
A
pressing objective in the plant science community
is to understand the connection between a plant’s
observable characteristics (phenotype) and its
genetic makeup (genotype). Great advances in

DNA sequencing have unlocked the genetic code for many
important commodity crops, such as rice, sorghum, and
maize. However, understanding how genes control complex
plant traits, such as drought tolerance, time to flowering, and
harvestable yield, remains challenging. Field-based, high-
throughput phenotyping seeks to implement information
technologies, including sensing and computing tools, to rap-
idly characterize the growth responses of genetically diverse
plant populations in the field
and relate these responses to
individual genes.

In central Arizona, we
have completed two seasons
of field-based phenotyping
experiments in two types of
cotton. The experimental
design included 25 extra-
long staple (ELS) cotton cul-
tivars and 100 upland cotton
lines replicated under both
full and limited drip irriga-
tion. The ELS cotton experi-
ment included pima cotton
cultivars released over a
period of 90 years (1918-
2009) by breeding programs
in Arizona, heat-sensitive
Sea Island cultivars from the
Caribbean, and a recently

released commercial pima cotton cultivar. The upland cotton
experiment consisted of 100 lines from a genetic cross
between two parents that varied in their tolerance to heat and
drought stress.

Proximal sensing
Field-based, high-throughput phenotyping hinges on the

availability of a proximal sensing system, including a sensor
platform and instrumentation, that can rapidly quantify phe-
notypic variation in the field. There are many potential
options for sensor deployment: tractors, crane-like vehicles,
cable robots, sprinkler irrigation machines, or unmanned aer-

Information Technologies 
for Field-Based 
High-Throughput Phenotyping
Kelly Thorp, Pedro Andrade-Sanchez, Michael Gore, Jeffrey White, and Andrew French

Proximal sensing of cotton quickly quantifies phenotypic variations.

8 September/October 2012 RESOURCE



ial vehicles. We are currently using a high-clearance tractor
for full-season field access. The instrument package includes
four active radiometers for measuring canopy spectral
reflectance in three wavebands, eight infrared thermometers
for measuring canopy temperature, four sonar sensors that
measure canopy height, and an RTK GPS receiver for hori-
zontal and vertical positioning. A spectroradiometer has also
been used to measure canopy reflectance in hundreds of nar-
row spectral wavebands. This year, we will deploy a LIDAR
sensor in an effort to map canopy geometry.

Geospatial analysis
By nature, field-based phenotyping generates large vol-

umes of spatial information. For rapid data processing,
geospatial analysis is needed
to locate data within field
plot boundaries. We are
developing a suite of open-
source geoprocessing tools in
the Quantum GIS environ-
ment (www.qgis.org). The
software handles coordinate
transformations from the
GPS receiver position to the
sensor positions and assigns
a plot identifier to each data
point based on its position in
the field.

Inverse modeling
Proximal sensing is limited to measuring only a few crop

canopy characteristics. By coupling the field observations with
canopy radiative transfer models or crop growth simulation
models, we can glean additional useful information. For exam-
ple, PROSAIL is a radiative transfer model that simulates
canopy spectral reflectance given information on solar geome-
try and plant canopy traits, including leaf area index (LAI),
chlorophyll content (Cab), and others. For more information,
see the article recommended under “For further reading.”

As shown in the accompanying diagram, using an opti-
mization algorithm, we can adjust PROSAIL input parame-
ters (i.e., LAI and Cab) while other parameters are held fixed
(P1, P2, ... , Px) with the objective to minimize error between
PROSAIL-simulated spectral reflectance (solid oval) and
field-measured spectral reflectance (dashed oval). The result-
ing optimized plant canopy trait parameters add physical and
biological meaning to the field observations and can be used
in subsequent genetic analysis. Incorporation of process-
based crop growth models that simulate plant growth and
development over the growing season permits model inver-
sion for time-series proximal sensing observations rather than

observations at single points in time. This also allows for esti-
mation of crop canopy characteristics at times between prox-
imal sensing observations.

Genetic analysis
Genetic mapping studies are used to identify genes that

control the observed phenotypic variation in the field. These
analyses test for statistical associations between genotypic
and phenotypic data collected from the experimental cotton
population. This allows for the identification of genetic mark-
ers that can be used to rapidly develop cotton cultivars that
are both high yielding and tolerant to environmental stress.

Field-based, high-throughput phenotyping using only
manual labor is prohibitive because thousands of distinct

genetic lines must be charac-
terized. To overcome this
obstacle, plant geneticists
and breeders are turning to
agricultural and biological
engineers for sensor deploy-
ment solutions and informa-
tion technologies that can
rapidly quantify the pheno-
typic variation of genetically
diverse plant populations in
field conditions. Proximal
sensing technologies, geo-
graphic information sys-

tems, crop growth simulation models, and other
computational approaches may all play a role in unlocking
the complex relationship between a plant’s genetic code and
its observable growth characteristics in the field.
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Inverse modeling diagram.
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