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Image credits: Rob Flynn, USDA-ARS; tom donald; The ecology of ectomycorrhizal fungi (215t New
Phytologist Symposium Logo), reproduced with permission of the New Phytologist Trust ©2008.



http://www.ars.usda.gov/is/graphics/photos/may08/k3125-2.htm
http://www.flickr.com/photos/clearwood/328539983

2 UMPBIWTIKEC OXETEIC

www.plantcell.org/cgi/doi/10.1105/tpc.111.tt1111
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Reprinted by permission from Macmillan Publishers Ltd. Bonfante, P., and Genre, A. (2010). Mechanisms
underlying beneficial plant—fungus interactions in mycorrhizal symbiosis. Nat Commun 1: 48.


http://dx.doi.org/doi:10.1038/ncomms1046
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http://en.wikipedia.org/wiki/File:Black.summer.truffle.arp.jpg
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TRENDS In Genelics

Reprinted from Plett, .M., and Martin, F. (2011). Blurred boundaries: lifestyle lessons from ectomycorrhizal
fungal genomes. Trends Genetics 27: 14-22 with permission from Elsevier; Photo courtesy M. Vohnik


http://dx.doi.org/doi:10.1016/j.tig.2010.10.005
http://www.mykorhizy.webpark.cz/
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400 million year old Modern AM within plant cell
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This AM was found inside a fossilized
Devonian plant, Aglaophyton major

Remy, W., Taylor, T.N., Hass, H. and Kerp, H. (1994). Four hundred-million-year-old vesicular arbuscular mycorrhizae. Proc. Natl. Acad.
Sci. USA 91: 11841-11843, copyright National Academy of Sciences, USA; Images courtesy of Griensteidl, Mark Brundrett



http://www.pnas.org/content/91/25/11841.short
http://en.wikipedia.org/wiki/File:Aglaophyton_reconstruction.jpg
http://mycorrhizas.info/vam.html
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Reprinted from Bonfante, P., and Genre, A. (2008). Plants and arbuscular mycorrhizal fungi: an evolutionary-
developmental perspective. Trends Plant Sci. 13: 492-498 with permission from Elsevier.


http://dx.doi.org/doi:10.1016/j.tplants.2008.07.001

QuudTia

Medicago italica -Sinorhizobium meliloti

Photo credit: Ninjatacoshell


http://en.wikipedia.org/wiki/File:Medicago_italica_root_nodules_2.JPG

Some nitrogen-
fixing bacteria
form symbiotic
associations
with plants

Many plants
associate with Legumes form nodules Actinorhizal plants like alder

cyanobacteria with symbiotic rhizobia form nodules with symbiotic
bacteria Frankia bacteria



= SvuPrwtikeg oxeoeig (plofia, pukdppileg)

= To puto-EevioTn¢ eltval avBekTikO kAl Oev avamTuooeTal
aoBevela

»To UTO epuPavifel avToyn OTNV LOALVOT KAl TA CUUITTOUATA
¢ acOevelag eival eploplopeEva

=O HKpoOopPYAVIOUOC etval TaBoyovoc (Biotpogot, vekpdTpopol)



butd kal TTaboyodva/ exOpoi



http://www.openclipart.org/detail/100315

Putd Kal TTaBoydva/ exBpoi

Photos courtesy of CIMMYT, Scott Bauer, USDA Agricultural Research Service, IRRI, IRRI, IITA



http://www.flickr.com/photos/cimmyt/4910983061/
http://www.forestryimages.org/browse/detail.cfm?imgnum=1323037
http://www.flickr.com/photos/ricephotos/5575815613/
http://www.flickr.com/photos/ricephotos/5576376970/
http://www.flickr.com/photos/iita-media-library/4623420985/

Plants under attack
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Zea mays infected with
Fusarium verticilliodes

Wheat infected with wheat
stem rust Puccinia graminis

Photo credits IITA image library; ARS USDA



http://www.flickr.com/photos/iita-media-library/4621336086/
http://www.ars.usda.gov/is/graphics/photos/nov07/d939-1.htm

African Cassava Mosaic Virus
resistant cassava variety (left)
and susceptible cassava
variety (right)

Photo courtesy of IITA Photo Library


http://www.flickr.com/photos/iita-media-library/4603107743/
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Maize infected

| with bacterial

y leaf stripe

(Acidovorax

¥ avenae subsp.
) avenae)

Banana infected with Xanthomonas

Photos courtesy of IITA Photo Library and CIMMYT



http://www.flickr.com/photos/iita-media-library/4619026438
http://www.flickr.com/photos/cimmyt/4927554744

NNUATWOEIC

Wheat infected with root knot
nematode (Meloidogyne spp.)

Nematodes are
tiny round worms
(0.1 mm diameter)
that are found
ubiquitously. Some

are plant pests, Nematode-
some eat plant infected yam
pests, and some tuber

are human

pathogens

Photos courtesy of IITA Photo Library and CIMMYT



http://www.flickr.com/photos/iita-media-library/4627051872
http://www.flickr.com/photos/cimmyt/5071763411/

[TaBoyova kal exBpoi TTPOKAAOUV ATTWAEIEC
OTIC TTAPAYWYEC > 25%

Phytophthora capsici on cucumber European corn borer
(Cucumis sativus) Ostrinia nubilalis

In its host Zea mays

Images courtesy Clemson University - USDA Cooperative Extension Slide Series, Bugwood.org;
Charles Averre, North Carolina State University, Bugwood.org


http://www.forestryimages.org/browse/detail.cfm?imgnum=1234158
http://www.forestryimages.org/browse/detail.cfm?imgnum=1563084

IHaBoyeveon- Tvufaromta
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The disease
triangle
(it takes three)

- Avettapkr) BepeAiwdn auuva

- MN OTTOTEAECUATIKI ETTAYWHEVN AUUVA

Environment

- To TTaBoyovo dev yiveral avTIANTITO

- TO QUTO-CEVIOTNGC EKATTNPWVEl TIC OATTAITACEIC TOU IOAOYIKOU KUKAOU TOU
TTaBoyovou
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Photos courtesy Scott Bauer and Bob Nichols, USDA, and Geovantage, Inc.



http://www.forestryimages.org/browse/detail.cfm?imgnum=1316008
http://www.ars.usda.gov/is/graphics/photos/feb02/k9803-1.htm
http://www.ars.usda.gov/is/graphics/photos/jun03/k10384-1.htm

Ta TTaBoyova gival BIOTPoPOl, VEKPOTPOPOI N
NUI-BIOTPOPOI OpYyaAVIOUOI

Biotroph Hemibiotroph
Nec rotroph Hyaloperonospora Pseudomonas
Botrytis cinerea arabidopsidis syringae

O1 nuI-Biétpogoil
MTTOPOUV Va
METATPATTOUV ATTO
BioTpPOYOI O€
VEKTPOTPOYPOI

Reprinted by permission from Macmillan Publishers Ltd: Pieterse, C.M.J., Leon-Reyes, A., Van der Ent, S. and Van Wees, S.C.M.
(2009). Networking by small-molecule hormones in plant immunity. Nat Chem Biol. 5: 308-316, copyright 2009.


http://www.nature.com/nchembio/journal/v5/n5/full/nchembio.164.html
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*“OAa KAAQ...”

 Niya AUTIKG €vqupa yia TO KUTTAPIKO
ToiXwua

* dla@EUYOUV TNG avayvwpIions Kal
ATTOPEUYOUV TIG ATTOKPITEIC AMUVAG

\_

See for example Kemen, E. and Jones, J.D.G. (2012). Obligate biotroph parasitism: can we link genomes to lifestyles? Trends Plant Sci. 17:, and Spanu, P.D. (2012). The

NekpoTpO@POI:

*“1T0 atradouv Kal aptradouv”
* TTaPAyouV Toiveg Kal Eviupa
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genomics of obligate (and nonobligate) biotrophs. Annu. Rev. Phytopathol. 50: Van Kan, J.A.L. (2006). Licensed to kill: the lifestyle of a necrotrophic plant pathogen. Trends
Plant Sci. 11: 247-253. Laluk K., and Mengiste T. (2010) Necrotroph attacks on plants: Wanton destruction or covert extortion? The Arabidopsis Book 8:¢0136.

doi:10.1199/tab.0136. Glazebrook, J. (2005). Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens. Annu. Rev. Phytopathol. 43: 205-227.


http://www.sciencedirect.com/science/article/pii/S1360138512000830
http://www.annualreviews.org/doi/abs/10.1146/annurev-phyto-081211-173024
http://www.sciencedirect.com/science/article/pii/S1360138506000781
http://www.bioone.org/doi/abs/10.1199/tab.0136
http://www.annualreviews.org/doi/abs/10.1146/annurev.phyto.43.040204.135923

Ol HUKNTEC KAl Ol WOMUKNTEC OUVNOWC
£XOUV haustoria

Hyaloperonospora arabidopsidis
BI6TPOPOG WONUKNTAG TTOU MAaouarik
TTpooBdAel To Arabidopsis ueuBpavn
- ] QUTIKOU
2 KUTTQpou

Extrahaustorial
MeuBpavn mou
epIBaAAer To

Extrahaustorial haustorium

matrix

Ta haustoria BpiokovTtal EKTOC
Yon NG TTAAOUATIKAG MEUPBPAvVNG
Kal €ival ECEIOIKEUPEVEC DOMEC
avTaAAayAG BPETTTIKWYV Kal
OnNMATWY

Photo credit: Emmanuel Boutet



http://en.wikipedia.org/wiki/File:Hyaloperonospora-parasitica-hyphae-haustoria.jpg

MiunTIouOC

Puccinia monoica
KAl EuPAvion
Weudoavoewy.

Microbotryum violaceum o¢€
aveOnpeg oTEipWV QUTWV

<Healthy Dianthus

Diseased Dianthus

Farrar, J.J. (1999) Anatomy of rockcress pseudoflowers caused by Puccinia consimilis. Great Basin Naturalist 59: 384-386;. Roy, B.A. (1993). Floral mimicry by a plant pathogen. Nature. 362: 56-58; Ngugi, H.K. and
Scherm, H. (2006). Mimicry in plant-parasitic fungi. FEMS Microbiol. Lett. 257: 171-176. Photos by permission of J.J. Farrar and Michael Hood.



https://ojs.lib.byu.edu/wnan/index.php/wnan/article/view/943
http://www.nature.com/nature/journal/v362/n6415/pdf/362056a0.pdf
http://plantsci.jcast.csufresno.edu/faculty_and_staff/faculty/j_farrar.aspx
https://www.amherst.edu/people/facstaff/mhood
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Oshima, K., Maejima, K. and Namba, S. (2013). Genomic and evolutionary aspects of phytoplasmas. Frontiers Microbiol. 4: 230 . MacLean, A.M., Orlovskis, Z., Kowitwanich, K., Zdziarska, A.M., Angenent, G.C.,
Immink, R.G.H. and Hogenhout, S.A. (2014). Phytoplasma Effector SAP54 Hijacks Plant Reproduction by Degrading MADS-box Proteins and Promotes Insect Colonization in a RAD23-Dependent Manner. PLoS Biol.

12:e1001835.v; Hoshi, A., Oshima, K., Kakizawa, S., Ishii, Y., Ozeki, J., Hashimoto, M., Komatsu, K., Kagiwada, S., Yamaji, Y. and Namba, S. (2009). A unique virulence factor for proliferation and dwarfism in plants
identified from a phytopathogenic bacterium. Proc. Natl. Acad. Sci USA 106: 6416-6421, with permission from S. Namba.


http://journal.frontiersin.org/Journal/10.3389/fmicb.2013.00230/full
http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.1001835
http://www.pnas.org/content/106/15/6416.full
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Ta gota dwabetovv dVO PACIKEG OTPATNYIKEG AVTIIHETWIIIONG
PloTikwv Iapayoviov

v’ Ammogoyn - [610000tatiky mpodapyovoa apova

v’ AvBextikotnta - Emayouevny auova



Iotoovotatiki) npodmapyovoa apova

A. Mop@oAoyIKOl YApAKTIPEC IOV TAPEYOVV UNYXAVIKT) TPOOTATIA

v OwpAakion em@avelwyv (VUEVIvT), KNpot , (peAAIVN)

v 1oyvposoinon KUTTAPIK®OV TOTXOUATWV, OKANPEYYXVLATIKOL 10TOl
(Atyvivn)

v eCapmnuata g emodepuidag (akavOeg, Tpiyeg, adeveg, prTivoPOopol
AYWYOl, YAAAKTOPOPOl CWATVEC)

B . Bioynuuxot yapaxktnpeg

v Aevtepoyeveig petafoAiteg (putoavtioutiveg)
v Avtiuikpofiakeg mpwteiveg kat mentiowa (. defencins)

®» IIpocapuoyrn oTig emKkpaTovoeg ouvOnkeg Tov AB10TIKOV
neP1BAAOVTOG, 0TO OTAS10 AVATTTLENC, £160G 0pYAVOL









Fig. 1. Examples of phytochemicals with roles in plant-microbe interactions.



Erayouevn apvva

» Baoikn mpovmroBeon: oLOTNUA ETTITHPNONC

EVOEYOLLEVWYV TIPOOPOA®YV LE OLVATOTNTA OLAUKPLONC

onuatwv (Sreyeptec) ﬂ|
+IIOADOAKYAPLTEG,
+YADKOIPWTEIVEC,
+1Iertiola,

+Aapa odea,
+ gvCopa,
TP patd Tov TPooPANOEVTOg 10TOL



Alad1Kaola evepyoroinong auuvac

(ev ovvrouia...)

v Evepyomoinon eEe101kevpuevmwy vto0oYEwV

v Tlapaywyn e0OTEPIKOV OT)UOTOC

v Mnyaviouol HETAYWYNC TOU OT)UATOC

v’ Tevikevon ¢ avtiopaong



 Immediate responses of invaded cells
Generation of reactive oxygen spec1es ..
~ Nitric oxide synthesis ‘
Opening of ion channels |
- Protein phosphorylation/ dephosphorylatlon .
~ Cytoskeletal rearrangements ’
Hypersensitive cell death (HR)
Gene induction

Pathogen

Local responses and gene activation N
Alterations in secondary metabolic pathways
Cessation of cell cycle

Synthesis of pathogenesis-related (PR) proteins

Accumulation of benzoic and salicylic acid
Production of ethylene and jasmonic acid

Fortification of cell walls (lignin, PGIPs, HRGPs)

'_Sys'tém’ic:réspohseé'
. '2(1“"3)B~Glucanase
~ Chitinases

Peroxidases .
"":-‘Synthems of otherj‘g‘PR protems




To zig-zag MOVTEAO TWV AAANAETTIOPACEWY

QUTOU-TTOO0YOVOU

Ywnho TeAeoTEG TOU TTOBOYOVOU
KATaOoTEAAOUV TNV )
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Effector Triggered J &

é" Susceptibility {:} ATTOKPIOEIG AUUVOG
g_ .
S| Avayvwpion O TeAeoTég
c avayvwpidovTal’:
g Taboyovou: Effector
) Pattern Triggered
L Triggered Immunity (ETI)

Immunity

(PTI) ¢

XAUNAG d

|
{:} ATTOKPIOEIC Auuvag

Adapted from Jones and Dangl (2006) The plant immune system. Nature. 444: 323-329.


http://www.nature.com/nature/journal/v444/n7117/full/nature05286.html
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OUCIWV,
(PUTOOAEEIVEC
Mapaywyn
EVEPYWV HOPPWV
ocuyovou (ROS)
Mapaywyn
KAAAOCNG



[Mw¢ avayvwpilovTal Ta TTaBoyova;
YT1TodoxEic avayvwpiong JoTifou
(Pattern recognition receptors -PRRS)

Bacterial pathogen

[MoAAol PRRs £xouv uia
ECWKUTTAPIKNA ETTIKPATEIN

eTTavaANYng TAoucia-oe-
Aeukivn (leucine-rich repeat

domain) 1Tou avayvwpicel
ouvTnpnuéva OTOIXEID TwWV
MIKPOOPYQVIC WV

Kal M1 EVOOKUTTAPIKA
ETTIKPATEIA KIVAONG

leucine-rich repeat
receptor kinases
(LRR-RKS)




EF-Tu, flagellin,
lipopolysaccharide (LPS),
peptidoglycan (PGN) and

chitin

Recognized
by EFR

Recogmzed
by TLRS

}lagellm
Yo'k,

Recognized
: outer
Core ollgo- by plants

saochan'de inner
o Kgig SRR

mumumumxx

Mannoproteins

B-Glucans  wiinimal length for

recognition by CERK1
0000000000 — R oo

%oo
0000000000 | P0000q, itin —— 00000
00600099 00000000ee C’:hltln QQﬂ

248 by permission of Oxford Umversny sress.

Pel, M.J.C., Pieterse, C.M.J. (2013). Microbial recognition afid evasion of host im


http://jxb.oxfordjournals.org/content/64/5/1237

Magnaporthe grisea, causal agent of rice
blast, produces extracellular hydrophobin
proteins required for adhesion and
penetration; a deficient mutant (shown
below) is less pathogenic

- -
T

Many bacteria
produce biofilms

1 ¥ &
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Xylella fastidiosa in
a xylem vessel

Photo by E. W. Kitajima (ESALQ/USP/Brazil); RK Webster, USDA; Talbot, N.J., Kershaw, M.J., Wakley, G.E., de Vries, O., Wessels, J. and Hamer, J.E. (1996).
MPG1 encodes a fungal hydrophobin involved in surface interactions during infection-related development of Magnaporthe grisea. Plant Cell. 8: 985-999..



http://aeg.lbi.ic.unicamp.br/xf/
mailto:ewkitaji@usp.br
http://www.ars.usda.gov/is/graphics/photos/aug04/k11381-2.htm
http://www.plantcell.org/citmgr?gca=plantcell;8/6/985
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H avayvwpion Twv TTaBoyovwyv EKKIVEI TNV
QTTOKPION AUUVOG
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Adapted from Jones and Dangl (2006) The plant immune system. Nature. 444: 323-329.


http://www.nature.com/nature/journal/v444/n7117/full/nature05286.html
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Amplitude of defense

ow

Evepyotroinon R TTPWTEIVWV:

PTI

ETI

ETI

ATTOoKpicEIg APUVaG:

Adapted from Jones and Dangl (2006) The plant immune system. Nature. 444: 323-329.

MNapaywyn Tng oppovng
AMUVAG OaAIKUAIKO o¢U (SA)
[Mapaywyn EVEPYWV HOPPUWIV
o¢uyovou (ROS)

AvTIOpaan utrepeuaIocBnaiag
(HR)

‘EK@paong Twv TTPWTEIVWV
TaBboyévelag (pathogenesis-
related proteins -PR)
2UOTNMIKA OAPATa Kal
ETTIKTNTA AVOEKTIKOTATA
(systemic acquired
resistance -SAR)


http://www.nature.com/nature/journal/v444/n7117/full/nature05286.html

Ta TTaBoyova TTapAyouv TEAEOTEC TTOU QUCAVOUV TN
UOAUCMATIKOTNTA TOUC
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Calcium production TNV ATTOKPION
y ion influx dpuvag TOU
puTOU KOl

OUVEIOPEPOOUV
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Kinase cascade

leading to
transcriptional TOU
responses TTaBoyovoou
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O1 TeEAEOTEC eKKpivovTal atTd TO TTaBoyOVOo Kal dpouv YECT
OTO QUTIKO KUTTAPA ] OTOV ATTOTTAACTN

[MoAAoi BakTnplakoi
TEAEOTEG €EI0AYOVTAl OTO
KUTTOPO METW TWV
OUOTNUATWY €KKPIONG
@ T0TToU-I1l (T3SS)

O1 TeAEOTEC

MUKATWV Kal

WOMUKATWV

EKKpivovTal atTod OrteAeoteeg Qe
haustoria i o116 TQ VNHATWOWV

AKPA TWV UPWV gl0dyovTal HEoW
TOU CWARVa
Opewng



O1 TEAEOTEC UTTOPOUV VA OPouV O€ TTOAAG KUTTAPIKA
dlauepiouarta

Cladosporium fulvum
Avr2 avaoTEAEl
amomAGoTng TTPWTEACEG KUOTEIVNG

KUTOTTAQOUQ <6\vrPto a1ré Pseudomonas

syringae otoxeuel Tov FLS2 kai
TTAPEPTTOICEI TN ONUATODATNON

Hopl ammd Pseudomonas
syringae dlarapdoel Tn oM Kal
AEIToupyia Twv XAWPOTTAQCTWV

nucleus

O transcription activator-like (TAL) plastid
TeEAEOTNG AvrBs3 atmrd Xanthomonas
campestris evepyoTrolEi yovidia TTpog

OPEAOG TNG €TTIRIWONG TOU TTaBoyovou




R protein

R protein

O1 R TTpwreiveg
avayvwpifouv Toug
TEAEOTEG
EVOOKUTTAPIKA

Exouv avagpepBei
MOVO EVAVTIO O€
BioTpoga TTaboyova



ETIl is faster, stronger
and more prolonged
effector than PTI

e > R protein

/

%ﬂ:@ Transcription

responses



Pathogen Host plant genotype
genotype R1 ]
Avrl | Avrl Rl protein | Avrl  rl protein
No disease Disease
(Plant and pathogen | (Plant and pathogen
are incompatible.) |are compatible.)
avrl avrl Rl protein avrl  rl protein
Disease Disease
(Plant and pathogen| (Plant and pathogen

are compatible.)

are compatible.)

Oewpia FORL (1942)

... 0 kaBe yovidio 1o omoio

pvOuider Vv avtidpaon
OTOV §evioTn] AVTIOTOlXEl
eva yovidio maboyovov, To
071010 puvOuidet mv

taBoyovo 1kavoTnTd Tov...



Pathogen Host plant genotype
genotype RR or Rr rr
Enzymatic No enzymatic
detoxification detoxification
Tox
[nsensitive target Sensitive target
protein protein
No disease Disease
No
tox toxin

\

No disease

No disease




Ipoyua gavoueva/yeEyovoTa ETAYWUEVIC AVTOYTIC

(avOextikoTOC)

Immediate responses of invaded cells

Generation of reactive oxygen spec1es

Nitric oxide synthesis

Opening of ion channels . -
Protein phosphorylation/ dephosphorylatlon
Cytoskeletal rearrangements

Hypersensitive cell death (HR)

Gene induction

Pathogen




A
O\

Secreted 42-kDa
glycoprotein

\ Elicitor-active
COE)X D oligopeptide

* (Pep-13)

Receptor
protein i s Cell swall
————= =
Plasma '
membrane Ioyvpomomon
Signal KUTTAPIKOV
transduction
/ Sasihe — Cytosol

Cytoplasm

TOYWUATO

: embrane
'P%spholipase ll

Linolenic acid

Protein phosphorylation

l MAP kinases |

and dephosphorylation
L

L

Nucleus l
Evepyomoinon
yoviSiwv

Untreated Elicitor

1

CTRRTCERU R I

B

i fd
| = Repressed gene

y

Jasmonic acid

Defense reactions

Induction of 19
>~ defense-related
genes

Unchanged genes




Cell wall

Cross-linking
Killing of structural
/ K
0, O,

pathogen
O,"” —»H,0,

cell wall proteins

, NAD(P)H Lipid
é . e Vi oxidase hydroperoxides
inase / Jasmonic
Receptor  G-protein Regulation

acid
of mRNA stablhty
/ Defense \

| gene activation ¢
Nucleus _orrepression




Avtidpaon vaepevatoOnoiacg: eEe101KEVUEVOC KA AUVVTIKA
TIPOYPAUUATIOLUEVOC KUTTAPIKOS BavaTtog

« Burst of oxygen reactive species around infection
site

« Synthesis of antimicrobial phytoalexins

« Accumulation of Salicylic Acid (SA)

« Directly kill and damage pathogens

« Strengthen cell walls, and triggers apoptosis

« Restrict pathogen from spreading

() « Rapid and local

Spore

Primary germ tube

(A)




AvTIOpOON UTTEPEUAIOCONaIAC

chromatin
condensation

BB

L
chioroplast
disruption

/ ROS

&
I
I

cytoplasmic
shrinkage

ArOS
A
s

mitochondnal
swelling
vacuohzatnon

METACASPASE-1
(Active)

OTOUG XAWPOTTAACTEG KAl OTA
MITOXPOVOpPIa

™~/ ROS oxnuarifovral oTov ammotrAdaTn,

PATHOGENS
(Elicitors-MAMPs)

f// \

_)SA

T(NI)A.I;PH Peroxidases Scsavet“g"'g
Chloroplasts Xidase ystems
Peroxisomes T
Mitochondria \ \ / R0S and SA act

synergisticly

>

Cell
Death

Cell Wall

Activation

Strengthening

‘ Defense Gene

=

INDUCED DEFENSE RESPONSE

]

Reprinted by permission from Macmillan Publishers Ltd. Coll, N.S., Epple, P., and Dangl, J.L. (2011). Programmed cell death in the plant immune system. Cell Death
Differ 18: 1247-1256; Torres, M.A., Jones, J.D.G. and Dangl, J.L. (2006). Reactive oxygen species signaling in response to pathogens. Plant Physiol. 141: 373-378..


http://www.nature.com/cdd/journal/v18/n8/full/cdd201137a.html
http://www.plantphysiol.org/content/141/2/373.full

 Immediate responses of invaded cells
Generation of reactive oxygen spec1es ..
~ Nitric oxide synthesis ‘
Opening of ion channels |
- Protein phosphorylation/ dephosphorylatlon .
~ Cytoskeletal rearrangements ’
Hypersensitive cell death (HR)
Gene induction

Pathogen

Local responses and gene activation N
Alterations in secondary metabolic pathways
Cessation of cell cycle

Synthesis of pathogenesis-related (PR) proteins

Accumulation of benzoic and salicylic acid
Production of ethylene and jasmonic acid

Fortification of cell walls (lignin, PGIPs, HRGPs)

'_Sys'tém’ic:réspohseé'
. '2(1“"3)B~Glucanase
~ Chitinases

Peroxidases .
"":-‘Synthems of otherj‘g‘PR protems




Tomkn Emuetnn AvOektikommta

Local responses and gene activation

Alterations in secondary metabolic pathways
Cessation of cell cycle

Synthesis of pathogenesis-related (PR) proteins
Accumulation of benzoic and salicylic acid
Production of ethylene and jasmonic acid
Fortification of cell walls (lignin, PGIPs, HRGPs)

\/

% ZvvOeon utoare§ivav

< LoYupoIT0INOT KUTTAPIK®V TOXWUAT®WV (KAAOQN, Atyvivn, covfepivn,
eETEVOIVEG, PATVOAIKEC OVO1ES, TTLPITIO, AoPBE0TIO...)

% 2vvOeon vewv mpwteivav (Pathogenesis Related-PR proteins)

< Iapaywyn popiwv-onuatwv ouvayeppov (NO, caMkvAko o&v,
YIAOUOVIKO 0EV, atfuAevio)



Kovidio

Plasma
membrane
AR il

Reactive oxygen

Perception ‘Ekkpion CK]Y
KAAAGING 0 o H KaAAOn, €vag
‘ MEOW TOU TTOAUCOKXaPITNG, dpa
O Golgi WC PPAYHAC Kal O
% QUTOAAEEIVEC gival
D — TOEIKEC YIa Ta
' TTaBoyova

Signal

Mellersh, D.G. and Heath, M.C. (2001). Plasma membrane + cell wall adhesion is required for expression of plant defense responses during fungal penetration. Plant Cell. 13: 413-424.


http://www.plantcell.org/content/13/2/413.abstract

Pathogen-Related (PR) Genes

Avtiuikpofrakeg 1610t teg
Meyalo mtAn0o¢ kat o€ TOAAA pLTIKA €101
Kal S1aovotnUaTikn emaywyn Tapaymyrg Kol CLOO®PEVONC TOVG

Ta&ivounon pe paon v SpactikOTNTA/AEITOVPYIA AAAA KAL TNV
ouoAoyia Kat poplako Bapog

14 OIKOYEVELEC

Examples

— PR-2 : beta-1,3-glucanase
— PR-3 : chitinase

— PR-12: defensin



Tomkn Emuetnn AvOektikommta

Local responses and gene activation

Alterations in secondary metabolic pathways
Cessation of cell cycle

Synthesis of pathogenesis-related (PR) proteins
Accumulation of benzoic and salicylic acid
Production of ethylene and jasmonic acid
Fortification of cell walls (lignin, PGIPs, HRGPs)

\/

% ZvvOeon utoare§ivav

< LoYupoIT0INOT KUTTAPIK®V TOXWUAT®WV (KAAOQN, Atyvivn, covfepivn,
eETEVOIVEG, PATVOAIKEC OVO1ES, TTLPITIO, AoPBE0TIO...)

% 2vvOeon vewv mpwteivav (Pathogenesis Related-PR proteins)

< Iapaywyn popiwv-onuatwv ouvayeppov (NO, caMkvAko o&v,
YIAOUOVIKO 0EV, atfuAevio)
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Salicylic Acid ¢ Acetylsalicylic Acid

ASPI
RIN O)\

"
- s e dery
Salix alba [ "= & )
. x W A5
: V¥ A

Photo credits: Geaugagrrl; Sten Porse



http://commons.wikimedia.org/wiki/File:Bloedel_Reserve_Willow_Tree.jpg
http://en.wikipedia.org/wiki/File:Filipendula-ulmaria.JPG

BioouvBeon SA, yéow ICS Kkal
PAL

Shikimate pathway

CO;
| <« < cyﬂ
NH, ~CO,

phenylalanine OH chorlsmate

PAL§ | ics

cinnamate Q
HCO

-~

~.._ PBS3/EPS1 x"’ isochorismate

~a .

s A
X PBS3
CO, !
] 1
i
v EPS1i
benzoate |
]
i }
co; CO'

Co,
[::j,o [:E:rc»1 E:::r
Cytoplasm Chloroplast

ca. 5% total ca. 95% total

Reprinted with permission from Chen, Z., Zheng, Z., Huang, J., Lai, Z. and Fan, B. (2009). Biosynthesis of salicylic acid in plants. Plant Signaling & Behavior. 4: 493-496; see
also Reprinted from Métraux, J.-P. (2002). Recent breakthroughs in the study of salicylic acid biosynthesis. Trends in Plant Science 7: 332-334 with permission from Elsevier. .


http://www.landesbioscience.com/journals/10/article/8392/
http://dx.doi.org/doi:10.1016/S1360-1385(02)02313-0

To ICS1 emmayeral TTapouaia TTaBoyovwy

GO;

ICS1 ]."
JL ICS2

T CO;
EH Chorismate PR1 . . .
l'GS UBQS | e |

CO; —Erysiphe | +Erysiphe
_WOH
Je cS1_RR1
O 2 4
Isochorismate

To PR1 emayeral
atro 10 SA-WG
aTTOKPION OTNV

-
OH o TTapouacia
¥ J\ TTaBoyovou
CO;

Salicylic acid Pyruvate

Relative gene
expression
M2

=]

0 24 48 (h.p.i.)
Pseudomonas synngae

Reprinted by permission from Macmillan Publishers Ltd. Wildermuth, M.C., Dewdney, J., Wu, G., and Ausubel, F.M. (2001). Isochorismate synthase
is required to synthesize salicylic acid for plant defence. Nature 414: 562-565 copyright 2001.


http://www.nature.com/nature/journal/v414/n6863/abs/414562a.html

Free SA (ug/g FW)

Conj SA (ug/g FW)

MetaAAdyuaTa oto ICS1 €ival evaioOnTa oTo
TTaboyovo

2.5 1

2.0 Melwpévn TTapaywyn
eAeUBepPOU Kal

oulcuypévou SA

1.5
1.0 5

Ta sid2 ka1 eds16
EXOUV JETAANOEN

8 oTto ICS1
5 Augnuévn avaTrTuen
) TOU
Hyaloperonospora
2 arabidopsidis
0 Frrd
Col-0 sid2

Nawrath, C. and Metraux, J.-P. (1999). Salicylic acid induction—deficient mutants of Arabidopsis express PR-2 and PR-5 and accumulate high levels of camalexin
after pathogen inoculation. Plant Cell. 11: 1393-1404.


http://www.plantcell.org/cgi/content/abstract/11/8/1393

SGE

Salicyloyl glucose
ester

2.uleucn

OH _____._.

*- I .

SA-aa conjugates

SABP2 fMES
SAMT
O
= — CH,
| [ O g
— e
Mmt}—glucutje > OH
SAG MeSA
Salicylic acid O-B- Methyl
glucoside salicylate

MeSAG

Methyl salicylate O-3-
glucoside

Used with permission from Vlot, A.C., Dempsey, D.M.A., and Klessig, D.F. (2009). Salicylic acid, a multifaceted hormone to
combat disease. Annu. Rev. Phytopath. 47: 177-206, permission conveyed through Copyright Clearance Center, Inc..


http://www.annualreviews.org/doi/abs/10.1146/annurev.phyto.050908.135202

Enaywyrn apovag too gotoo




AlQCVOTIUATIKT] AVTOYT)
« Entiktnn dtaocvotnuatikn avOekTikotnTa/ avtoyn
Systemic acquired resistance (SAR)

« Emaywuevn dtaocvotnuatikn avroyn / avlektikotnta
Induced systemic resistance (ISR)




Emiktnm Stacvomnuankn avoektikotnta

(SAR)
AgVTEPOYEVIIC ATTOKPLOT)
AlaoVOTNUATIKY)
AvOekTikOTnTA

Exgppaon PR npwteivov
Znuata: SA, JA, ciBuvievio



H emKkTnNTA dlacuoTnuaTik avlekTIKOTNTA (SAR)
dlapeooAaeiTal atrd Eva Kivnto onua

Systemic
response

Signals

, Defense
YTTQpXOouV TTEPITITWOEIG TTOY

N avOeEKTIKOTNTA PETAPEPETA
OTOUG ATTOYOVOUG!

response

You
,r?%
A §

&,
Ty

Local response

<4



To SA €ival evac atro Toug
OlaPECOAABNTEC

SA SAR
-~
/v MeSA -




[QRL lipids




TO YIOOUOVIKO OCU EUTTAEKETAI OTNV AUUVA (KUPIWC
O€ VEKPOTPOPA TTaB0oYyOVa Kal EVTOUQ)

BI6TOOQA VEKPOTPOPA
20AIKUANIKO  yiaopovikd
To SA ka1 JA
Opouv

AVTAYWVIOTIKA

ATTOoKpiOEIg
AMUVOG




To SA ka1 JA
Opouv
AVTAYWVIOTIKA

Pseudomonas
syringae ’
TTOPAYEI w SA
coronatine - 1
Coronatine
/

Coronatine trapopoialel douIKa .

. auuva
10 JA-lle kal KaTaoTEANAEI TNV
ATTOKPION AUUVAG EVAVTIA O€

Bi6Tpoga TTaboyova,

EVIOXUOVTOC TNV TTaBoyEVEID TV HEDE)\(
BakTnpiwyv TTOU TO TTAPAyouUVv

‘Eva trapadelyua

JA=lle




OppuoviKn atrékplon o€ BIOTIKNA
KaTaﬂéann

Baktnpia, Jasmonates

MUKNTECG, o

G (’pUTocpaya’—

Biotpogol OH ﬁNVTOHfL MUKNTEC

0pYaVIGOI EKPOTPOQOI
OH opyavio ol

Salicylic Acid

Photo credits: A. Collmer, Cornell University; Salzbrot.


http://www.nsf.gov/od/lpa/news/03/pr0386.htm
http://commons.wikimedia.org/wiki/File:Tomato_Hornworm.jpg

Ta onuAaTodOoTIKA JOVOTTATIO AUUVAC O€
TTaBoyova aAANAETTIOPOUV PE GAAQ

B JA
B ] P auxin | '
ABA ISA oV aBA SA
others? 4 others?
necrotroph: biotroph:

_local crosstalk

local crosstalk "’ :
O! ATTOKPICEIG ‘

AMUVAG MEILWVOUV TO
puOuOG augnong. H
Katatrovnon o€
¢npooia Kai n
oucowpeuon ABA
KATaoTEAAOUV TIG
QTTOKPIOEIC O€
TTaBoyova

Reprinted from Spoel, S.H., and Dong, X. (2008) Making sense of hormone crosstalk during plant
immune responses. Cell Host Microbe 3: 348-351 with permission from Elsevier.


http://www.cell.com/cell-host-microbe/abstract/S1931-3128(08)00157-1

Pathogen stress

Necrotroph
resistance

Biotroph
resistance
(necrotroph

susceptibili

(biotroph
susceptibilit

Abiotic stress
tolerance

Current Opinion in Plant Biology

Reprinted from Robert-Seilaniantz, A., Navarro, L., Bari, R., and Jones, J.D.G. (2007). Pathological hormone imbalances. Curr. Opin. Plant Biol. 10: 372-379.
with permission from Elsevier.


http://dx.doi.org/doi:10.1016/j.pbi.2007.06.003

AlQCVOTIUATIKT] AVTOYT)
« Entiktnn Staocvotnuatikn avoekTikotnTa/ avtoy
Systemic acquired resistance (SAR)

« Emaywpuevn dtaocvotnuatikn avroyn / avlektikotnta
Induced systemic resistance (ISR)




BioAoyikO¢ EAeyxo¢
Tafoyovwy -

T
A
V=
N =
.'IIII || i
ISR ay,
Biocontrol agents:

Infection
Emayouv tnv €miknTn

OIAOUCTHMIKN AVOEKTIKOTHTA
(induced systemic

resistance _ISR)

Exudates
A M St Elicitors
_ | of ISR

Antibiotics,

Biocontrol PGPR

specific antagonism

Reprinted by permission from Macmillan Publishers Ltd: Haas, D. and Defago, G. (2005). Biological control of soil-borne pathogens by fluorescent pseudomonads. Nat. Rev. Micro. 3: 307-319.


http://www.nature.com/nrmicro/journal/v3/n4/full/nrmicro1129.html

Biocontrol agents erayouv 1n
Ol0CUCTNMATIKA auuva

Evioxupévn
Kavovikr) kataoTaon EvepyoTtroinuévo KUTTApPO onuarodotnon Je
ME «EVIOYXUTEC ONMATOCH EVTOVOTEPN ATTOKPION

I

Adapted from Conrath, U. (2011) Molecular aspects of defense priming. Trends Plant Sci. 16: 524 — 531.


http://www.sciencedirect.com/science/article/pii/S1360138511001300

METAIQrH xHMATOzZz zTHN AMYNA TQN ®YTQN

Systemic acquired +  Induced systemic
resistance resistance

== Priming for
> JA/ET defenses
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ETOIPOTNTAG

H &muoupyla evog kivnTou, Sia pEgou
TOU QAOHUPATOS, OTJHaTOS EXEl WG
aTmoTEAsopa uwnAoTEPa ETTITTESa
iwopovikol ofeog kal amBuAeviou
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Crosstalk

SA

ABoAévio/ JA

Jasmonic-acid dependent Salicylic-acid dependent

Pathogen infection and necrosis

Pathogen infection and necrosis

 J 1
— ¢ Jasmonic acid fSahcyllc acid
and ethylene

A

t Pathogenesis-related protems f Pathogenesns-related proteins

> 4 Lesions and local responses f Lesions and local responses

* Systemic response f Systemic response



Plant—Microorganism Signaling Microorganism—Plant Signaling

Recognition (MAMPs, signals)
Priming and induction of
systemic defenses (ISR, SAR)
Immune suppression

Effects on plant gene expression,
hormonal balance (SA, JA, ET),
development, metabolism,

and stress response

Rhizomicrobiome shaping
Recruitment of beneficials
Symbiosis, mutualism
Recognition (PRRs, signal receptors?)
Activation of desirable microbe traits
Confusion/inhibition strategies

Rhizobia

Mycorrhiza

Microbial communication signals for coordination
of population behavior, growth, and activi
ones)
Antimicrobials (phloroglucinols, phenazines)
VOCs (2,3-butanediol, indole)
Phytohormones (auxines, cytokinines)

Intra- and Interspecies Signaling Among Microorganisms




SESQUITERPENES

attraction of entomopathogenic nematodes

caryophyilene

STRIGOLACTONES

interaction with AMF
suppression of seed germination

Rasmann and Turlings, 2016

HYDROXAMIC ACIDS

recruitment of beneficial microbes

PRIMARY METABOLITES

nutrients for plant-growth promoting bacteria

{ryptophan

FLAVONOIDS

bacterial nodulation in Fabaceae

Current Opinion in Plant Biclogy




MTNTIKEG EVWOEIS AMUVOG

VOCs

Beneficial insects Herbivores

Pollinators

Chewing

feeders Growth promotion
Induced resistance

Natural enemies

of herbivores W

Phloem
feeders
Belowground Beneficial microbes
Rhizobia Endophytic fungi

Nutrient allocation
PGPF Plant defenses
Root exudates




Volatiles play important role in
belowground interactions

Schulz-Bohm et al., (2017) Frontiers in Microbiology

Schmidt et al., 2015 ISME Journal



