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What is Plant PHENOMKFSHENOTYPIRNG

Phenome = Genome X Environment
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Manual phenotyping

Disadvantages:
- Slow and expensive
- Variation between observers
- Sometimes destructive



AutomatedsystemsPhenotyping by Image Analysis

Automated RGB image analysis Phenotyping of Anthurium

A Most image analysis systems for automatic
phenotypingbring the plants to the camera.



Recentphenotyping Theconvergencesf BIOLOGY x ENGINEERING x COMPUTER SCIEI

Crop Genetic Gain

| Genomics e _ Cloud |

Plant, Animal, Human VD Distributed Database

and Microbial ! m with Remote Access

Gene and Trait Phenotype = Genotype x Environment x Management CI‘Op Prediction
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Phenotype Reference High Performance
Standards (Lab & Field) Data Pipelines

Big Data
Analysis

Microbiome
Water  Nutrients

Innovations Enhance:
* Crop Breeding
* Agronomic Research
* Precision Farming

* Land Management %
Q * Resource Conservation

Crop Phenotypes
\\ * Market Connectivity .iw_
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Plant, Root, Soil, Microbial High Throughput Field Deployable,
and Environmental Field Data Acquisition Scalable and Economical

Al -Machine
Learning

High Resolution

Tuinstraet al., 2017



Capitalising on new imaging technologies

Plant Morphology Plant Function
Visible(RGB)imaging
Mlant area, biomass, structure . Infrared imaging

ASenescence, relative chlorophyll

. . ACanopy / leaf temperature
content, pathogenic lesions

ANater use / salt tolerance

Chlorophyll Fluorescence
Imaging

Ahysiological state of
photosynthetic machinery

SWIRimaging
Aissue water content
ASoil water content

Hyperspectral imaging
KCellular localisation of metabolites (sugars, protein, aromatics)
KCarbohydrates, pigments and proteins



INTERNATONAIOCOO®RERATION
We respond to one of

the most important O Department ofPlant Physiology WarsawUniversity of Life

civilisation challenge: Sciences SGGWPoland

crop improvement and 0
yield stability under

climate change O Institute of Plant Physiologyand Genetics & Sofia
University "St. KlimentOhridskl', Sofia,Bulgaria

Agricultural Institute of Slovenia Ljubljana Slovenia

O Researchnstitute of Plantand VegetableProduction
(NIRP), Novi Sa&erbia

HWM@AN@@ N-BBIB UGEMPLANT Institute of BasicBiologicalProblems RASPushching
pH‘WSS Russia

LomonosovMoscow State University, Moscow Russia

o

Basedon our extensiveexperiencewith non-invasive methods
in researchand evaluation of genetic resources, our future
activities in plant phenotyping could be focusedmostly on:

O Linkingthe resultson plant stresstolerance mechanismso
practicalapplicationsin phenotyping

O Improvement of methods of automated high-throughput _ )
plant phenotyping, especially those aimed at University Japan
photosynthetic and leaf parameters

O Focusingon most promising germplasmsin crops (modern
varieties vs. landracesand wild ancestors), vegetablesand

indigenousplants of food and medicinaluse Interdisciplinary research towards crop improvement

TarasShevchenkd\ational University, Kyjev,Ukraine
JiangsuAcademyof Agricultural SciencesNanjing, China
ShandongAgricultural University, Taian China
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GraduateSchoolof BioagriculturalSciencesNagoya

SlovakPlantPhenomicsGroup




OURPHENOMULTIAPPROACHom laboratory through HTPP tdhe field




SLOVAK PLANTSCRE
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1. {Coord ) INRA - Institut Mational de la Recherche Azronomigue France

2 ABER - Ab=ry=twyth University

3. ALSTA - Agenzia Lucana di Sviluppo e di Innovazione in Agricoftura

4. ASA - Advanced Solutions Accelerator

5. AU - Aarbuzs Universitet - Department of Food Sci=nce

G APPF - Australian Plant Phenomics Facility
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11. IPG PAS - Institute of Flant Genetics Polish Academy of Sciences

12.IT - INRA Transfert

13. MTA - Magyar Tud yos Akademia Spegedibiologiai Kutatokozpont

14. PSpex - Phenospex BY

15. SUA - Slovak University of Agriculture in Nitra

16. UCL - Université Catholigue De Louvain

17. UCFH - University of Copenhagen

18. UHEL - University of Helsinki

19, UNOTT - The University Of Nottingham

20, VIE - ¥laams Instituut voor Biotechnologie

1. WEMi - VEN International

2. WU - Wageningen University



PLANTSCREENhenotypingplatform in SlovakUniversityof Agriculture

O Plantscree ﬁM ConveyormOd UIar SySte m . {Light, RH and Tempfr;‘::::%ﬁ:leitaoring and regulation)
O Capacityfor 108 pots, 6lines 18transportablediscs 5000000000000 0000000000000000

per line (maxplant height 1200 mm)
O Total areaof cultivation24 nv
O Precisionregulation of environmental conditions
(PPFD, TemiielativeHumidity)
O Automaticweighingand watering
x Fiveoptical sensors
1) Chlorophylla fluorescencg PAMsystem)
2) RGB topview
3) RGBsideview (differing sideangleg
4) VNIRhyperspectralimaging
5) SWIRhyperspectralimaging
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Kinetic Chlorophyll
Fluorescence Imaging

RGB Imaging
(top and side view)

VNIR and SWIR
hyperspectral Imaging

Weighing and Manual and
Watering Station Loading Station

! |
VNIR SWIR

|
Chl. Fluorlescence RGB Hyperspectral
. |

I
OPTICAL SENSORS




PLANTSCREENPHENOTYPING FACILITY
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1 - Cultivation facility with LED system
2 - Pre-adaptation unit

3 - Laser scanning gate

4 - Adaptation unit with LED system
5 - Fluorcam imaging unit

6 - RGB imaging unit

7 - Hyperspectral imaging unit

8 - Weighing and watering unit

9 - Manual loading unit

10 - Control PC and database box
11 - TAG reader

12 - Stopper

13 - Disc puller

a - FLIER system cabinet

b - PLC cabinet

¢ - Air compressor

d - LED light control cabinet
e - HMI control panel

f - Aqua Osmotic system

g - Ultrasonic humidifier
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14 - FAR sensor
15 - Temp / RH senzor
16 - CO, senzor
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PLANTSCREBENhenotypingfacility in SlovakUniversity of Agriculture

Regulationof environmentalconditions

O Artificial light intensity up to 780 >mol m~ st (electronicaland me-
chanicalcontrol)

O 40 collimatorswith coolwhite LED

O Temperature from 17to 35°C

O Relativehumidity: 30to 60 % (4x ultrasonic humidifiers)

O Softwarecontrol with PSIEnvironmentalcontrol

LEDLightControl PSIEnvironmentalControl Software LEDLightCollimators
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UltrasonicHumidifier

RH / Temp senzoQuantumsenzor  CQ senzor
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| ULTRASONIC HUMIDIFIER
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| UH 500-5x3M
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Spectral characteristics of LED light
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PLANTSCREENhenotypingplatform in SlovakUniversity of Agriculture

Conveyorbelts Rotationtable with stoppersin RGRinite  FRIDeader  Opticalsensor ~ Transportdiscwith

FRICxode

/

Discinsert

Ty

Beltsin cultava
Conveyormbelts and puller tion are Manualstation

k:',‘r,'_-'_"'j, =————— 1/ Potwith BARcode




(A) LIGHTAAND/ADARKADARDATIOMNEUNNEL

Light and dark adaptation tunnak usedfor plant acclimation prior physiological phenotyping.
Multichannel LEDs with programmable interface for defining desired light regime and spectral quality.
Precise setting of light intensity in smooth steps, with the maxima of 1.50) 2rf? s,

Characterization

Localizedbefore fluorescencamagingunite
Fordarkandlight adaptationof plants
Artificial light intensity up to 1500>mol n1? st
Coolwhite LED

RedLED

Infrared LED

OO00O0O0O0




(B) FLUORESCENCE IMAGING UNIT

TECHNICAL SPECIFICATION
ImageSensor oy format, mono, 7.4x5.9array
EffectivePixelssize 720x 560, 8.6x 8.3> Ypixels
Framerate: 50 fps

Dimensiongw x h xd): 70x 150x 60 mm
LensMount: CSMount

Lenstype: LensagorCY0314

FC panearea(h xw): 800x 800 mm

©O OO0 OO0 0O

Lightsourcespanel:

1) Pulsemodulated short duration flashes(620
nm)

2) Actiniclight: two types. Coolwhite (maximal
intensity 500> Y arf? st); Redorangelight (620
nm) (maximalintensity 300> Y 22 s?)

3) Saturatinglight pulse Coolwhite, maximal
intensity 3000> Y Zf? st

4) Additional light: FAR (735 nm)




Experimentalprotocol setup and measuredparameters

D

A.
B.

. Induction+ relaxation

Experimentalprotocol setup:
F/F. determination
Kautskytransition
C. Lightcurve

Measuredparameters

o Dark F,, F,

o Actiniclight: F), R, K., R’
(0] ReIaX:FSD1 F0D1 FmD

(A)

Fluorescence intensity

(c

—

Fluorescence intensity
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Fluorescence parameter

RO
R/Fm

Rfd

U psil

NPQ
qL

ETR

Definition

Steady state fluorescence emission from davklight-

adapted leaf, respectively

Minimal chlorophyll fluorescence intensity measurec
the dark or lightadapted state, respectively

Maximal chlorophylfluorescence intensity measured
the dark or lightadapted state, respectively

Variable chlorophyll fluorescencen{f) measured ir
the dark or lightadapted state, respectively
S5AFTFSNBYOS Ay TFfdz2NBaos
Maximum quantum yield of PSIl photochemis
measured in the dadadapted state

Peak fluorescence during the initial phase of the Kau
effect

Fluorescence decline ratio in steagtate (b C 0
PS Il operating efficiency; effectivaiantum yield of
photochemical energy conversion in PSI (k CO
Nonphotochemical quenching (FFm @1

CN} OGAz2zy 2F t{LL OSyidSN]
model of PSII ¢F ¥ G 0kCC U

Electron transport rate




(C) RGB IMAGING UNIT

RGB TECHNICAL SPECIFICATION

OSensor/ ah{ o0ac¢ dt namaf(Aptind 2~ oye

0 Cameraype: UI-5480SEC/M

O Spatialresolution (h x w): 2560x 1920

O Pixelresolution: 5 MPx

O Effectivepixel size 2.2> Yper pixel

O Depthof image:12 bit

O Scanarea(w x h): 710x 550 and 103& 1500 mm
(top andsideview)

Original image (5 MPx) Image pre-processing

Barel distortion correction
Masking
Background substraction

Morphological parameter Color segmentation

calculation
Evaluation of greenness
Area, Perimeter,
Roundness, Compactness,
Excentricity, RMS, SOL

Binaryimage Color segmented
image




Calculatedplant structuraland geometricalparametersfrom RGBmaging

List ofanalyzedparameters

TOP VIEW

Area(pixel count/ mm?2)
Perimeter (pixelcount/ mm)
Roundness

Compactness

Eccentricity

Rotation masssymmetry (RMS)
Slendernes®f leaves
Colorindex
Leaftrackingandleaf analysis

ol eololoNoNoNoNoNe

SIDE VIEW

Growth height (pixel count/ mm)
Growth width (pixel count/ mm)
Area(pixel count/ mm?)
Perimeter (pixelcount/ mm)
Compactbess

Numberof leaves
Leafmovement

OO0OO0OO0OO0OO0OO0

COMBINATIONOP ANLCSIDEVIEW
O Biomassassessment

0 Leafmovement

O Relativegrowth rate

(1) Rawdata parameters

Plantarea

Plantperimeter

(3) Parametersof plant symetry.

Eccentricity RMS

(2) Parametersof plant circularity:

Roundness

Isotropy

(4) Parametersof centerdistance

Compactness

7\ (

SOL




Coloursegmentationanalysis

Greenarea(% ofpixelswith 60°<HUEK120)
Darkgreenarea (% ofpixelswith 80°<HUK120)
Chloroticarea (% ofpixelswith HUE< 60°)

Original Fish eye corrected Color segmented
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(D) VNIR AND SWIR HYPERSPECTRAL IMAGING UNIT

TECHNICAL SPECIFICATION VNIR TECHNICAL SPECIFICATION SWIR
Spectrarange 340- 900 nm Spectrarange 900¢ 1700 nm
Bandsize 400nm Bandsize 600nm

Entranceslit width: 25 um Entranceslit width: 25 um
Dispersiorper pixel: 0.2 nm/pixel Dispersiorper pixel: 0.95 nm/pixel
Wavelengthresolution FWHM 0.8 nn Wavelengthresolutionn 1.2 nm
Detector. Silicon Detector. INnGaAs
Spatialresolutiont 480pixels Spatialresolutiont 480pixels
Spectrakesolution 640pixels Spectrakesolution 640pixels
Imagefrequency 12- 60fps Imagefrequency 50fps
Dynamiaange 68db Bit depth: 16 bit

ol eoNoNoNoNoNoNololNe
el eooNoNolNoNoNoNolNe




(E) WEIGHING AND WATERING SYSTEM

O Highprecision(x2.0 g)irrigation for programmabledelivery of
water (and nutrient)
O Wateringto exactvolume and predefinedweight of pot

The automated watering and weighing, together with estimated
shoot FW and DW, allows the estimationdatfily water consumption
(or evapotranspirationET) andwater use efficiency(WUEB of plant.
Consider two consecutive dayand i+1.

ET:[(V\ll,after)'FW)'(W(Hl,before)'F\N|+1)]/ T
WUE=(DW,-DW)/ET

where W, ,qen IS the total pot weight after water application for Da
I; W1, betore)lS the total pot weight before water application for Day
I+1; FW and FW,, is shoot fresh weight estimated at the point of
imaging for Dayand i+1, respectively; arfdW and DW,, is shoot
dry weight estimated at the point of imaging for Dand i+1,
respectively. T is the time interval and is equal to 1 day (daily pot
weighing following the same schedule every day).




(F) SOFTWARE CONTROL OF PLANTSCREEN

DATABASE

I

Scheduler

PlantScreen Server

System control
Registration

Time manager
Protocol manager
Watering manager

~
\

Plant Data Analyzer

!

Export data (.csv)

Analysis and data export /

\ Scheduling
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Droughttoleranceof lettuce plants
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Phenotyping oflettuce genotypesand their drought tolerance

Biologicalmaterial:

12 leafly genotypesof lettuce (Lactucasativa var. capitata L)
Group1: light greenleavesc Dubagold Zlatavg Zoltan
Group2: darkgreenleavesc Kiribati, Biondonng Aleppo
Group3: red leavesg Oakly, Dubared Rosaura

Spectation CarmesiRoden

/

//
Y
M

| DUBARED | ROSAURA | SPECTATION |

Experimentalprotocol

Dubagold ww

WS

70 % FWC Drought period




Phenotyping oflettuce genotypesand their drought tolerance¢ RGBmaging

METHODOLOGY

v Leafly genotypes of lettuce (Lactuca sativa var. capitataL.): o Light green leaves: Dubagold (CZ), Zlatava (CZ), Zoltan (CZ)
o Dark green leaves: Kiribati (NL), Biondonna (NL), Aleppo (NL)
o Red leaves: Oakly (NL), Dubared (CZ), Rosaura (CZ), Spectation (NL),
Carmesi (NL), Roden (CZ)
v Cultivation in 5 | plastic pot (TS-3 Klasmann substrate) in growing area of PlantScreen™ phenotyping system (Photon System
Instruments), localized in AgroBioTech Research Centre of the Slovak University of Agriculture in Nitra, Slovakia. Growing conditions: cool-
white LED illumination of 380 pmol m?2 s*' (12 h light period), relative humidity 40 %, air temperature 19 / 25°C (night / day).

¥ Watering and drought protocol:
daily irrigation, into 70%

holding capacity, start of ‘z;fraz‘:::r’as}:irl ww...--... ﬁﬁ H.
dehydration from DAS 32, rehydration % - ¢ ..---..

from DAS 59.

70 % FWC

a4 45 43 £l 53 5% 5 61

DROUGHT PERIOD

v Automatic high-throughput phenotyping (PlantScreen™, PSI|, Czech Republic):
o Chlorophyll a fluorescence imaging — FluorCam FC-800MF fluorometer,
ChIF induction protocol (Sat pulse int. 3000 pmol m2 s, Actinic lightint.

550 ymol m2 s1, AL duration 70 s)
o RGB imaging — top and side view, plant geometry and color segmentation
o Hyperspectral reflectance imaging — VNIR camera (350-900 nm)
¥ Biochemical and physiological analysis:
o Multiplex 3 (Force-A, France) — non-destructive, UV-VIS induces fluorescence
o Relative water content
o Plant pigments content: chlorophylls and carotenoids, flavonoids, anthocyanins

> Polyphenols content
Proline content
» Plant dry weight
¥ Statistical analysis
12 genotypes, 4 replication per treatment
Calculation of average, standard deviation, min- max- difference, coefficient of variability
Software Statistica v. 10, regression analysis, Pearson’s coefficient (rp), stress susceptibility index (S.1.1)

0O 00

Growth dynamics of lettuce genotypes under well-hydrated (WW) and water-stressed (WS)
conditions Dubagold 2latava Zoltan
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Water stress induced by stopping of watering at DAS 32 resulted in markedly limitation of growth rate and leaf area expansion of
lettuce plants (from 1.7-fold reduction in Zlatava to 27 9-fold in Roden genotype at terminal stage of drought, DAS 59) in
comparison to well-watered condition. A small reduction of leaf area and the final dry weight above-ground biomass in genotype
Zlatava shows on the effective mechanism of drought tolerance.




Phenotyping oflettuce genotypesand their drought tolerance¢ PSliperformance

WW and WS

Water stress induced changes in
photosynthetic performance which
are can be monitored by vyield of
chlorophyll a fluorescence. Actual
photochemical PSIl efficiency
(AF/F,’) provides information about
the proportion of the light absorbed
by chlorophyll associated with PSII
that is used in photochemistry. In
WW condition, the average spatial
value of AF/F, " varied from 0.360 in
Carmesi to 0.301 in Kiribati. Water
stress induced the significant decline
of AF/F,’" and varied from 0.307 in
Dubagold to 0.123 in Kiribati. Imaging
of AF/F,, showed substantial spatial
heterogeneity of photochemistry and
photosynthetic performance in WW
as well WS conditions.
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Maximal photochemical PSII efficiency (Fv/Fm)
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Non-photochemical quenching (NPQ)
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Relative fluorescence decline (Rfd)
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Phenotyping oflettuce genotypesand their drought tolerance¢ VNIRimaging

Spatial heterogeneity of NDVI of lettuce plants under WW and WS
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Drought stress modified of reflectance
in visible spectrum region. Vegetation
reflectance parameter NDVI [normali-
zed difference vegetation index, (Rggo-
Re70)/(Rsga+Re70)] usually provides good
information about plant physiological
activity. Average spatial value of NDVI
in well-waterd (WW) plants reached
levels from 0.80 in Biondonna to 0.88
in Roden. Water stress (WS) in
terminal stage induced decline of NDVI
on level from 0.74 to 0.86 (Biondonna
vs. Kiribati). Generally, red leaf
genotypes of lettuce maintain a higher
level of NDVI than light green and dark
green genotypes. Imaging of NDVI
showed that an younger leaves of
lettuce plant had higher physiological
activity under drought.

Anthocyanine reflectance index (ARI)
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Carotenoid reflectance index (CRI2; Penuelas et al. 1995)

Zoltan Kiribati Biondonna Aleppo
F L} I
& | B ® | @
I I I I
Rosaura Spectation Carmesi Roden

& *
D |

L

{A) 1.00
0.80 1 W
5 0.60
o

Z 0.40 -

0.20 A

0.00 T T T 1
30 50 70 S0 110

RWC (%)

M Light green leaves @ Dark green leaves 4 Red leaves

(€C) 100.00 -
80.00 4 . .
4 .
N &0.00 4 * F 2 -
= e
S 4000 - *e *
° * . *
o] il Sk
*
.
0.00 . pe T .
30 50 70 a0 110

RWC (%)

W Light green leaves @ Dark green leaves # Red leaves

(E) 100.00 -
80.00 .
'S
_ 6000 A
= . .
<L *
40.00 A LIRRE
*
20,00 A v e o DS
| sl G
0.00 4
30 50 70 90 110

RWC (%)

M Light green leaves @ Dark green leaves  # Red leaves

(B) 1.00

IR gy 0SS o
0.80 “m-: P *

= 0.60

(=]
Z 0.40 A

0.20 A

0.00 T T T 1
0 100 200 300 400

Chl a+b (mg m2)

M Light green leaves @ Dark green leaves # Red |eaves

(D) 100.00 -
80.00 o e
o 60.00 4 :. . -
é . * . *
O 40.00 - *r
0
20.00 4 Qu **
-d” ﬁll ] °°
Q.00 T 1
0 20 40 60 30
Car (mg m?)

W Light green leaves @ Dark green leaves # Red |eaves

(F) 100.00
80.00 .
o
_  60.00 4
(-4 e
< 40,00 X g
+*
»,
20.00 - - .0’~‘0
0.00 M“ : | i
0 0.1 0.2 0.3 0.4 0.5
ANTH

W Light green leaves @ Dark green leaves # Red |eaves




Wheat experiment
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Chlorotic index (calculated as the ratio of pixels number
with yellowgreen RGB hues to green RGB hues)
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