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Fungal pathogenicity
Wolfgang Knogge

Successful penetration of living plant tissue by fungal
pathogens is preceded by an exchange of signals between
both organisms. Recent mutational approaches revealed the
importance of cAMP-dependent signalling pathways for fungal
development and virulence on their hosts.
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Abbreviations
cAMP  cyclic adenosyl monophosphate

CPKA  protein kinase A catalytical subunit
MAC1  Magnaporthe adenylate cyclase 1
MAP mitogen-activated protein

PMK1  pathogenicity MAP kinase 1
Introduction

Fungi are eukaroytic, carbon-heterotrophic microorgan-
isms. To satisfy their need for organic nutrients, most
fungal species live a saprophytic lifestyle. A small minority,
however, has acquired the capability to develop on living
plants, often causing disease in the host. These specialists
have found a way to negate the plant defense machinery
which consists of a multitude of defense mechanisms (for
reviews see [1-3]). Hence, fungal pathogenicity results
from the evolution of mechanisms that allow the transition
of a saprophyte to a pathogen and that adapt fungal
development to their host plants [4-6]. Before the real
confrontation between fungi and plants can take place,
however, fungi need efficient strategies for invasion of
the plant’s outer fortifications (Figure 1). This review will,
therefore, focus on signaling aspects of these early stages
of pathogenesis.

Spore attachment, germination and plant
surface recognition

The interaction of foliar fungal pathogens with plants
begins with spore attachment to host surfaces and contin-
ues with spore germination, host recognition, formation of
infection structures, and penetration of host organs. Active
adhesion of fungal spores and infection structures to plant
surfaces is regarded as an important mechanism in early
pathogenesis [7]. Although the morphology of this process
has been described for diverse fungi (for review see [8]), its
biochemical basis is not well understood. Secreted material
like the spore tip mucilage detected on mature spores
of the rice blast pathogen, Magnaporthe grisea, serves for

Figure 1
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Scanning electron micrograph of the barley pathogen
Rhynchosporium secalis penetrating a host leaf. After attachment to
the leaf surface, germ tubes have been formed from both cells of the
left fungal spore whereas only one cell of the right spore germinated.
Prior to penetration of the leaf cuticle, hyphal tips show the typical
swelling. Many fungi produce a much more pronounced alteration of
hyphal appearance resulting in a dome-shaped appressorium at the
hyphal tip. On the left, the attachment of the germ tube to the plant
surface by unknown adhesives is visible.

conidial attachment [9]. It contains proteins and lipids as
well as a-1,2-mannose disaccharide linked to an unknown
non-carbohydrate substituent. Furthermore, extracellular
glycoproteins were associated with attachment and also
with fungal cellular differentiation [10].

During early stages of pathogenesis including host recog-
nition, plant compounds may serve as signals [11]. The
plant surface carries a complex mixture of hydrophobic
materials collectively called wax. Wax fractions of the host
plant, avocado, induced spore germination and appres-
sorium formation of the avocado pathogen, Colletotrichum
gloeosporioides, but not of other Colletotrichum species. The
inducers appear to be long-chain aliphatic fatty alcohols
that are common to plant waxes. Nevertheless, similar
wax fractions from species other than avocado remained
inactive, suggesting the co-occurrence of inhibitors of
fungal development [12]. These and other data indicate
the presence of signaling compounds on the plant surface.
However, more detailed investigations of their chemical
nature and function are required to properly assess their
role in pathogenesis.



Pre-penetration processes, appressorium
formation

In many foliar fungal pathogens, direct penetration of
the leaf surface is a common strategy. In contrast, other
phytopathogens such as the rusts bypass the plant cuticle
and outer cell walls by entering through the stomata.
Rust fungi developed a thigmotropic sensing mechanism
that utilizes topographical features of the host surface
to precisely locate the stomata and to differentiate a
specialized infection structure, the appressorium, at the tip
of the germ tube [13]. This was demonstrated on artificial
substrates with uredospore germlings of the bean rust
fungus, Uromyces appendiculatus, that recognize ridges of a
height similar to the erected lips of the stomatal guard cells
[14]. In response to this recognition, all bean rust races as
well as many other rust species [15,16] formed appressoria
that were morphologically and functionally similar to those
formed 7 vivo.

The biochemical mechanism of thigmotropic sensing is
not fully understood, but changes in the arrangement
of the cell’s cytoskeleton appear to be involved [17-19].
In addition, in patch-clamp studies using protoplasts
from germ tubes of U. appendiculatus a mechanosensitive
ion channel was identified [20]. This channel may
transduce topographically induced membrane stress into
an ion influx to trigger differentiation. Furthermore,
mechanical perturbation experiments suggested that the
thigmoreceptors are localized at the tip of the germ tubes
where appressorium formation occurs [21].

In contrast, direct penetration requires an active piercing
through the plant’s outer structural barriers, again often
associated with appressorium formation. Among the plant
factors discussed to be involved in appressorium induction,
cutin monomers and other typical plant surface molecules
are of particular interest [22]. These compounds trigger the
expression of fungal cutinase thereby probably enhancing
their own release [11]. In addition, cutinase activity
may contribute to altering the adhesive properties of
the cuticle, thus facilitating the attachment of fungal
structures [23].

Besides plant factors, fungal surface molecules appear to
be involved in appressorium induction. Recent observa-
tions suggest that integrin-like proteins are involved in
the signaling processes, initiating appressorium formation
in U. appendiculatus [24]. Integrins are heterodimeric
transmembrane proteins that connect the extracellular
matrix to the cytoskeleton and that are suggested to
be involved in many different processes such as cellular
growth, differentiation, migration, and death. The extra-
cellular domains of these receptors often exhibit specific
affinities to the tripeptide sequence Arg-Gly-Asp (RGD)
that is found in extracellular matrix proteins from several
organisms. Importantly, the receptor function of integrins
can be modulated by regulatory signals originating within
the cell cytoplasm [25]. In the presence of synthetic
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peptides containing the RGD sequence, appressoria
formation was inhibited in U. appendiculatus germlings. In
addition, using RGD-ligand affinity chromatography and
antibodies to B integrin from chicken and human, several
putative integrin proteins were isolated [26]. Recognition
and mediation of the extracellular signal, therefore, may
be through integrin-like transmembrane glycoproteins.

The MPGI gene of Magnoporthe grisea encodes a protein
with characteristics of a specific type of fungal proteins, the
hydrophobins [26]. The prototype of these small, secreted
cysteine-rich proteins was purified from Schizophyllum
commune and shown to form the hydrophobic surface
of aerial hyphae through self-assembly [27]. The MPGI
gene is necessary for infection-related development of
the fungus on rice leaves and for full pathogenicity
towards susceptible cultivars. Detachment studies using
different solvents either incapable or capable of dissolving
hydrophobins 77 vitro revealed that appressoria from mpgl
mutants could be more easily removed from artificial
hydrophobic membranes than those of the isogenic
wild-type [28]. This indicates that the MPG1 gene product
is involved in the attachment of fungal structures to the
leaf surface. In addition to its role in adhesion, the Mpgl
protein may also act as a morphogenetic signal for infection
structure development [29]. Evidence comes from the
observation that mpgl strains are impaired in their ability
to undergo appressorium formation [28]. This phenotype,
but not the easier detachment from membranes could be
remediated by cyclic adenosyl monophosphate (cAMP) its
soluble analogs or inhibitors of cAMP-phosphodiesterase
indicating a signaling role for cAMP downstream of MPG1
function.

The crucial role of cAMP in fungal development [30°°]
and in the signaling pathway that is initiated by fungal
surface attachment [31] was substantiated after isolating
the MACT gene from M. grisea encoding adenylate cyclase
[32¢*]. Not surprisingly, macl mutants showed a pleiotropic
phenotype. They were unable to form appressoria on
an inductive hydrophobic surface in the absence of
exogenous cAMP and failed to penetrate susceptible
rice leaves. In addition, they were sterile and showed a
reduction in vegetative growth, conidiation, and conidial
germination. To further pinpoint the signaling pathway,
the CPKA gene encoding the catalytic subunit of protein
kinase A, a well-known downstream target of cAMP [33],
was cloned [34]. Fungal strains containing different ¢pkA
mutant alleles were found to be dramatically reduced in
pathogenicity [35°*]. This reduction did not appear to be
due to a loss of appressorium formation, however. ¢pfA
mutants are delayed in appressorium formation, but form
appressoria to the same level as wild-type strains. These
appressoria are fully melanized, but smaller than wild-type
and exhibit variable size; they are dramatically reduced
in their ability to penetrate plant cells. ¢pfA mutants,
however, can produce infectious hyphae and cause lesion
formation when inoculated through wounds. Finally,
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¢pkA mutants are still responsive to exogenous cAMP
for appressorium formation on non-inductive hydrophilic
surfaces. These findings indicate that in M. grisea at least
two different cAMP-dependent signaling pathways and
probably different cAMP-dependent protein Kkinases are
required for plant infection, one being involved in surface
sensing, the other leading to appressorial penetration.

The recent identification of a mitogen-activated protein
(MAP) kinase gene, PMKI, sheds light on the signaling
pathways downstream of cAMP [36]. Interestingly, this
gene is homologous to the Saccharomyces cerevisiae MAP
kinase genes FUS3/KSS1 and can complement the mating
defect in a fus3kssI double mutant of yeast. Pm&l mutants
of M. grisea did not differ in growth (and mating) from a
wild-type strain in culture. Pmk1, therefore, appears to be
dispensable for vegetative growth. The pmél mutants are
capable of responding both to thigmotropic surface signals
and to a cAMP-dependent signal. They failed to penetrate
the plant cuticle, however, due to a failure to complete
the formation of mature appressoria. Since the mutants are
still responsive to cAMP for early stages of appressorium
formation it is suggested that Pmk1 acts downstream of
a cAMP-dependent signal [36]. Surprisingly, the O-factor
pheromone from §. cerevisiae is able to block appressorium
formation by M. grisea and to protected plants from
infection in a mating type-specific manner, probably by
affecting unknown signaling processes [37°].

Penetration

For the next step in pathogenesis, the invasion of plant
tissues, fungal phytopathogens have evolved two different
mechanisms, enzymatic and mechanical penetration. Dur-
ing germination and penetration, fungi generally secrete
a mixture of hydrolytic enzymes including cutinases,
cellulases, pectinases, and proteases. Although these
enzymes are also required by saprophytes, their structures
and biosynthetic regulation may be adaptated to the
specific needs of pathogens. For instance, different
cutinase isozymes are expressed during saprophytic and
parasitic stages of Alternaria brassicicola [38]. Many fungal
genes encoding various hydrolytic enzymes have been
cloned. Usually, however, the infection phenotype of
gene disruption/replacement mutants does not differ from
wild-type [39].

In particular, enzymatic degradation of cutin, the structural
polymer of the plant cuticle, has been postulated to be
crucial for fungal pathogenicity and cutinase to be a
key player in the penetration process [11]. Conflicting
results were published, however, on the pathogenicity
of cutinase-deficient mutants of Nectria haematococca,
a pathogen of pea and other plants [39,40]. In first
experiments, a cutinase disruption mutant displayed the
same infectivity as wild-type strains [40]. Later, however,
a significant decrease in virulence was observed. More
detailed microscopical analyses attributed the remaining
virulence mainly to a different way of fungal penetration

through host stomata, thus by-passing the plant cuticle
[41]. Cutinase disruption mutants of M. grisea [42] and,
recently, of Borrytis cinerea [43] also did not show a
modified infection phenotype. Interestingly, in a recent
report a different function of cutinase was described [44].
"The lipolytic activity of cutinase purified from the apple
scab pathogen, Venturia inaequalis, was able to protect
bean leaves from infection by Rhizoctonia solani. The role
of this enzyme in host penetration, therefore, remains
controversial and appears to vary in different fungi [45].

Alternatively, or in addition to hydrolytic enzymes, some
fungi have developed a mechanism to mechanically pene-
trate the host cuticle. After firm appressorial attachment to
the plant surface the porosity of the appressorium wall is
drastically reduced by melanin incorporation followed by
the establishment of a turgor pressure in excess of 8 MPa
[46]. This pressure is focused to a small area at the base of
the appressorium which is kept free of wall material and
melanin [9]. From this penetration pore, a fine infection
hypha, usually called a penetration peg, develops and
pierces through the plant cuticle and cell wall (reviewed

in [8,9]).

An intriguing question, generated by this work, was what
is the nature of the solute responsible for generating
such tremendously high hydrostatic pressure? It was
recently shown that glycerol levels rise sharply during
turgor generation in appressoria of M. grisea [47°]. The
mean concentration was estimated to be >3.2M which
would account for an osmotic potential of around —6 MPa.
Protein kinase A is known to play a role in the
mobilization of storage polysaccharides in fungi and other
organisms. The CPKA gene, therefore, may have a role in
regulating glycerol synthesis. The failure of ¢p#A mutants
to penetrate plant cells may be due to their impaired
ability to synthesize the high glycerol levels needed from
glycogen for sufficient turgor.

The other key player in mechanically penetrating fungi
is melanin. In M. grisea, single gene mutations at
loci encoding melanin biosynthetic enzymes resulted in
non-melanized appressoria that are unable to generate
turgor and that are non-pathogenic [9,48]. Conversely,
pathogenicity of a melanin non-producing albino mutant
of the cucumber pathogen, Colletotrichum lagenarium, could
be restored by transformation with a melanin biosynthetic
gene [49]. In addition, appressoria from melanin mutant
strains of M. grisea as well as wild-type appressoria after
treatment with a melanin synthesis inhibitor displayed
much lower glycerol levels [47°]. Thus, glycerol appears
to be the major compound generating the turgor pressure
and melanization to be required for efficient build-up of
turgor by rendering the appressorial walls impermeable to
glycerol [47°].

Conclusions
Fungal penetration of living plants is a process controlled
by a combination of many factors. In addition to fungal



compounds, these factors also include physical and chemi-
cal plant surface features that affect fungal spore germi-
nation and appressorium formation. Unraveling these very
early stages of fungus-plant interactions clearly deserves
further investigations. In particular, mutational approaches
to dissect the cAMP-dependent signaling pathways are
expected to lead to the identification of those fungal traits
that are specifically required for pathogenicity.

Acknowledgement

I am grateful to Imre E Somssich for critical comments on the manuscript.

References and recommended reading

Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
e+ of outstanding interest

1. Kombrink E, Somssich IE: Defense responses of plants to
pathogens. In Advances in Botanical Research, Vol. 21. Edited by
Andrews JH, Tommerup IC. London: Academic Press; 1995:1-34.

2. Hammond-Kosack KE, Jones JDG: Resistance gene-dependent
plant defense responses. Plant Cell 1996, 8:1773-1791.
3. Wojtaszek P: Oxidative burst: an early plant response to

pathogen infection. Biochem J 1997, 322:681-692.

4, Knogge W: Fungal infection of plants. Plant Cell 1996, 8:1711-
1722,

5. Knogge W: Molecular basis of specificity in plant/fungus
interactions. Eur J Plant Pathol 1996, 102:807-816.

6. Walton JD: Host-selective toxins: agents of compatibility. Plant
Cell 1996, 8:1723-1733.

7. Kuo K, Hoch HC: Germination of Phyllosticta ampelicida
pycnidiospores: Prerequisite of adhesion to the substratum
and the relationship of substratum wettability. Fungal Genet
Biol 1996, 20:18-29.

8. Mendgen K, Deising H: Infection structures of fungal plant
pathogens — a cytological and physiological evaluation. New
Phytol 1993, 124:192-213.

9. Howard RJ, Valent B: Breaking and entering: Host penetration
by the fungal rice blast pathogen Magnaporthe grisea. Annu
Rev Microbiol 1996, 50:491-512.

10. Xiao JZ, Ohshima A, Kamakura T, Ishiyama T, Yamaguchi I:
Extracellular glycoprotein(s) associated with cellular
differentiation in Magnaporthe grisea. Mol Plant-Microbe Interact
1994, 7:639-644.

11. Kolattukudy PE, Rogers LM, Li D, Hwang CS, Flaishman MA:
Surface signaling in pathogenesis. Proc Nat/ Acad Sci USA
1995, 92:4080-4087.

12. Podila GK, Rogers LM, Kolattukudy PE: Chemical signals from
avocado surface wax trigger germination and appressorium
formation in Colletotrichum gloeosporioides. Plant Physiol 1993,
103:267-272.

13. Hoch HC, Staples RC: Signaling for infection structure
formation in fungi. In Fungal spore and disease initiation in plants
and animals. Edited by Cole GT, Hoch HC. New York: Plenum
Press; 1991:25-46.

14. Terhune BT, Allen EA, Hoch HC, Wergin WP, Erbe EF: Stomatal
ontogeny and morphology in Phaseolus vulgaris in relation to
infection structure initiation by Uromyces appendiculatus. Can
J Botany 1991, 69:477-484.

15. Allen EA, Hoch HC, Stavely JR, Steadman JR: Uniformity among
races of Uromyces appendiculatus in response to topographic
signaling for appressorium formation. Phytopathology 1991,
81:883-887.

16. Allen EA, Hazen BE, Hoch HC, Kwon Y, Leinhos GME, Staples
RC, Stumpf MA, Terhune BT: Appressorium formation in
response to topographical signals by 27 rust species.
Phytopathology 1991, 81:323-331.

Fungal pathogenicity Knogge 327

17 Hoch HC, Staples RC, Whitehead B, Comeau J, Wolf ED:
Signaling for growth orientation and cell differentiation by
surface topography in Uromyces. Science 1987, 235:1659-
1662.

18. Kwon YH, Hoch HC, Aist JR: Initiation of appressorium
formation in Uromyces appendiculatus. Organization of the
apex and the responses involving microtubules and apical
vesicles. Can J Botany 1991, 69:2560-2573.

19. Kwon YH, Hoch HC, Staples RC: Cytoskeletal organization in
Uromyces urediospore germling apices during appressorium
formation. Protoplasma 1991, 165:37-50.

20. Zhou XL, Stumpf MA, Hoch HC, Kung C: A mechanosensitive
channel in whole cells and in membrane patches of the fungus
Uromyces. Science 1991, 253:1415-1417.

21. Corréa A Jr, Hoch HC: Identification of thigmoresponsive loci
for cell differentiation in Uromyces germlings. Protoplasma
1995, 186:34-40.

22. Gilbert RD, Johnson AM, Dean RA: Chemical signals responsible
for appressorium formation in the rice blast fungus
Magnaporthe grisea. Physiol Mol Plant Pathol 1996, 48:335-346.

23. Nicholson RL, Epstein L: Adhesion of fungi to the plant surface.
In The Fungal Spore and Disease Initiation in Plants and Animals.
Edited by Cole GT, Hoch HC. New York: Plenum Press; 1991:3-
23.

24, Corréa A Jr, Staples RC, Hoch HC: Inhibition of
thigmostimulated cell differentiation with RGD-peptides in
Uromyces germlings. Protoplasma 1996, 194:91-102.

25. Brakebusch C, Hirsch E, Potocnik A, Faessler R: Genetic analysis
of B4 integrin function: confirmed, new and revised roles for
a crucial family of cell adhesion molecules. J Cell Sci 1997,
110:2895-2904

26. Talbot NJ, Ebbole DJ, Hamer JE: Identification and
characterization of MPG1, a gene involved in pathogenicity
from the rice blast fungus Magnaporthe grisea. Plant Cell
1993, 5:1575-1590.

27 Wessels JGH: Fungal hydrophobins: proteins that function at
an interface. Trends Plant Sci 1996, 1:9-15,

28. Talbot NJ, Kershaw MJ, Wakley GE, De Vries OMH, Wessels JGH,
Hamer JE: MPG1 encodes a fungal hydrophobin involved in
surface interactions during infection-related development of
Magnaporthe grisea. Plant Cell 1996, 8:985-999.

29. Beckerman JL, Ebbole DJ: MPG1, a gene encoding a fungal
hydrophobin of Magnaporthe grisea, is involved in surface
recognition. Mol Plant-Microbe Interact 1996, 9:450-456.

30. Kronstad JW: Virulence and cAMP in smuts, blasts and blights.
. Trends Plant Sci 1997, 2:193-199.

This excellent review summarizes recent evidence for the importance
of cAMP signaling in morphogenesis and virulence of those four plant
pathogenic fungi that are best studied in this respect. Highly recommended.

31. Lee YH, Dean RA: cAMP regulates infection structure formation
in the plant pathogenic fungus Magnaporthe grisea. Plant Cell
1993, 5:693-700.

32. Choi W, Dean RA: The adenylate cyclase gene MAC1 of

oo Magnaporthe grisea controls appressorium formation and
other aspects of growth and development. Plant Cell 1997,
9:1973-1983.

This paper convincingly supports the direct role of cAMP and, in particular,

of adenylate cyclase in fungal development and presents a model of the

signalling system regulating appressorium formation.

33. Taylor SS, Buechler JA, Yonemoto W: Cyclic AMP-dependent
protein kinase: framework for a diverse family of regulatory
enzymes. Annu Rev Biochem 1990, 59:971-1005.

34. Mitchell TK, Dean RA: The cAMP-dependent protein kinase
catalytic subunit is required for appressorium formation and
pathogenesis by the rice blast pathogen Magnaporthe grisea.
Plant Cell 1995, 7:1869-1878.

35. Xu JR, Urban M, Sweigard JA, Hamer JE: The CPKA gene of

.o Magnaporthe grisea is essential for appressorial penetration.
Mol Plant-Microbe Interact 1997, 10:187-194.

This very careful analysis of the phenotype of cAMP-dependent protein ki-

nase A mutants supplements the results in [33], thus providing strong ev-

idence for the role of several cAMP-dependent protein kinase cascades in

surface sensing and appressorial function.



328

36.

37.

Plant-microbe interactions

Xu JR, Hamer JE: MAP kinase and cAMP signaling regulate
infection structure formation and pathogenic growth in the rice
blast fungus Magnaporthe grisea. Genes Dev 1996, 10:2696-
2706.

Beckerman JL, Naider F, Ebbole DJ: Inhibition of pathogenicity
of the rice blast fungus by Saccharomyces cerevisiae a-factor.
Science 1997, 276:1116-1119.

This article is the first to report on the surprising interference of pheremone
binding with signalling towards infection structure formation; a result that
opens up an entirely new strategy to control plant disease.

38.

39.

40.

41.

42.

Koeller W, Yao C, Trial F, Parker DM: Role of cutinase in the
invasion of plants. Can J Botany 1995, 73:S1109-S1118.

Yoder OC, Turgeon BG: Molecular-genetic evaluation of fungal
molecules for roles in pathogenesis in plants. J Genet 1996,
75:425-440.

Rogers LM, Flaishman MA, Kolattukudy PE: Cutinase gene
disruption in Fusarium solani f.sp. pisi decreases its virulence
on pea. Plant Cell 1994, 6:935-45.

Stahl DJ, Schafer W: Cutinase is not required for fungal
pathogenicity on pea. Plant Cell 1992, 4:621-629.

Van Kan JAL, van TKJW, Wagemakers CAM, Dees DCT, van
der Vlugt-Bergmans CJB: Cutinase A of Botrytis cinerea is
expressed, but not essential, during penetration of Gerbera
and tomato. Mo/ Plant—Microbe Interact 1997, 10:30-38.

43.

44,

45.

46.

47.

Sweigard JA, Chumley FG, Valent B: Disruption of a
Magnaporthe grisea cutinase gene. Mo/ Gen Genet 1992,
232:183-190.

Parker DM, Koller W: Cutinase and other lipolytic esterases
protect bean leaves from infection by Rhizoctonia solani. Mol
Plant-Microbe Interact 1998, 11:514-522.

Schifer W: The role of cutinase in fungal pathogenicity. Trends
Microbiol 1993, 1:69-71.

Howard RJ, Ferrari MA, Roach DH, Money NP: Penetration of
hard substrates by a fungus employing enormous turgor
pressures. Proc Nat/ Acad Sci USA 1991, 88:11281-11284.

De Jong JC, McCormack BJ, Smirnoff N, Talbot NJ: Glycerol
generates turgor in rice blast. Nature 1997, 389:244-245.

This report provides convincing evidence for the mechanism that is respon-
sible for generating the highest turgor pressure observed in living organisms.

48.

49.

Money NP, Howard RJ: Confirmation of a link between fungal
pigmentation, turgor pressure, and pathogenicity using a
new method of turgor measurement. Fungal Genet Biol 1996,
20:217-227.

Kubo Y, Nakamura H, Kobayashi K, Okuno T, Furusawa I: Cloning
of a melanin biosynthetic gene essential for appressorial
penetration of Colletotrichum lagenarium. Mol Plant-Microbe
Interact 1991, 4:440-445.



	Fungal pathogenicity
	Introduction
	Spore attachment, germination and plant surface recognition
	Pre-penetration processes, appressorium formation
	Penetration
	Conclusions
	Acknowledgement
	References and recommended reading

	Figures
	Figure 1


