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a b s t r a c t

Application of field based high-throughput phenotyping (FB-HTP) methods for monitoring plant perfor-
mance in real field conditions has a high potential to accelerate the breeding process. In this paper, we
discuss the use of a simple tower based remote sensing platform using modified single-lens reflex cam-
eras for phenotyping yield traits in rice under different nitrogen (N) treatments over three years. This
tower based phenotyping platform has the advantages of simplicity, ease and stability in terms of intro-
duction, maintenance and continual operation under field conditions. Out of six phenological stages of
rice analyzed, the flowering stage was the most useful in the estimation of yield performance under field
conditions. We found a high correlation between several vegetation indices (simple ratio (SR), normalized
difference vegetation index (NDVI), transformed vegetation index (TVI), corrected transformed vegeta-
tion index (CTVI), soil-adjusted vegetation index (SAVI) and modified soil-adjusted vegetation index
(MSAVI)) and multiple yield traits (panicle number, grain weight and shoot biomass) across a three trials.
Among all of the indices studied, SR exhibited the best performance in regards to the estimation of grain
weight (R2 = 0.80). Under our tower-based field phenotyping system (TBFPS), we identified quantitative
trait loci (QTL) for yield related traits using a mapping population of chromosome segment substitution
lines (CSSLs) and a single nucleotide polymorphism data set. Our findings suggest the TBFPS can be useful
for the estimation of yield performance during early crop development. This can be a major opportunity
for rice breeders whom desire high throughput phenotypic selection for yield performance traits.
� 2017 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier

B.V. All rights reserved.

1. Introduction

Achieving maximum grain yield with fewer input costs is the
ultimate goal of intensive rice production. A key step in this pro-
cess lies in identifying rice varieties that enable farmers to produce

higher yield with minimum use of water and fertilizer. The rapid
development of such rice varieties needs an advanced breeding
system to surpass the traditional approaches. To accelerate the
breeding of novel agricultural traits to produce environmentally
adapted varieties with which require fewer input costs, new
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technologies which bridge the gap between genotype and pheno-
type are essential for plant researchers (Furbank, 2009; Fiorani
and Schurr, 2013; Pieruschka and Lawson, 2015). Now high
throughput phenotyping is one of the key technological solutions
being explored to fill this gap.

While efforts are being taken to achieve this goal, drawbacks
related to the traditional phenotypic methodologies makes this
process very slow. Traditional phenotyping methodologies are
often time-consuming and labor intensive because of the abun-
dance of manual operations. Since additionally, these methods
are often destructive, which makes it impossible to do sequential
measurements on the same plant. In order to speed up the varietal
development process the development of a high-throughput phe-
notyping (HTP) platform that allows fully automated crop image
acquisition and advanced image processing technology is neces-
sary (Li et al., 2014a). Plant analysis via image based systems has
been well studied since the 1980s (Omasa, 1990; Omasa et al.,
2002), with recent works focused on a broad range of topics within
agriculture.

It is suggested that high throughput phenotyping is key to the
data mining of the huge sample sets present under field conditions
(Araus and Cairns, 2014). Phenotypic traits are important to
archive in order to clarify the black box interactions between the
genotype and the environment. This can be accomplished by con-
sidering their interaction (George et al., 2014) or through linking
the phenotypic data with different -omics data like genomes, tran-
scriptomes, proteomes, metabolomes and metagenomes in field
trials (Alexandersson et al., 2014). Thus, there is a need for simple
and robust FB-HTP system for estimating phenotypic traits at the
field level. Recently, there is a boom of constructing FB-HTP sys-
tems worldwide. Some studies propose several types of unique
FB-HTP systems with land vehicle platforms (Svensgaard et al.,
2014; White and Conley, 2013; Andrade-Sanchez et al., 2014;
Barmeier and Schmidhalter, 2016), aerial platforms like blimps,
helicopters, and fixed wing planes (Chapman et al., 2014;
Liebisch et al., 2015; Zaman-Allah et al., 2015; Gonzalez-Dugo
et al., 2015). In recent year, the use of multicopter has been
increasing in field phenotyping studies (Sankaran et al., 2015;
Haghighattalab et al., 2016; Inostroza et al., 2016; Tattaris et al.,
2016; Yu et al., 2016). The history and applications of unmanned
aerial system in the field of remote sensing are well reviewed by
Colomina and Molina (2014). However, many of these systems
come with considerable costs and often require substantial skill
to operate. In this paper, we will describe an alternative low-
cost, Tower-based field phenotyping system (TBFPS). This system
includes low cost RGB and NIR cameras mounted on stable, yet
movable, low maintenance towers. Tower based phenotyping plat-
forms have the additional advantages of unmanned continual
operation and repeatability (Deery et al., 2014).

To estimate rice yield related traits from towers, the conven-
tional remote sensing approach using vegetation indices (VIs) is
an efficient method. VIs have a long history within cereal crops
(Jones and Vaughan, 2010) and have been used within rice to esti-
mate phenotypic traits such as rice yield (Mosleh et al., 2015). In
the area of field based phenotyping (FBP), VIs are considered pow-
erful tools in the estimation of important growth traits like chloro-
phyll concentration, nitrogen (N), leaf area index (LAI), leaf
number, plant biomass, and yield (White et al., 2012). In regards
to rice research, VIs and near infrared (NIR) imaging approaches
have been widely applied to record crop phenology (Sakamoto
et al., 2011), estimate LAI (Shibayama et al., 2011), leaf greenness
(Shibayama et al., 2012), N uptake (Shibayama et al., 2009) and
yield (Harrell et al., 2011; Tubaña et al., 2011; Mosleh et al.,
2015). RGB derived parameters without NIR are also available for
estimating chlorophyll content and leaf N concentration of rice
(Wang et al., 2014). Moreover, hyperspectral imagery is used for

crop phenotyping like estimating nitrogen content (Moharana
and Dutta, 2016; He et al., 2016), chlorophyll fluorescence
(Zarco-Tejada et al., 2016), or constructing hyperspectral 3D plant
models (Behmann et al., 2015) in recent years.

Quantitative trait loci (QTL) analysis has become a powerful
tool for identifying the genetic factors influencing quantitative
traits like yield and other related traits. In recent years, QTL map-
ping studies have used rapid phenotyping methods like VIs
together with conventional and manual phenotyping approaches.
Under field conditions, QTLs of several crops (wheat (Pinto et al.,
2010; Edae et al., 2014; Graziani et al., 2014; Li et al., 2014b; Li
et al., 2015; Gao et al., 2015; Kumar et al., 2016), barley (Obsa
et al., 2016), corn (Lu et al., 2012; Trachsel et al., 2016), potato
(Khan et al., 2015), cotton (Pauli et al., 2016), and forage grass
(Merewitz et al., 2012, 2014)) were successfully detected through
the use of VIs. As for rice, Henry et al. (2015) evaluated QTL effects
of NILs derived from IR64 rice under drought conditions by using
the Normalized Difference Vegetation Index (NDVI). In the previ-
ous studies, VIs of plots were obtained by hand-held spectrora-
diometers like GreenSeeker (Tribmle Navigation Ltd., California,
USA) or FieldScout series (Spectrum Technologies, Inc., Illinois,
USA). In terms of the throughput, image-based remote sensing
technologies can cover a large number of plots in a short time.
Trapp et al. (2016) identified dry bean’s QTLs for image-based NDVI
obtained from a multicopter. However, QTL analysis using VIs have
not been studied in rice.

In this paper, we discuss the use of a simple TBFPS for estimat-
ing yield related traits in rice. The main objective of the present
study is (1) to develop a TBFPS to estimate yield related traits in
rice (2) to confirm the specific phenological stages at which the
traits are highly correlated with spectral VIs to enhance early esti-
mation efficiency and (3) to determine whether our FBP platform
improves our ability to identify yield related QTLs using chromo-
some segment substitution lines (CSSLs).

2. Materials and methods

2.1. Plant materials and characteristics

Table 1 shows the genotypes and homozygous transgenic lines
of rice used in this study. In the 2012 experiment, six genotypes of
rice and six homozygous NERICA4 transgenic events (T1 to T6) car-
rying the pOsAnt1/AlaAT construct from Arcadia Biosciences at
Brawley, California, USA were used. In the 2013 experiment, five
genotypes of rice and three selected CSSLs (Ogawa et al., 2014a)
derived from a cross between ’Curinga’ and Oryza rufipogon (IRGC
105491) were used. While in the 2014 experiment, 48 CSSLs and
their parents were used.

2.2. Experimental plot design of N omission field

Paddy field experiments were carried out at the confined N
omission field facility, International Center for Tropical Agriculture
(CIAT), Palmira, Colombia (3�300N, 76�210W).The site receives
1000 mm annual rainfall, is 965 m above sea level, and has an
annual average temperature of 26 �C. Field experiments were con-
ducted over three years (Fig. 1); one during a dry season (August to
December 2012), one during a rainy season (January to June 2013),
and again during a dry season (August to December 2014). Resid-
ual N was depleted from the field trial site prior to planting by cul-
tivating maize over two consecutive seasons with no fertilizer
application (Ogawa et al., 2014b). The 2012 and 2013 experiments
focused on the development of the tower based FBP platform and
the confirmation of the best growth stages to estimate phenotypic
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