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Crop breeding pillars 

Araus and Cairns 2014 Trends Plant Sci. 
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Molecular Breeding: the “top-down” approach  



Molecular Breeding  
The “bottom-up” approach 

Top (phenotype) 

COMPLEX 

Bottom (genes) 

SIMPLE 

GMOs CRISPR 

Adapted from Roberto Tuberosa 



Phenotyping – still a bottleneck 

Controlled Environments 

High Resolution Plant Phenomics  

Field 

Lemmatech,  Montes et al 2011, FCR,; 

Romano et al. 2012 Comp. Elect. Agric.  



 



Plant phenotyping is getting increasing attention 



Plant phenotyping is developing dynamically   
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What are the next challenges? 

• Data management 

• Field phenotyping  

• Technological limitations 

• Affordable solutions 



 



 

After Passioura (2006) Funct. Plant Biol. 33,  
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Physiological yield Components 

General Determinant 

      Yield = IR x AR x PE x HI 

– IR, Incident Radiation 

– AR, Absorbed Radiation 

– PE, Photosynthetic Efficiency 

– HI, Harvest Index 

 

In Water-limiting Conditions (Passioura 1977) 

      Yield = W x WUE x HI 

–  W, Water Used 

–  WUE, Water Use Efficiency 

–  HI, Harvest Index 

Harvest Index 

Radiation use 

efficiency 

Water use         

efficiency 

 Water use 

Harvest Index 

Radiation uptake 



Lee and Tollenaar 2007 Crop Science   

Maize 



Lee and Tollenaar 2007, Crop Sci 

More erect leaves in maize 

1930s 1990s 

Radiation use efficiency 



1930s 1990s 

Lee and Tollenaar 2007, Crop Sci 

Stay-green in maize 

Accumulated radiation 



Haegele et al. 2013, Crop Sci.  

Stay-green – higher planting density 

Nitrogen Use Efficiency 



Sadras and Richards 2014, J. Exp. Bot.  

Wheat  

Harvest Index  

Accumulated radiation 

Water use efficiency  



higher stomatal conductance - transpiration 

Roche 2015 Critical Rev. Plant Sciences 34 

Water use  



 

Effect of water stress / heat on Harvest Index 



• Amount of resources captured (%RIxGLD, 

 Ptrans) 

• Efficiency on the use of resources (RUE, WUE) 

• Dry matter partitioning (harvest index)  

 

also of:  

Agronomical yield components… 

 

Crop yield depends 



Deery et al. 2014 Agronomy  
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Different categories of traits  



Canopy senescence – visual score 

1 (10%) 3 (30%) 5 (50%) 7 (70%) 9 (90%) 

Measurement: 
- score from 0-10, divide the % of estimated 
 total leaf area that is dead by 10 
- initiation & rate of canopy senescence 

M. Banziger, CIMMYT  



Deery et al. 2014 Agronomy  



 

 

          Spectroradiometers 



 

       GreenSeeker                           SPAD 

Spectroradiometers – active sensors 



http://www.farmworks.com/products/greenseekerhandheld


Spectroradiometers – pasive sensors 

Full-range ( 350 – 
2500 nm) Vis/NIR 
Spectroradiometers  



Spectroradiometrical Indices 

Some indices for remote sensing of crop status.
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Direct spectroradiometrical assessment of GY in the 

field (using Full-range  350 – 2500 nm Vis/NIR 

Spectroradiometers) 

  

Weber et al. 2012 FCR 128: 82-90.  



Multispectral – hyperspectral imaging  



Mini Tetracam 

Micro Tetracam 



Tetracam mini-MCA 11+ILS  



Tetracam mini-MCA 11+ILS  

Example Spectral Index Calculations 

 NDVI = (R840 - R670) / (R840 + R670) 

 PRI = (R550 - R570) / (R550 + 570) 

 SAVI = (R840 - R670) / (R840 + R670 + L) · (1 + L)      (L=0.5) 

 MCARI = [(R700 - R670) - 0.2 · (R700 - R550)] · (R700 / R670) 

 WBI = (R900 / R950) 

 RDVI = (R840 - R670) / ((R840 + R670)^1/2) 

 EVI = 2.5 · ((R840 - R670)/(R840 + 6 · R670 - 7.5 · R450 + 1)) 

 ARI2 = R840 · [(1/R550) - (1/R700)] 

 CRI2 = (1/R550) - (1/R700) 

 WI = (R950 / R900)  

 SR = (R900 / R670) 

 SIPI = (R840 - R450) / (R840 - R670) 

 NPCI = (R670 - R450) / (R670 + R450) 



Other multispectral sensors available with 4-6 

bands (at 500-1000 USD per sensor band) 

 Tetracam 4 band ADC, ADC lite, and microMCA 4 or 6, 

customizable filters from 400-1000 nm, with or without 

ILS, optional thermal camera integration, and GPS units 

available separately. 

 HiPhen AirPhen 6 sensor customizable bandwidth filters 

multispectral sensor with GPS and optional thermal 

camera integration. 

 AIRINOV Multispec 4C NDVI-NDRE and NDVI-PRI 4 band 

sensors with GPS and ILS sensors integrated 

 Parrot Sequoia 4 band + RGB sensor with integrate ILS, 

GPS and IMU 



 

 

                  Thermal sensors 



 





Thermal cameras 



Ears/shoots 



Temperature differences between flag leaves and 
ears under rain fed or irrigated conditions 

Vicente et al., second revision at Plant Cell Physiology 



Bernie et al. 2009 IJRS 47: 722 - 738  



New thermal image + RGB fusion 
sensors on the market 

TEAX ThermalCapture 

Fusion Zoom 

  

TC Fusion Zoom is being delivered to 

global clients already. Watch its powerful 

transparent overlay capacities in the 

video. 

FLIR 

Duo Pro R 

  

TeAx is an international 

distributor for the FLIR Duo Pro 

R 

Dual-Sensor Imaging 

High resolution thermal and 4K 

color imagers integrated into a 

single powerful, convenient 

package. 

Perfectly aligned thermal and visual images 

Stores full 14bit raw digital radiometric data 

Optical vibration-compensation 

10x times visual optical zoom 





Pictures taken from the camera using the thermal plus RGB 
fusion, thermal temp point measurements over RGB, and plain 
thermal camera modes 



 

 

                             LiDAR 



 
 
 
 
 
 
 
 
 
 

LiDAR – Light Detection and Ranging    

 
 
 
 
 
 
 
 
 

the environment is scanned with a pulsed laser beam and the 
reflection time of the signal from the object back to the detector is 

measured. 



LiDAR 

Deery et al. 2015, Agronomy 



LiDAR 

Deery et al. 2015, Agronomy 



LiDAR 

Deery et al. 2015, Agronomy 



 

 

                     RGB images 



green biomass 

Digital photography 

http://www.google.co.uk/imgres?imgurl=http://www.product-reviews.net/wp-content/userimages/2008/04/the-nikon-coolpix-l15-digital-camera.jpg&imgrefurl=http://www.product-reviews.net/2008/04/04/the-nikon-coolpix-l15-digital-camera-easy-auto-mode-for-great-pictures/&usg=__qwTWYSS12Hhl4CEJLI80y0bOeJM=&h=300&w=400&sz=17&hl=en&start=19&itbs=1&tbnid=79vyJgn3HJ4JlM:&tbnh=93&tbnw=124&prev=/images?q=digital+camera&hl=en&gbv=2&tbs=isch:1


•HIS 

Hue, Intensity, Saturation 
Practical for image analysis 

 

0º 

120º 
240º 

Hue wheel: 

Numerical representation of color 

•RGB: Red, Green and Blue 

 related with color reproduction by computer screens, etc. 

•CIE-lab 
~ sensitivity of human visual system  

Consistent distance  

  practical for arithmetics 

 

CIE-Lab 

There are a number of different systems for representing a given color. 
 



CIMMYT Maize Scanner for RGB field-based phenotyping (released at 

http://github.com/george-haddad/CIMMYT)  

• Calculates a number of RGB based indexes for estimating disease impacts, crop vigor, LAI, biomass at the leaf and canopy scale, including Breedpix (GA and 
GGA), Triangle Greeness Index (TGI), and Normalized Green Red Difference Index (NGRDI) 

RGB image processing: vegetation indices  

Kefauver et al.  



 

RGB, Green Area, Greener Green Area 

Kefauver et al.  



 In most of these studies, 
RGB indexes 
outperformed NDVI  

 

RGB indexes have a more 
limited spectral range  

but they 
have an 

excellent 
spatial 

resolution 

 because of their 
effect on the 

reflectance at longer 
wavelengths.  

 NDVI may be more 
affected by: 

• Canopy architecture 
• Crop density  
• Spikes and soil 



N fertilization treatments in maize 

Vegetation Indexes 
***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not significant 

RGB vs Spectral indices 



Phosphorus deficiency in maize 

Gracia et al. 2017 Front.Plant Sci. (in press)  



Wheat – yellow rust 



Other applications of RGB images: harvest 
index 

Kernels 

Size 

Uniformity/abortion rate 

Kernel weight 

Rot index 

Ears 

Number 

Rows 

Size 

Stress stage 

Flowering stress 

Grain filling stress 

Zaman-Allah et al. submitted 



Image analysis for diseases 

H
u

e
 

Kefauver et al. in preparation 
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Maize lethal necrosis 

Visual maize lethal necrosis (MLN) score 



3D modelling done in Agisoft: the blue 3D mesh (left)  

and the combination of the 3D model and the color 

photos creates the color 3D image (right). 

S.C. Kefauver  



Applications and limitations of sensors 

Deery et al. 2014 Agronomy  



 

Different categories of traits  



‘Drysdale (2002) and Rees (2003) are 
drought tolerant wheat varieties bred by 
CSIRO scientists using innovative gene 
selection criteria. The DELTA technique 
gives plant breeders the ability to breed 
varieties of wheat that more efficiently 
exchange atmospheric carbon dioxide for 
water during photosynthesis’ 

Stable isotopes: 13C  & Yield 

They were selected for low Δ13C 
increased WUE as crop mostly grows on 
storage water which exhausted through 
the growing season 







Technique IRMS EA  AACC Method NIRS-prediction 

Parameter 13C 18O N content  Ash content 13C* 18O Ash N 

Cost per sample  10€ 20€ 3€ 1.5€ 0.5€ 

Time <10 min <10 min <10 min  ≈24 h ≈3 min 

Equipment EA-IRMS EA Muffle furnace NIR spectrometer 

*previously reported by Clark et al. 1995; Ferrio et al. 2001; Kleinebecker et al. 2009 
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Fixed field phenotyping platforms 

The world's largest robotic field scanner (white steel box) is 

mounted on a 30-ton steel gantry moving along 200-meter 

steel rails over 1.5 acres of energy sorghum at the Maricopa 

Agricultural Center. (Photo: Susan McGinley) 

Field scanalyzer at Rothamsted Research, Harpenden 



Cranes - towers  



Phenomobiles  

Rebetzke et al. 2013 Funct. Plant Biol. 

Deery et al. 2014 Agronomy 





Phenocart  

White and Conley 2013 Crop Sci. 53: 1646-1649 



Aerial platforms 

M. Reynolds, Ciudad Obregon, Mexico   



University of Barcelona Current HTPP 

Multispectral Tetracam 11+ILS 

TEAX ThermalCapture FLIR 
Tau 640 Camera 

Lumix GX7 16 MP RGB camera 



RGB Thermal  Multispectral  



- Images taken with a phenopole. 
- Zenithal. 
- More canopy area evaluated 
- Soil (and sky) background effect reduced. 

NDVI modified camera  
(Canon S100) 

RGB camera 
(Sony QX1) 

In the case of projects where UAVs are 
prohibited… 

Kefauver et al. in preparation 



Naivasha, Kenya   



White and Conley  2013 Crop Sci. 53 





 

Lobell, CIMMYT 50 
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Environmental variability 

Within-site variability 



Measuring / reducing spatial variability 

 Cairns and Zaman-Allah 

Masuka et al. 2012 

Das and Crossa 



Reducing field variability: managed growth conditions 

Weber et al. 2012 Crop. Sci.  

Cairns et al. 2013 Crop Sci. 
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Managed-stress screening 

 

Weber et al. 2012 Crop Sci. 



Large testing network 

updated from Prasanna et al. 2013 

Drought* - 61 ha  

Low nitrogen - 48.5 ha 

Heat - 13.5 ha 

MLN - 17 ha 

*Including CFT sites 



Disease phenotyping sites 

Adapted from J. Cairns 



7th day 

3rd day after  

release of stress 

Water-logging at vegetative growth stage 

Recovery & completion 

of crop cycle  

Adapted from Zaidi 



Root phenotyping 
► Structural traits: root depth, length , volume, root-length density, dry weight 

 

► Functional traits: water use during stress (WU) & Transpiration efficiency (TE) 

Adapted from Zaidi 



b) 2 days anthesis c) 2-4 days A+10 

Heat stress 

a)2-4 days heading 
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Normal sowing Late sowing (heat stress) 

CENEB CIMMYT, Obregón, México 2015-2016 
 

Heat stress 



Aligning breeding programs to future 

environments 

Sonder et al. submitted 



Harmonized phenotyping protocols for stresses 



Summary  

• Resource (radiation, water, nitrogen..) uptake and 

use efficiency are paramount to increase GY and 

adaptation 

• A wide array of remote sensing techniques are 

already available 

• Low-cost methodological approaches make high-

throughput field phenotyping feasible 

• Spatial variability may be monitored with remote 

sensing techniques 

• Quality management of the field trials is required    



 



HTPP data processing tools, 
Open-source plug-ins, 
FIJI (Fiji is Just ImageJ) 

Data collection as a bottleneck is over. In the age 
of BIG DATA, too much data needs new tools in 

order to overcome the data-to-decision obstacles. 



CIMMYT Maize Scanner for RGB field-based phenotyping (released at 
http://github.com/george-haddad/CIMMYT)  

Calculates a number of RGB based indexes for estimating disease impacts, crop vigor, LAI, 
biomass at the leaf and canopy scale, including Breedpix (GA and GGA), Triangle Greeness Index 
(TGI), and Normalized Green Red Difference Index (NGRDI) 



MosaicTool (Plugin for FIJI) 
Semi-automatic image segmentation for 
UAV plant phenotyping studies. 

Allows for the 
extraction and 
processing of 

~1000 plots per 
hour with quality 

control 







Future bottlenecks 

     Data explosion 

• We generate far too much data to handle manually  

• Simple summary statistics do not suffice 

• Advanced analysis tools, models, selection indexes 
are required 



Phenotyping will contribute and 
benefit from crop modeling (FSPMs) 



 



Mobile Apps  



Open Data Kit (ODK) 

There's an opportunity for mobile and cloud technologies 
to enable timely and efficient data collection.  

Open Data Kit (ODK) is a suite of tools that enable efficient 
and timely data collection on cell phones. ODK is designed 
to let users own, visualize, and share data without the 
difficulties of setting up and maintaining servers. The tools 
are easy to use, deploy, and scale. They also go beyond 
open source - they're based on open standards and 
supported by a larger community. 



Shawn C. Kefauver  
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