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Outlines

® 1. Introduction
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Sample

1. Introduction
v" Principle

lonized sample

...................................
o
-

~
J

IOE-to 10 torr

Relative Abundance (%)

m/z Analysis
J

7

Diagram of a sector mass spectrometer

1. A sample is injected into the mass spectrometer, and the molecules are ionised and
accelerated.

2. The ions are separated by mass and charge by the mass analyser via electromagnetic
deflection.

3. The ions that are properly aligned are detected

3. The data that is generated report on the relative abundance of each ion based on its
mass-to-charge (m/z) ratio.
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1. Introduction
v" Objectives
 Mass spectrometry (MS) measures the m/z ratio of ions to

identify, and quantify molecules in simple and complex
mixtures

10€ 135
m/z 135
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Outlines

¢ 2. Mass spectrometer
- lon source
- Mass analyser
- Tandem MS (MS/MS)
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2. Mass spectrometer
v" All mass spectrometers have 3 main components
* an ion source
* a mass analyser
* an ion detector

molecule
—_—_—*

_ computer
The nature of the components varies based on the | ‘| |

type of mass spectrometer, the type of data required, m/z
and the physical properties of the sample.
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2. The ion source
v jonisation: production of gas phase ions suitable for
resolution in the mass analyser
v" several ion sources available with advantages and
disadvantages for particular applications

Hard ionisation techniques: Soft ionisation techniques:
large degrees of fragmentation limited fragmentation.
electron ionisation (El) fast atom bombardment (FAB),

chemical ionisation (ClI)
atmospheric-pressure chemical
lonisation (APCI)

electrospray ionisation (ESI)
matrix-assisted laser
desorption/ionisation (MALDI)
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2. The ion source
v" electron ionisation (El)
 electrons interact with solid or gas phase atoms or molecules
to produce ions

. * First and most common
agnet . . . .
n rtraction and ionisation technique
70eV -Filarnent Focusing lenses .
T- = structural information for
J s S — s Anatyee interpreting unknown spectra
A The ML Canyteions * Not suitable for coupling to
nalyte vapor AR e a- *
from P ¢, ’ HPLC (LC-MS) — burn out of the
GC/insertion probe . .
nene I filament at atmospheric
-

- pressure
0.5-10kV
Vacuum

10
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2. The ion source
v" electrospray ionisation (ESI)
* high voltage is applied to a liquid to create an aerosol

ATMOSPHERIC PRESSURE sa VACUUM
1. Formation of 3. Coulomb
charged droplets explosion
High l’ouage e D) $ Mace Analyzor
Q) @ o
r ( 3 > &"9 - w:‘ K \\ E
Nibiiar Gan A 2. Evaporation \
N Orifice
Gaz de nébulisation : N, :
Curtain Gas

* Especially useful in producing ions from
(avoids macromolecule fragmentation)
* Source of choice for LC-MS

11
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2. The ion source
v Matrix-assisted laser desorption/ionisation (MALDI)

* Three-step process :
1. The sample is mixed with a suitable matrix material
2. Pulsed laser irradiates the sample - ablation and desorption
3. lonisation of the analyte in the hot plume of ablated gases

Laser irradiation H
[ o> 0]

Proton transler

\ e Similar in character to ESI but
e o fewer multiply chargedions

Desgolvation
. > * >0 @
Desorption

gt g g g g
* o
i

o 23

*"

Matrix @ Sample .
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2. The ion source

Mass spectrometry

REMINDER: Matrix Assisted Laser Desorption/lonization (MALDI)

Method where a laser is used to generate ions in a relatively gentle manner

Commonly used in proteomics for high molecular weight species

Analytes are embedded into a crystal matrix that causes the molecules to ionise instead of decomposing

cation

d

sample plate

— -

extraction grid focussing lens

%
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2. The ion source

Mass spectrometry

REMINDER: Matrix Assisted Laser Desorption/lonization (MALDI)

Uncertain mechanism (absorption of light by the matrix)
Transfer of this energy to the analyte which then ionises into the gas phase as a result of high energy absorbed

Resulting ions are subjected to a high electrical field to accelerate them into a flight-tube in the MS

analytes/matrix spot

/ laser beam

@o o0
-;..

®
+
o0

000
.. [ )
ot® o

analyte ions

extraction grid focussing lens

\

/

N

....... » ToTOF

mass spectrometer
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2. The mass analyser
— Mass selection: separates the ions according to the mass-to-
charge ratio (m/z)

Edo‘ L) L] .
g‘ Electric field: acceleration

ensures that B is
perpendicular to path

of ions ,a"' -
e mf2
<2 .. only a specific m/z qu
". b will strick detector at a _—
ive, -
/o given B V=
’
&
”
#
#,
-

Curveal magnet
?H
>

m
@&@?‘* Magnetic field: circular motion
&
C&é}ﬁ Magnetic sector mass analyser R, Vv o m
- —_ — -

v’ Several mass analyser:
e Sector instruments, quadrupoles, ion trap, Time-of-flight
(TOF), Orbitrap

15
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2. The mass analyser
v Quadrupole

* Oscillating electrical fields to select the
ions passing through a radio frequency
(RF) guadrupole field created between

4 parallel rods
IONS

triple quadrupole (triple quad)
three consecutive quadrupole stages

lonization Source: Quadru.pole Qua.d.rupole Quadrupole

mass filter Collision Cell S -
ESI, APCI s o
4 Q3 Particle
| | Multiplier
I (| —— (| —]
somoe I — i ——
||== Y
°
m/z m/z
selection Fragmentation selection of
fragments

Mass spectrometry

%
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TO
DETECTOR

quadrupole rods

exit slit
(to detector)

resonant ion
(detected)

non-resonance ion
(not detected)

source slit

Tandem mass spectrometry
Quantification

16
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2. The mass analyser

v" lon trap
* same physical principles as the quadrupole mass analyser, but the
ions are trapped and sequentially ejected

! Vcap | Cooling / CID Gas

17
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2. The mass analyser
v Time-of-flight (TOF)

* Electric field to accelerate the ions through the same potential
* Measure of the time to reach the detector

Linear TOF Mass Spectrometer

lon Source . .
Analyzer Detector the ions of lesser m/z will

have greater velocity than

® ® ° & ions of greater m/z.
Therefore, as ions traverse
the analyser, they separate

— = in space.

1/2mvi=qU m_2U

12 m (L/t)2=q U R

18
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2. The mass analyser
v" Orbitrap

* lon trapped in an orbit around a central electrode
* Orbit and oscillation induce an image current
* Fourier transformation - mass spectrum

. k
Axial frequency : W= |7=+—
ny
VA
\\\ (d) Transient signal (e)Mass spectrum
»
» =, |
ﬂ
Orbitrap
analyzer 7 —— G

19
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2. The mass analyser

General I'.:l:ll'llll-llll'.ll'l of Hm Analyzers

Mass spectrometry

Typical mass
Mas analyzer range and resolution Advaniages Disadvaniages
Quacrupale Range mz 3000 Tolerant of high pressures Iass range limited 1o aboun 3500 me
Resolution 20K Well-suted for electrospray Poor adapiability to MALDI
Ease of switching befween sositive/
aegatve fone
Small size
Relatively low oo
lon trap Mange ms 2000 Senall siec Limitcd maas range of current commercial
Resalution 1500 Medium resolulion versions, however, progress is being made
Smmple design, low cost in their developmeni
Well-apted for tandem mas spectroreiry
(M5, mp=d)
Eazy for positive/nagative lons
Magnetic sector Range m'z 20,000 Capablé of high resolution Not tolerant of high pressures

Regolwtion 10,000

Time-of-flight (TOF) Range miz=
Resolation 350
Time-oi-flight refleciron Range mi=
Resolution 1500
Fourier iranslinm-mass speclrumelry Range m'z 10,000
{T-58) Resolation 305

Capable of exact mass
Mediunm mass ranges
Can be very reliable, manuiacturer

szl

Highest mass range

Very fasl scan speed

Simple design, low cost

Easge of adaptation 10 MALDI

Good resslution

Very fast scan gpeed

Simple design, low cost

High resolation

Well-suited for fandem mas spoctromctny
(M5, n=d)

Expensive
Instrumentation is massive
Relatively glow scanning

Low resolution
Infficalty of adaptation 1o electrospray

Giood resolving power has limited sa'z range
Lonwer sengitivily Lhan TOWF

High vacuum (<10-" Torr) required
Supcroonducting magnct requied, expensive
Imstrumeniation mative

G. Smzdak. “Mass Spectrometry for Biotechnology.” Acadenmc Press, 1996, QP519.9. M3 558 1996 at CU Libranes.
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2. Tandem mass spectrometry (MS/MS)

v" Additional information about specific ions

v" Selected ions are fragmented by a number of methods of dissociation

v" Fragments are separated based on their individual m/z ratios in a
second round of MS

MS1 Spectra

i #
Sample ' K M52 Spectra

||||l

Fragmentation ‘ |

M3 M32

21
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Take home message

» Mass spectrometry measures m/z ratios

» It allows for quantification and identification
of compounds

» Fragmentation is orchestrated

» The technique measures the abundance of the
fragments

» Analysis may be refined to a single fragment

22




universite
*BORDEAUX

—



universite 9
“BORDEAUX l

BBBBBBBB
SCIENCES

Outlines

¢ 3. Mass spectrum
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3. Mass spectrum
v" fragmentation patterns of organic molecules

m/z 105
arbitrary height . O
of 100% |5 base peal;(()tsallest line) )L{,
100 O/ / OCHj
807
77 Methyl benzoate
MW =136
601 molecular ion
51 '
40+ 136
207 Il | Fragmentation
1 I I 1| M+ 9 Xt+Y

20 40 60 80 100 120 140 m/z

25
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3. Mass spectrum

v" fragmentation patterns of organic molecules m/z 303

HO
+845, 22 Bmin #7384
Positive mode + molecularion ' | | || __J§---
303.1 OH
, l 1 OH OH
!'; +MS2[465.1], 22 Bmin #7855
' MS/MS 3030 'FOrmu|a:C21H?0012
Fragment e Molecular Weight 464
-162
1814
A *

Position and 3D structure unknown !!!!

26
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3. Mass spectrum
v" fragmentation patterns of organic molecules

HO
A5, 22 2min #774
1 BE7.5
Negative mode adduct ¢
7~ TOH
OH OH
e Formula: C, H, O
molecular ion 21772012
113 e Molecular Weight 464
465E
514.7
.. 43319 4736 539.8

27
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3. Mass spectrum
v Adduct lons

Cationized Adducts
[M+NH,]*

[M+Na]*
[M+CH;OH+H]*
[M+K]*
[M+CH,CN+H]*
[M+DMSO]*

M, + 18
M, +23
M. +33
M.+ 39
M. +42
M, +79

Mass spectrometry

Anionized Adducts

[M+Na]
[M+CI]

[M+HCOOQO]
[M+OACc]

[M+K]

[M+TFA]

M. +21
M, + 35
M, + 45
M. + 59
M, + 37
M, + 113

28
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3. Using a mass spectrum to find a molecular formula

v" High resolution mass spectrometry 1H 1.0078
 Accurate isotopic masses (4 decimal places) 12¢ 12.0000

14N 14.0031
160 15.9949

v .
Example' m/z of propane (C;H,) and ethanal (CH,CHO) = 44

C.H, 44.0624
CH,CHO  44.0261

high resolution mass easily distinguishes propane and ethanal

29
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3. Using a mass spectrum to find a molecular formula

v" High resolution mass spectrometry
* Accurate isotopic masses (4 decimal places)

Meas. miz # Formula Score m/z
[M+H]+ 5191503 2C22H19N1006 4171 519.1484
[M+H]+ 5191503 JC26H23N408 7343 5191510
[M+H]+ 5191503 4 C23H15N140 2 69.33 519.1497
[M+H]+ 5191503 RC2TH19NB8O 4 225 5191 524|
[M+H]+ 5191503 6C38H19N20 8.38 519.1492

HO
v Formula: CogHo015
¥ Exact Mass: 518.1424 0
(0] \ /
O

© %
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Take home message

» Knowing the spectrum of a compound can help
determining its formula

» 3D structures remain debatable

» Adducts can be formed

» Accurate mass determination can help finding the

right formula

31
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® 4. MS analysis
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4. MS publications

~ 10-4

— High Resolution molecular mass (HRIVIS)

ijonisation \

FABHRMS (p e ion mode, glycerol matrix),
m/z: 575.176210 [M+Na]*, calc. for C,H,,0,;Na, m/z: 575.174061.

m/z calculated / \ observed ion /

m/z calculated

matrix ox solvant

— Low resolution molecular mass

lonisation molecular ion

p

MS FAB* m/z (rel. int.): 575 [M+Na]* (23), 553 [M+H]* (17), 391 [M-

161]* (100). /
relative intensity
m/z observed

34
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4. LC-MS analysis

v" HPLC analysis of mixtures

B
) 7 Anthocyanins 4,,,, 520 nm
rI| ._If;uﬁl‘c'é‘llil‘l
rutin
8 10 ! ch:;riagal'!ilc acid
ill - = - caffeic aci
’ d)
I l | » | 15 Flavonols A, 360 nm 3 A\
A 225 250 275 300 325 350 375 400 425
3 Wavel h
X M Other phenols A, 280 nm avelength (nm)
0 10 20 30
t; (min)

Fig. 1. HPLC chromatograms of Spring Belle extract recorded at 280 nm (A), 360 nm
[B) and 520 nm (C)

35
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4. LC-MS analysis

v Schematic diagram of a liquid chromatography-mass

Mass spectrometry

spectrometry system

Computer

e Instrument Control

HPLC Pumps H
.......................... - = HPLC
Autosampler

Data Acquisition
Data Processing

o —————— -

|
PEERE——) |

Column F

Mass Spectrometer

BBBBBBBB
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OH delphinidin 302
4. LC-MS analysis - &TG . S
CL/\ Ho - petunidin 316
v LC-MS analysis of mixtures =~ %00, peonidin 300
malvidin 330
Cyanidin 3-0-8-D-glucoside
- Anthocyanins 4,,,, 520 nm
300 350 400 450 500 Wavelength [nm]
l ' ' ' ' ' NV, 14, Omin #3363,
C
7
L
8 445?\:‘15, 14.0min #4682
10 '
B 13 T
1 A s
4 A A 191.0 209.1 2450 2650 a0z1 3791 /A 3T 41324282 4323
+MS2(449.1), 14.0min #4693
286.9 -162
1 5
A
23
0 1l'3 2"“ 3""’ 200 250 300 350 400 -;n mz
t; (min) -

Fg. 1. HPLC chromatograms of Spring Belle extract recorded at 280 nm (A ), 360 nm

[B) and 520 nm (C)
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Take home message

» Spectrum analysis allows the identification of
new molecules

» The more accurate is the mass determination,
the more accurate is the identification

» The 3D structure cannot be solved by MS!
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® 5. MS imaging

Outlines
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5. MS imaging
v' What is MS Imaging and why might we use it?
v’ Instrumentation
v’ Sample Preparation
v’ Data Analysis
v’ Applications

EEEEEEEE
SCIENCES

AGRO
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5. MS imaging
v’ Definition
Mass spectrometry imaging (MSI) is a technique used to visualize the spatial
distribution of chemical compositions
e.g. compounds, biomarkers, metabolites, peptides or proteins by their

molecular masses.

It is an emerging field in science allowing true label-free molecular imaging of
flat samples, e.g. biological tissue sections.

https://ms-imaging.org/wp/

42
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5. MS imaging
v" Why imaging?

* To study metabolites in situ

* Negates the need for complex sample preparation
* Sample preparation could alter metabolism

* Biological samples are not always homogenous

* Tissues are not made up of identical cells

Methionine Aspartate

43




université \ )
sl Mass spectrometry

5. MS imaging
v" Why biology?

* Imaging has a wide scope of application among most types of biological
molecules, including metabolites, lipids, low-MW carbohydrates, peptides,
and proteins, as well as drugs and other xenobiotics

* High spatial resolution of (~¥30 um)

* Sample preparation is relatively straightforward

* Modern instruments are exceedingly fast

* No target specific reagents are needed, such as antibodies.

* Reagent costs for the analysis are exceedingly low

| gTu10c |

44
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5. MS imaging

v" Instrumentation

MALDI MSI
* Matrix-assisted laser desorption/ionisation mass spectrometric
imaging
DESI
* Desorption electrospray ionisation mass spectrometric imaging
SIMS
* Secondary ion mass spectrometric imaging
LA ICP MSI
* Laser ablation inductively coupled plasma mass spectrometric imaging

45
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5. MS imaging
v' Workflow

Laser (MALDI) or
electrospray (DESI)
ionisation

To mass
spectrometer

———

sample

Schematic courtesy of Waters UK LTD

http://blog.waters.com/do-you-see-what-we-see-mass-spectrometry-imaging-is-revealing-insights-in-biomedical-research

100%

;o—

\ 4%

o%

Mass spectrometry

e

%
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5. MS imaging
v" Schematic Overview of MALDI-TOF-MS

\

V)

Acceleration region

Laser beam

A /

i

N

Y

N

~
O Sample o
desorbed as 0O~ 0O >

/ ions and
< neutrals >

Detector

BBBBBBBB
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5. MS imaging
v MALDI

Energy absorption, ionisation and formation of molecular ions

Rapid

Incident evaporation of
laser beam matrix
molecules

Protonated sample/matrix
Electron and O | molecule

proton transfers

Sample and matrix co-
crystallised on sample
target

Embedded Matrix
sample molecule crystal

48
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5. MS imaging
v' DESI
Somvent DESI Sample Introduction

Nebulizing Gas

Q..
020, eo® ©

A/IS Inlet

Freely moving sample stage

49
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5. MS imaging
v Optimisation

MALDI

* Matrix concentration

* Laser Power

* Voltage on sample plate/ MS inlet

DESI

* \Voltage on capillary tube

* Solvent composition and flow

* Angle of inlet tube/solvent spray

50




université \ )
sl Mass spectrometry

5. MS imaging

v’ Resolution of Imaging

* Resolution refers to the size of the “pixel” used to determine spatial

distribution.
e Resolution is reliant but not wholly dependant upon spot size of laser

(MALDI) or desorbing liquid (DESI)
* Lowest spatial resolution achieved by commercial instruments is around

the 30-50 um range.

Sample Target -
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5. MS imaging
v MALDI/DESI advantages

MALDI

* Characterised technique

* Use of matrix allows matrix peaks to be used as markers to easily
line up section/normalise data

DESI

* Sample not destroyed by technique

* No sample preparation needed

* Allows desorption using different solvents on same sample
therefore able to sequentially extract ions

* Atmospheric pressure technique

52
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5. MS imaging
v What is ion mobility?

* Separation of ionic species as they drift through a gas under the
influence of an electric field
* Rate of drift is dependant on ion mobility through the gas
* Mobility is dependant upon
* Mass
 Charge
* Shape (cross-sectional)
* Ability to separate isobaric species if they have different interaction
Cross sections

53
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5. MS imaging
v What is ion mobility?

* Chamber on the front of the IMS cell filled with Helium
* Same pressure as Nitrogen drift gas
* Reduces fragmentation (lower centre of mass)
* Maintains transmission at higher pressures

Heliuml

lonsIln
Helium Qut

u lons Out
—_)
Nitrogen Out

T Nitrogen

54
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5. MS imaging

v’ lon mobility separation

drift time
55
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5. MS imaging

v’ lon mobility separation

max : 200 Drift Time (Bins)

Two clear mobility
separated peaks are
seen-for-m/z 569

—

Intensity

Drift time

Drift Time

T
55555
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5. MS imaging
v’ Applications: MALDI-MSI Wheat Grain

« Type of protein and its content in wheat grain is an
Important quality trait and dictates the end use of the crop

* The phloem in wheat leaves contains all of the amino
acids required for protein synthesis

« Amino acids are used not only for protein synthesis but in
the developing wheat grain protein is the sink for most of
the nitrogen

57
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5. MS imaging
v’ Applications: MALDI-MSI Wheat Grain

Example —~Wheat Seed Distribution of Arginine

58
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5. MS imaging
v’ Applications: MALDI-MSI Wheat Grain

Arginine Citrulline

DatabBuweddevelopment(080801,06h25m)_1_div

Aspartate Proline

\

mdz 116.000

DatahiBweddevelopment(080801,06h25m)_1_div v SL1A

Ornithine

JatahiBweddevelopment(D80801,06h25m)_1_div

Sucrose

JatahiBweddevelopment(D80801,06h25m)_1_div
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5. MS imaging
v’ Applications: MALDI-MSI Wheat Grain

fumarate

Argininosuccinate Ornithine

AMP + PPi /\Carbamow_p
Citrullin
Pi

Aspartate + ATP

EEEEEEEE
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5. MS imaging
v’ Applications: Fingerprint Analysis by MALDI-MSI

Identification of suspects by fingermark analysis is one of the
mainstays of forensic science.

The success in matching fingermarks, strongly relies on the
components present in the fingermarks and the method adopted for
fingermark recovery.

MALDI-MSI has been used to image endogenous lipids from fresh
and aged, groomed and un-groomed samples.

64
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5. MS imaging
v’ Applications: Fingerprint Analysis by MALDI-MSI

13- aminotridecanoic acid Oleic acid Stearic acid nonandecanoic acid
m/z 230.2 m/z 283.2 m/z 285.2 m/z 299.5
l —l 00% ...
20% diacylglycerol Cholesterol  dimethyldioctadecylammonium
m/z 6696 m/z 369.4 m/z 550.6

65
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Take home message

» MS imaging is a challenging technique which is
rapidly progressing within the field of medical
sciences and biology in general

» Use of ion mobility technique is very promising

» The race for lower resolution (pixel) but higher
resolution (mass accuracy) is key to develop this
methodology even further... and engage with more
life scientists

66
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® Mass spectrometry is now considered as an indispensable tool for the study
of life sciences

® Accessibility, versatility and sensitivity of MS are major advantages

® The technology is still evolving in areas including higher spatial resolution,
increased sensitivity, robotics for easier sample preparation, easier
molecular identifications, along with other areas of technical development

® IMS brings the unique advantage of molecular specificity ensuring it a

prominent role in both fundamental science, and clinical research and
diagnosis
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Plant Physiology’

Spore Density Determines Infection Strategy by the Plant
Pathogenic Fungus Plectosphaerella cucumerina®°"™

Pierre Pétriacq, Joost H.M. Stassen, and Jurriaan Ton*

Plant Environmental Signaling Group (P.P., JHM.S,, ].T.) and biOMICS Facility (P.P.), Department of Animal
and Plant Sciences, University of Sheffield, S10 2TN Sheffield, United Kingdom

ORCID IDs: 0000-0001-8151-7420 (P.P.); 0000-0001-5483-325X (J.H.M.S.); 0000-0002-8512-2802 (J.T.).

Necrotrophic and biotrophic pathogens are resisted by different plant defenses. While necrotrophic pathogens are sensitive to jasmonic
acid (JA)-dependent resistance, biotrophic pathogens are resisted by salicylic acid (SA)- and reactive oxygen species (ROS)-dependent
resistance. Although many pathogens switch from biotrophy to necrotrophy during infection, little is known about the signals
triggering this transition. This study is based on the observation that the early colonization pattern and symptom development by
the ascomycete pathogen Plectosphaerella cucumering (P. cucumering) vary between inoculation methods. Using the Arabidopsis
(Arabidopsis thaliana) defense response as a proxy for infection strategy, we examined whether P. cucumerina alternates between
hemibiotrophic and necrotrophic lifestyles, depending on initial spore density and distribution on the leaf surface. Untargeted
metabolome analysis revealed profound differences in metabolic defense signatures upon different inoculation methods.
Quantification of JA and SA, marker gene expression, and cell death confirmed that infection from high spore densities activates
JA-dependent defenses with excessive cell death, while infection from low spore densities induces SA-dependent defenses with lower
levels of cell death. Phenotyping of Arabidopsis mutants in JA, SA, and ROS signaling confirmed that P. cucumering is differentially
resisted by JA- and SA /ROS-dependent defenses, depending on initial spore density and distribution on the leaf. Furthermore, in situ
staining for early callose deposition at the infection sites revealed that necrotrophy by P. cucumerina is associated with elevated host
defense. We conclude that P. cucumering adapts to early-acting plant defenses by switching from a hemibiotrophic to a necrotrophic
infection program, thereby gaining an advantage of immunity-related cell death in the host.
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Immune hormonal network
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Not that binary though...

NECROTROPHS BIOTROPHS
kill \ / co-survive
HEMI-
BIOTROPHS
let live first then
kill !

Genus Botrytis, an archetypal necrotroph, but with a biotrophic endophyte lifestyle (van kan et ar., 2014)

Rice blast fungus Magnaporthe oryzae, classified as a hemi-biotrophic leaf pathogen,
can adopt a biotrophic infection in root tissues (varcel et ar., 2010)

-> Little is known about the signal triggering the trophic transition !

Metabolomics for phytopathology



Plectosphaerella cucumerina (P. cucumerina)

Filamentous ascomycete
commonly present in soil and decomposing vegetal tissues

Responsible for sudden death and blight
in crops and weeds (Arabidopsis)

Harrington et al., 2000;
Chen et al., 1999; Palm et al., 1995

A wide range of inducible defence strategies in Arabidopsis
Phytohormones (JA, SA, ET, ABA and |AA)
Glucosinolates (including indole and aliphatic)
Callose deposition
Reactive Oxygen Species (ROS)

Gamir et al., 2012; 2014; Pastor et al., 2013; Sanchez-Vallet et al., 2010; 2012;
Ton & Mauch-Mani, 2004; Berrocal-Lobo et al., 2002; etc.

-> Resisted through a wide spectrum of both anti-biotroph and anti-necrotroph defences

Metabolomics for phytopathology



From an odd observation...

droplet




Necrotrophic ascomycete
Plectosphaerella cucumerina

days after inoculation (dai)

Mock 5 7 11 necrotic
droplet halos
v
NECROTROPH
-> Jasmonic acid (JA) ?

droplet

water-soaked

mock (11 dai) . : lesions
i, ol B BIOTROPH

-> Salicylic acid (SA) ?

-> Droplet- and spray-inoculations cause differences
in aggressiveness and symptoms severity
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Biotrophy-to-necrotrophy switch ?

GENE EXPRESSION PAMPs RESPONSE
* JA- and SA-markers * Callose
* Cell death

METABOLOMICS

* MALDI-MS GENETICS

* Signalling mutants
e UPLC-MS/MS \

BIOTROPHY
@
HdOYL1OHI3N
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Untargeted MALDI-qTOF-MS profiling 2 dai

Global impacts on the metabolome (ANOVA + PCA)

‘
°}

MALDI*

mock spray
187 - mock spray
MALDI-
' (n=4) °
" ‘
- P. cucumerina droplet g
a7, ~ 9 . : TU Qs @
P. cucumerina droplet 5 % .~ R " P, cucumerina spray § e
e e mock droplet-—a™. o
mock droplet ¢ <\
o ’ \® )\
a \\z\
15

PC1 (41.4%)

w07 P. cucumerina spray

PC1 (40.9%)

-> Droplet and spray inoculations elicit distinct plant metabolic profiles
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Unbiased PCA
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OPLS-DA

Figure S2: Bidirectional orthogonal partial least square
discriminant analysis (O2PLS-DA) of unfiltered m/z values
from MALDI-Q-TOF analysis in negative (A) and positive
(B) mode.

Shown are score plots of replicate samples (A, B) and
loadings plots of m/z values (C, D).

The O2PLS discrimination was validated in SIMCA for
MALDI- (R2X=0.65; Q2=0.94; CV-ANOVA p=7.02 106
and MALDI* (R2X=0.68; Q%=0.92; CV-ANOVA p=1.81
103).

Despite the Log transformation of the data, important
variables detected in MALDI- are visible on the loadings
plots in red (C).
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Pathways analysis: inoculation method x P. cucumerina

SIGNIFICANT MARKERS (two-ways ANOVA, P <0.01)

Accurate MALDI Predicted Fold change Fold change  O2PLS-DA
Adduct Putative compound (MarVis) Pathway
m/z value mode mass Droplet Spray VIP Ranking
450.0536 - m-H 451.0641  5-methylsulfinylpentyl glucosinolate Glucosinolates 0.10 7.89 36
462.0879 - m-H 463.0952  7-methylthioheptyl glucosinolate Glucosinolates NI 25.61 61
428.1081 - m-H 427.1087  7-octenyl glucosinolate Glucosinolates 0.10 6.27 135
476.1009 - m-H 477.1161  8-methylthiooctyl glucosinolate Glucosinolates NI 489.39 16
434.0212 - m-H 435.0285  Glucoberteroin Glucosinolates 0.08 400.96 136
420.0445 - m-H 421.0518  Glucoerucin Glucosinolates 0.07 491.81 9
492.0947 - m-H 493.1020  Glucohirsutin Glucosinolates NI 14.87 10
436.0375 - m-H 437.0448  Glucoraphanin Glucosinolates 0.11 7.19 2
388.0424 - m-H 389.0497 Progoitrin Glucosinolates 0.02 447.61 1028
157.1203 + m+H 156.1130  3-indoleacetonitrile Glucosinolates NI 11.66 905
293.1700 + m+H 292.1627 12-OPDA JA metabolism 19640.00 NI 788
209.9645 - m-H 210.9718 JA JA metabolism 4.23 NI 15
324.2425 + m+H 323.2352 JA-lle JA signaling 55.09 NI 303
125.0156 + m+H 124.0083  Salicyl alcohol/catechol monomethyl ether  SA degradation 0.32 2933.40 4962
121.0451 - m-H 122.0524  Benzoic acid/salicyl aldehyde SA metabolism 0.04 435.41 244

-> Does JA/SA antagonism activate the trophic switch ?
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Differences in JA- and SA-induction / responses

Targeted UPLC-MS/MS confirmed

* Elevated JA levels in droplet-inoculated
leaves

* Increased SA levels in sprayed-infected
leaves
0O mock B p. cucumerina
60 7 sA
40

20 1 l* I
0 -

40

*

ng mgl DW

IA .

*
ZO-I I I
0 4

droplet spray droplet spray

ng mg! DW

2 dai 5 dai

RT-qPCR revealed

Induced VSP2 expression after droplet

Higher induction of PR1 after spraying, then
repression

4000 7 PR1

c *

53000 -

=]

22000 - n=4

21000 - * P <0.05
0 -

18 4 VSP2

*
12 A
6 -
0 -

droplet spray  droplet spray

Fold induction

2 dai 5 dai

-> Droplet- and spray-inoculations differentially trigger JA- and SA- pathways
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Biotrophy-to-necrotrophy switch : summary

Droplet inoculation

localized leaf areas of
high spore density

T o

BIOTROPHY

strong PTI response

\

activation of necrotrophy

-

\

fungus benefits from
increased cell death

v

&9~

Spray inoculation

homogenous distribution
of spore at low density

S o

BIOTROPHY

weak PTI response

activation of biotrophy

\

switch from biotrophy to
necrotrsphy

fungus benefits from SA-induced
repression of JA defences

\4

*= colonizing fungus

water-soaked lesion

ins? X i

PP
effectors ?

@ NECROTROPHY

-> Extra caution when using P. cucumerina as a typical necrotrophic pathogen !

{jﬁ:} necrosis
NECROTROPHY y
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* |dentify P. cucumerina mycotoxin(s), if possible

* Investigate glucosinolates metabolism and its relation with SA/ROS-related defences

*  Benefit from MALDI-MS imaging to picture the dynamic distribution of defence compounds
upon droplet- and spray-inoculation

m/z 420 m/z 436

Glucosinolates shroff et al., 2015
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