor-induced
changes of protein phosphorylation and halts generation of plant
defense responses.

Different fungal elicitors have been studied to activate fluxes
of CI,, K, H*, and Ca®* across the plasma membrane [42]. In parsley
suspension cells, a temporary influx of H*, Ca** and C1 are initiated
within a few minutes following the insertion of a fungal oligopeptide
elicitor [43]. Even fungal eliciter was present, inhibit of ion fluxes and
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Species
Erysiphe graminis
Erysiphe macrospora
Erysiphe necator
Leveillula taurica
Phyllactinia alnicola
Ovariopsis
Podosphaera leucotricha
Podosphaera macularis

Host(s)
Grasses
Elm
Grape
Cotton
Qak, Alder, Lilac
Hazel, Ash, Birch
Apple, Plum
Hops

Disease
Powdery Mildew of Grasses
Powdery Mildew of Elm

Powdery Mildew of Grape
Powdery Mildew of Cotton And Many Other
Powdery Mildew of Oak, Alder, Lilac, Currant

Powdery Mildew of Hazel, Ash, Birch
Powdery Mildew of Apple, Plum
Powdery Mildew of Hops

Coleosporium ipomoeae Sweet Potato, Pine Needle
Scotch Pine Blister
Poplar-Conifer
Soybean

Blackberry

Cronartium flaccidum
Melampsora epitea
Phakopsora pachyrhizi
Kuehneola uredinis
Phragmidium tuberculatum

Phragmidium violaceum Blackberry
Gymnosporangium sabinae Pear
Uromyces gladioli Iridaceae
Tranzschelia discolor Peach
Hemileia vastatrix Coffee

Blackberry, Rose, Rosaceous Hosts

Sweet Potato Rust, Pine Needle Rust
Scotch Pine Blister Rust
Poplar-Conifer Rusts
Soybean Rust
Blackberry Stem and Leaf Rust
Rust of Blackberry, Rose, Rosaceous Hosts
Blackberry Rust
Incense Cedar-Pear Rust, Juniper Gall Rust, Pear Trellis Rust
Rusts of Iridaceae
Peach Rust
Coffee Rust

Table 1: List of some economically important biotrophic fungi.

defense responses have been observed in the addition of Ca?* channel
blockers [44].

Accumulation oxidative burst or reactive oxygen species (ROS)
that include 0,” and H,0, is another remarkable event occurs as early
signaling molecule during pathogen infection [45]. Accumulation
of ROS by pathogen effectors maybe linked the activation of ionic
influx and protein phosphorylation [32]. Two separate stages of ROS
accumulation were observed during plant-biotrophic fungi pathogen
communications. The first burst happens after a few minutes of
interaction in both resistant and susceptible plant hosts. However, the
second burst happens after a few hours of resistant interaction only
[46]. For instance, tomato cells these only contain the Pto resistance
gene P. syringae pv. tomato show the second burst but not in susceptible
[47]. Hydrogen peroxide and O, produced at the time oxidative burst
have different roles in plant resistance mechanism. Constitutive
regulation of H,O, secreting glucose oxidase confirms resistance to
the fungal pathogen Phytophthora infestans in the transgenic potato
[48]. Furthermore, hydrogen peroxide and O, involve in plant defense
mechanism as antimicrobial molecule, cell wall strengthening and
messenger for regulation of defense related genes [49].

Next to the early signal molecules triggered by pathogen infection,
the elicitor signals are frequently multiplied via the secretion of
secondary signal molecules like ethylene, SA and jasmonates. These
three phytohormones are known to play major roles in regulating
plant defense responses against various pathogens, [50,51]. SA levels
increase in pathogen exposed plant tissues and exogenous SA addition
results the induction of pathogenesis related (PR) genes and improved
resistance to a wide range of pathogens [52]. Several evidences show SA
plays an important role in the activation of defense responses of plant
biotrophic fungi [53]. Raising the levels of SA has been linked with the
regulation of resistance responses in most plant species via expression of
PR genes in the infected and uninfected area to show systemic acquired
resistance (SAR) [54,55]. Mutants that missed the SA biosynthesis genes
were enhanced susceptibility to biotrophic pathogens [56]. Ethylene
and jasmonates are triggered plant may be defense against biotrophic
fungi. However, some biotrophs, like Erisyphe and P. parasitica spp.,
avoid triggering ethylene and jasmonates [50]. Therefore, Ethylene
and jasmonates dependent defenses are not important in biotrophic

fungi- host interaction. Plant innate immune responses PTI and ETI
occur to activate defense signal molecules because of the recognition of
effectors by pattern-recognition receptors and R proteins respectively.
However, Biotrophic fungi have several mechanisms to defend their
effectors from plant receptor molecules and also rapid evolving system
of their putative effectors. Once the fungal effector passes plant defense
mechanism the plant will not resist. Subsequently the plant reduces
production of defense signaling molecule like salicylic acid. This review
overviews recent knowledge of biotrophic fungi infection and plant
defense strategies (Table 1).

Conclusion

Plant innate immune responses PTI and ETI occur to activate
defense signal molecules because of the recognition of effectors by
pattern-recognition receptors and R proteins respectively. However,
Biotrophic fungi have several mechanisms to defend their effectors
from plant receptor molecules and also rapid evolving system
of their putative effectors. Once the fungal effector passes plant
defense mechanism the plant will not resist. Subsequently the plant
reduces production of defense signaling molecule like salicylic acid.
Understanding of the interaction between pathogen virulence and have
been coming a long way. However, several questions yet not answered.
Most of fungal effectors function in the cytosol of plant lack clear
signals movement mechanism from their first sequence. Therefore,
the method how effectors marked and delivered into host plant plasma
member is not clear. Because of the diverse fungal effectors and less
homology sequence with known proteins make difficult to understand
their roles in disease. In biotrophic fungi even few effectors functions
as suppression of immune responses, unknown effectors may have
involved for the maintenance of host metabolism in order to raise
nutrient accessibility for continuous infection. Recently with the help
of next generation, sequencing there is a possibility to obtain genome
information, even if we cannot study them under in vitro condition.
By the help of this generation sequencing, biotrophic fungal genomes
include many rapidly evolving putative effectors. This rapid evolution
of putative effectors may be because of high selection pressure that
applied by the plant’s immune recognition method for the development
of another pathogenicity approach. Effectors evolution may be also
influenced by crop domestication. However there are also unanswered
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question here, is there any special pathogen -host interaction between
wild hosts and domesticated plant? Until what level symbiotic and
pathogenic fungi show similar host exploitation process? For example,
recently two symbiotic fungi showed direct secreted effectors in the
host cells [57,58]. In order to answer these and other many issues,
we have to have better understanding about the roles of effectors in
pathogen compatible interaction. Even if there are several effectors the
rapid development of genomic tools has great roles to study function of
biotrophic fungi effectors in host plant.
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