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RESUMEN

Una de las principales limitantes del rendimiento del arroz en regiones de alta
productividad es la capacidad intrinseca de cada genotipo de convertir la energia de
sol en biomasa. Esta capacidad puede entenderse como la eficiencia en el uso de la luz
(LUE). La LUE se puede determinar a nivel de toda la planta o al nivel del aparato
fotosintético (rendimiento cuéntico). El objetivo de esta tesis fue analizar la
dependencia del cultivar con respecto a LUE a nivel de planta y rendimiento cuantico
utilizando cuatro cultivares de arroz y cuatro ambientes de luz. Para lograr esto, se
desarrollaron dos sistemas de iluminacion: Light System | que genera entornos de luz
blanca (400 - 700 nm) y Light System Il que genera un entorno de luz azul-roja (una
banda entre 400 - 500 nm y otra banda entre 600 - 700 nm). La particion de energia en
PSII se determin6 por el rendimiento cuantico de tres procesos de desexcitacion
usando parametros de fluorescencia de clorofila. El dafio de PSII solo se incremento
por bajos niveles de energia en ambientes de luz blanca, lo que condujo a una
disminucidn en los procesos fotoquimicos debido al cierre de los centros de reaccion.
Se puede concluir que todos los cultivares de arroz evaluados en este estudio fueron
sensibles a los bajos niveles de radiacion, pero la respuesta fue dependiente del
cultivar. No hubo una relacion genotipica clara entre LUE y rendimiento cuantico. Por
otro lado, a traves de una estrategia MA, se identificaron 32 genes en el genoma del
arroz asociados con los principales parametros que definen el rendimiento cuantico de
PSII. Nuestro trabajo muestra la asociacion entre los complejos de captacion de luz y
el rendimiento cuantico potencial de PSII, asi como la relacidn entre las regiones que
codifican proteinas unidas a PSI en la distribucion de energia durante el proceso
fotoquimico de la fotosintesis. Esta tesis abre nuevas lineas de trabajo centradas en
establecer los mecanismos de accién de la calidad espectral de la luz en PSI y cdmo

esto define la particion de energia de PSII.

Palabras clave: arroz, eur, led, fotoquimica, fotosistemas

VIl



IDENTIFICATION AND ANALYSIS OF KEY COMPONENTS IN THE
EFFICIENCY OF THE USE OF RADIATION IN RICE
SUMMARY

One of the main limitations of rice yield in regions of high productive
performance is the light-use efficiency (LUE). LUE can be determined at the whole-
plant level or at the photosynthetic apparatus level (quantum yield). The aim of this
thesis was to analyze the cultivar dependence regarding LUE at the plant level and
quantum yield using four rice cultivars and four light environments. To achieve this,
two in-house Light Systems were developed: Light System | which generates white
light environments (spectral quality of 400700 nm band) and Light System Il which
generates a blue-red light environment (spectral quality of 400-500 nm and 600—700
nm bands). Energy partition in PSII was determined by the quantum yield of three de-
excitation processes using chlorophyll fluorescence parameters. The damage of PSII
was only increased by low levels of energy in white environments, leading to a
decrease in photochemical processes due to the closure of the reaction centers. In
conclusion, all rice cultivars evaluated in this study were sensible to low levels of
radiation, but the response was cultivar dependent. There was not a clear genotypic
relation between LUE and quantum yield. Through a GWAS strategy, 32 genes of rice
genome associated with the main parameters that define the quantum yield of PSII in
rice were identified. Our work shows the association between light-harvesting
complexes and the potential quantum yield of PSII, as well as the relationship between
regions that code for PSI-linked proteins in energy distribution during the
photochemical process of photosynthesis. This thesis opens new lines of work focused
on establishing the mechanisms of action of the spectral quality of light in PSI and
how this defines the energy partition of PSII.

Keywords: rice, rue, led, photochemistry, photosystems
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1. CAPITULO I: INTRODUCCION

El arroz (Oryza sativa L.) es uno de los principales cereales cultivados y
representa la fuente primaria de alimento para un tercio de la poblacion mundial
(Khush, 2005). Las predicciones actuales indican que para el afio 2025 la poblacion
mundial superara los 7 mil millones de personas. Por tanto, se estima que para
mantener la seguridad alimentaria de la poblacion mundial, sin afectar negativamente
la base de los recursos, los paises productores de arroz deberan aumentar sus
rendimientos en casi 40% (Swaminathan, 2007, Khush, 2005). En este contexto
Uruguay tiene un papel relevante ya que es el primer exportador de arroz de América
Latina, participando con el 3 % del comercio de arroz a nivel internacional (Battello,

2008).

A nivel mundial los cultivares modernos de arroz tiene un rendimiento potencial
teorico de 15 t ha™! en las regiones templadas (Mitchell et al., 1998), mientras que a
nivel local rendimiento potencial estimado es de 10 t ha™! (Pérez de Vida, 2011). En
tanto que, en los ultimos 15 afios el rendimiento alcanzable local (en condiciones
experimentales) fue de 8 t ha!, mientras que para el mismo periodo el rendimiento
comercial promedio logrado a nivel nacional fue de aprox. 7 ton ha (Pérez de Vida y
Macedo, 2013). En este sentido, el desafio que actualmente enfrenta el sector es tratar
de disminuir la brecha existente entre el rendimiento potencial del arroz a nivel local

y los rendimientos promedios logrados a nivel productivo nacional.

Entre los factores que afectan la produccion, la captura y uso de la radiacion solar
son cruciales en la determinacion del rendimiento potencial de los cultivos (van
Ittersum y Rabbinge, 1997). En este sentido, las caracteristicas funcionales y
estructurales que definen los factores de intercepcion y uso de la radiacion de las
variedades locales de arroz, podrian estar explicando las diferencias entre los
rendimientos antes mencionados. Por tanto el desafio esta, en tratar de establecer
cudles son las causas biologicas de los limites en rendimiento de las variedades que

conforman el sistema arrocero uruguayo.



1.1 EFICIENCIA DEL USO DE LA RADIACION: UN COMPONENTE CLAVE
DE LA ECUACION DE RENDIMIENTO

Basados en los modelos de crecimiento aceptados actualmente desarrollado por
Monteith (1977) y revisado por Russell et al. (1989), el rendimiento de los cultivos

puede ser descrito por las siguientes ecuaciones:
B =FCR * FI * S; [1]
Y =HI * FCR * FI * S; [2]

donde B es la biomasa producida (g m), FCR es el factor de conversion de la radiacion
el cual es un indicador de la eficiencia en el uso de la radiacion (EUR) especifica para
un cultivo o genotipo (g MJ™!), FI es la fraccion de la radiacion incidente interceptada
por la canopia, S; es la radiacion total incidente (MJ m?) en un intervalo de tiempo
dado, Y es el rendimiento en grano (g m?), HI es el indice de cosecha o fraccion
cosechable de la biomasa total del cultivo (en los cultivos como el arroz, es la fraccion
de grano/biomasa total de la parte aérea). La ecuacion [1] provee un marco conceptual
que permite la interpretacion de la produccion de biomasa en funcion de un factor de

intercepcion (FI) y un factor de conversion (FCR) (Long et al., 2006, Monteith, 1994).

Este marco conceptual ha sido ampliamente usado para el modelado de la
produccion de biomasa (Sadras et al., 2005, Jones et al., 1998, Williams et al., 1984).
Como se muestra en la ecuacion [2] la produccion potencial esta determinada por el
producto combinado de la radiacion incidente, las eficiencias de intercepcion y

conversion y el HI.

En este modelo FI estd determinada por el tamafio y tipo de arquitectura de la
canopia asi como por la velocidad de desarrollo y cierre de la misma. En tanto que el
FCR esta determinado por la combinacion de la tasa fotosintética de todas las hojas

dentro de la canopia menos la pérdida por respiracion (Stockle y Kemanian, 2009).

Los niveles de rendimiento potencial se ven limitados debido a que los parametros

HI y FI estan llegando a sus valores maximos, por lo que incrementos en el Y solo



pueden ser logrados a través de un incremento en el FCR, que a su vez esta asociado a
incrementos en la tasa de fotosintesis, y/o disminucioén en la tasa de respiracion (Long

et al., 2006).

Ental sentido, la diseccion del FCR en una serie de rasgos fisioldgicos tales como:
estabilidad de la maquinaria fotosintética (fotosistemas), mecanismos de foto
proteccion, tasa de fijacion de CO, apertura estomadtica, etc., es una estrategia que
permite estudiar mejor las relaciones funcionales que definen el rendimiento (Murchie

et al., 2015, Monneveux y Ribaut, 2006, Blum, 1988).

Si bien la informacion disponible acerca de FCR es abundante, pocos articulos
combinan la teoria, con la experimentacion y la modelizacion para identificar que
componentes estan involucrados en las variaciones de FCR observados entre distintos
genotipos (Stockle y Kemanian 2009). Aqui la dificultad esta en poder fenotipar
correctamente materiales genéticamente relevantes (Berger et al., 2010) e identificar

las regiones del genoma asociadas a tales rasgos de interés.

1.2 HIPOTESIS DE TRABAJO

Se establecieron tres hipdtesis de trabajo:
H1: La EUR varia entre los genotipos de arroz (Figura 1, H1).
H2: El FCR determina de las variaciones en la EUR en arroz (Figura 1, H2).
H3: La tasa de fotosintesis es la responsable de las variaciones en el FCR en
arroz (Figura 1, H3).
H4: Se pueden identificar genes involucrados en la respuesta diferencial del

FCR en arroz (Figura 1, H4).
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Figura 1. Esquema conceptual del modelo de conversidn y balance de la energia propuesto. El esquema
se realizd utilizando los simbolos de Forrester (1961), las cajas representan variables de estado, las
valvulas representan tasas variables, las elipses representan variables intermedias, los circulos cruzados
con lineas representan variables ambientales de entrada, las lineas sélidas representan flujo de materia,
las lineas cortadas representan flujo de informacién. Los coeficientes genéticos son considerados como
variables de entrada pero no estan representados en el diagrama.

1.3 OBJETIVOS

1.3.1 Objetivo general

El objetivo general de este trabajo es identificar parametros fisiologicos,
bioguimicos y genéticos involucrados en la eficiencia del uso de la radiacion con el fin

de incluir nuevos marcadores de seleccidn en los programas de mejoramiento de arroz.

1.3.2 Objetivos especificos

a. Identificar y caracterizar componentes que participen en la EUR en arroz.

b. Desarrollar una estrategia de seleccion a partir de marcadores fisiologicos
para identificar genotipos con regiones gendmicas asociadas a EUR
diferencial.

c. Identificar genes claves en la EUR en arroz.



2. CAPITULO II:
HERRAMIENTAS GENOMICAS PARA LA CARACTERIZACION DE UNA
POBLACION DE MEJORAMIENTO E IDENTIFICACION DE REGIONES
DE GENOMA DE INTERES EN ARROZ.

El trabajo se concentrd en el estudio de la estructura genética de la poblacion
utilizada para el analisis de mapeo asociativo de genoma completo (MA). Aqui se
desarrollaron las herramientas informaticas para el analisis de MA y para
identificacion de haplotipos a partir de los loci identificados para los rasgos

cuantitativos estudiados (QTL) que en este caso fueron rasgos de calidad.

Para poder analizar la estructura genética de la poblacion de mapeo se
desarrollaron algoritmos en el software libre R. Producto de ese desarrollo se
obtuvieron como producto dos paquetes de R que se encuentran disponible en el The
Comprehensive R Archive Network (CRAN). El primer paquete de R denominado
Imem.gwaser (Gutiérrez et al., 2016) fue desarrollado para el control de la calidad de
los marcadores genéticos y la implementacion de diferentes modelos para el analisis
de MA. El segundo paquete de R denominado clustehap (Quero et al., 2017) fue

desarrollado para la identificacion de haplotipos en la poblacién de mapeo.

Este trabajo permitid obtener herramientas para el analisis de MA que luego
fueron implementadas para la identificacion de QTL asociados a rasgos de fotosintesis.
Los QTL identificados en este articulo seran utilizados como base para un futuro
trabajo en el cual se estudiara la relacion entre las regiones asociados la calidad del
grano y aquellas identificadas para la eficiencia del uso de la radiacion. Esto en arroz
es particularmente importante ya que los incrementos de produccion en arroz tienen

sentido si se encuentran vinculados con niveles de alta calidad de grano.



2.1 GENOME-WIDE ASSOCIATION STUDY USING HISTORICAL
BREEDING POPULATIONS DISCOVERS GENOMIC REGIONS
INVOLVED IN HIGH-QUALITY RICE.
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Genome-Wide Association Study Using Historical
Breeding Populations Discovers Genomic Regions

Involved in High-Quality Rice

Gastén Quero, Lucia Gutiérrez,* Eliana Monteverde, Pedro Blanco, Fernando Pérez de
Vida, Juan Rosas, Schubert Fernandez, Silvia Garaycochea, Susan McCouch, Natalia
Berberian, Sebastidn Simondi, and Victoria Bonnecarrére
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Agropecuaria (INIA, National Institute of Agriculture Research), Ruta 48, Km 10, Rincén del Colorado, Canelones 90200, Uruguay; L. Gutiérrez,
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Agriculture, Univ. de la Reptblica, Garzén 780, Montevideo, Uruguay; E. Monteverde, S. McCouch, Dep. of Plant Breeding and Genetics, Cornell
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ABSTRACT Rice [Oryza sativa L) is one of the most important
staple food crops in the world; however, there has recently been
a shift in consumer demand for higher grain quality. Therefore,
understanding the genetic architecture of grain quality has
become a key objective of rice breeding programs. Genome-
wide association studies (GWAS)] using large diversity panels
have successfully identified genomic regions associated with
complex fraits in diverse crop species. Our main objective was
fo identify genomic regions associated with grain quality and
fo identify and characterize favorable haplotypes for selection.
We used two locally adapted rice breeding populations and
historical phenotypic data for three rice quality traits: yield affer
milling, percentage of head rice recovery, and percentage of
chalky grain. We detected 22 putative quantitative frait loci
[QTL) in the same genomic regions as sfarch synthesis, starch
metabolism, and cell wall synthesisrelated genes are found.
Additionally, we found a genomic region on chromosome ¢ in
the fropical japonica population that was associated with all
quality traits and we identified favorable haplotypes. Furthermore,
this region is linked to the OsBEl gene that codes for a starch
branching enzyme |, which is implicated in starch granule
formation. In fropical japonica, we also found two putative QTL
linked to OsBEIll, OsDEPI1, and OsDEP2. Our study provides an
insight into the genetic basis of rice grain chalkiness, yield affer
milling, and head rice, identifying favorable haplotypes and
molecular markers for selection in breeding programs.

Abbreviations: GC, percentage of chalky grain; GWAS, genome-wide
association study; INIA, Instituto Nacional de Invesfigacion Agropecuaria
[National Institute of Agriculture Research); LD, linkage disequilibrium; PCA,
principal component analysis; PHR, percentage of head rice recovery; PVE,
proportion of phenotypic value explained; QTL, quantitative traif loci; SNP,
single nucleotide polymorphism; SSRG, starch synthesisrelated genes; YAM,
yield after milling.

CORE IDEAS

o Genome-wide association study (GWAS) for rice
quality was performed in two breeding populations.

o Twenty-two putative quantitative trait loci (QTL)
were associated to rice quality.

o A genomic region on chromosome 6 was associated
with all quality traits in the tropical japonica
population.

o Markers for favorable haplotypes are ready for
immediate use for selection.

ONE OF THE MAIN CONCERNS of agricultural research
today is intensifying agricultural production in a
sustainable manner to feed the 9 billion people expected by
2050 (Godfray et al., 2010). Rice is a staple crop in Asia and
Africa, where 3.5 billion people depend on rice for food
energy (Food and Agriculture Organization of the United
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Nations, 2009). The demand for rice continues to grow,
especially in Asia and Africa, where people now require
high-quality rice (Hsiaoping, 2005; Zader, 2011; Mohanty,
2013; Yu et al., 2013) regarding traits such as grain length,
color, absence of broken grains, aroma, and flavor. The abil-
ity to meet this demand can be achieved by understanding
the genetic basis of key production traits and accelerating
the rate of genetic gain from cultivar development.

Grain quality is a complex quantitative trait (Fitzger-
ald et al., 2009). Quantitative trait loci mapping via
GWAS (Jannink et al., 2001) has successfully identified
genomic regions associated with complex traits in diverse
crop species and provided targets for marker assisted
selection (Begum et al., 2015). Early GWAS studies used
large diversity panels to maximize the range of genetic
variation and improve the power of detecting QTL
(Kraakman et al., 2004; Gore et al., 2009; Huang et al.,
2010, 2012; Famoso et al., 2011; Zhao et al., 2011; Chen et
al., 2014; McCouch et al., 2016; Zhu et al., 2016). However,
in the same way that traditional QTL studies were chal-
lenged by their lack of practical use because some of the
favorable alleles of major-effect QTL were already fixed in
elite germplasm (Langridge et al., 2001); the use of diverse
and unadapted germplasm in GWAS studies may yield
irrelevant genomic regions for breeding purposes (Kraak-
man et al., 2004). Furthermore, the genetic background
interaction of QTL effects (Langridge et al., 2001) and
QTL x environment interactions (Malosetti et al., 2004,
2016; Mathews et al., 2008; Gutiérrez et al., 2015) have
been extensively reported, indicating that the choice of
germplasm and environments used for mapping studies
is relevant, especially regarding its future deployment.
Therefore, studies looking for immediate applications
in breeding use locally adapted germplasm to map QTL
(Begum et al., 2015; Spindel et al., 2015) or nested associa-
tion mapping with a locally adapted line serving as the
common parent (Yu et al., 2008; Brachi et al., 2011; Kump
et al,, 2011; Tian et al., 2011; Mace et al., 2013; Maurer et
al., 2015). The use of breeding populations has been suc-
cessful in identifying QTL and favorable haplotypes in
elite populations of tropical rice with phenotypic data
specially generated for GWAS purposes (Begum et al.,
2015). Besides the immediate advantage of using adapted
germplasm, GWAS in local populations allows the discov-
ery of adaptive alleles and allelic complexes, which may be
locally common but globally rare (rare alleles) and there-
fore has the potential to unveil genetic variants that would
otherwise be overlooked. Despite being potentially useful,
rare alleles are often discarded by minor allele frequency
filters when exploring natural variation (Jannink et al.,
2001; Brachi et al., 2011; McCouch et al., 2016).

The main objective of this study was to identify
genomic regions associated with rice grain quality in rel-
evant adapted germplasm and to identify favorable hap-
lotypes for selection. Specifically, we studied the genetic
architecture of rice quality by conducting a GWAS analysis
on a subtropical-adapted breeding population consist-
ing of 637 elite rice lines representing two of the major

subgroups of rice, indica and tropical japonica. Considering
the extended linkage disequilibrium (LD) in this kind of
population, we conducted a GWAS analysis that followed
an appropriate analytical framework that involved a high-
coverage genotyping strategy and a careful interpretation
of population structure and phenotypic data. Candidate
genes were predicted via an annotation approach. This
strategy exploits existing breeding populations and histori-
cal phenotypic data, demonstrating that it is possible to use
routine breeding data to perform haplotype selection.

MATERIALS AND METHODS

Plant Material

A total of 637 genotypes from the National Rice Breed-
ing Program were used as the Uruguayan rice reeding
GWAS population. The population included 324 indica
lines, 310 tropical japonica lines, two indica cultivars [El
Paso 144 ( Yan et al., 2007) and INTA Olimar (Blanco et
al., 2004)] and one tropical japonica cultivar [INIA Tacu-
ari (Blanco et al., 1993; Instituto Nacional de Semillas,
2017)]. Within the indica subpopulation, 228 genotypes
originated from Instituto Nacional de Investigacion
Agropecuaria (INIA) breeding material and 98 from
Fondo Latinoamericano de Arroz de Riego breeding
material. All the individuals within a population, includ-
ing the checks, share some level of common ancestry,
and pedigree information was available from breeders.

Genotyping and Single Nucleotide Polymorphism

Genotype Calling

Genotyping-by sequencing data were obtained for the 637
advanced inbred lines and cultivars. DNA was extracted
from young leaf tissue from plants grown in the Biotechnol-
ogy Unit in Las Brujas, Canelones, Uruguay. The extraction
was conducted with the Qiagen DNeasy kit (www.giagen.
com/uy/, accessed 5 June 2018). Samples were submitted in
96-well plates and libraries were prepared using the protocol
described by Elshire et al. (2011). Genotyping-by-sequenc-
ing library construction and sequencing were done at the
Biotechnology Resource Center at Cornell University. Single
nucleotide polymorphisms (SNPs) were called from fastq
files via the TASSEL version 3.0 genotyping-by-sequencing
pipeline (Glaubitz et al., 2014). Alignment to the Michigan
State University Nipponbare reference genome version

7.0 (http://rice.plantbiology.msu.edu/pub/data/Eukary-
otic_Projects/o_sativa/annotation_dbs/pseudomolecules/
version_7.0/, accessed 14 June 2018) was performed with
Bowtie version 2 (Langmead and Salzberg, 2012). Imputa-
tion of missing data was performed with the FILLIN algo-
rithm implemented in TASSEL version 5.0 (Bradbury et al.,
2007; Swarts et al., 2014) for the indica and tropical japonica
genotypes separately. The average imputation accuracy was
approximately 94% for both indica and tropical japonica
datasets. Single nucleotide polymorphism markers that

had more than 50% missing data after imputation, along
with monomorphic SNPs and SNPs with a minor allele fre-
quency smaller than 1% were removed from the analysis.
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Grain Quality Phenotyping

Rice lines were evaluated in the field located in Paso de la
Laguna, Treinta y Tres, Uruguay (33°15’S, 54°25'W) dur-
ing the growing seasons (October-March) in 2010-2011,
2011-2012, and 2012-2013 in replicated experiments.
Adjusted means for each line were obtained with mixed
models to include experimental design components

and spatial corrections (Supplemental File S1) using the
model in Eq. [1]:

Yy = s+ 2+, + 7 + 8 (1]

where Y, is the response variable, p is the overall mean
or 1ntercept \,is a random variable associated with the
ith trial with )\ N (0, 0%)), [3 is a random variable
associated with the jth block nested within the ith trial
with B, 0 ~N (0, 0® s)> Yy is the effect of the kth genotype,
and ¢, ik is the re31dua1 error with g~ N (0, 0%).

Mllhng quality was evaluated by the yield after milling
(YAM), the percentage of head rice recovery (PHR), and
the percentage of chalky grain (GC). For YAM and PHR,
100 g of rough rice was dried to 13% moisture, hulled with
a Satake Rubber Roll Huller (Satake Engineering Co., Ltd.,
Tokyo, Japan), milled with a Satake Grain Testing Mill
(Model TM 05C, abrasive roll #36, Satake Engineering
Co., Ltd.), and separated into broken and whole kernels
using a thickness grader (Model TWSM, Satake Engineer-
ing Co. Ltd.) with an indented cylinder (cylinder indent
sizes of 4.75 mm). The weight of grain recovered after
milling and separating was used to calculate the percent-
age of total milled rice or YAM. The percentage of whole
kernels recovered after separating was used as the PHR.
For GC, a subsample of 50 g of total milled rice was visu-
ally inspected by analysts to determine GC. According to
industry standards, whole or broken kernels were consid-
ered to be chalky when the area of chalk (core, white back,
or belly) was larger than half of the kernel area.

Principal Component Analysis and Population

Structure Analyses

Population structure was analyzed via principal com-
ponent analysis (PCA) and a model-based clustering
algorithm. The PCA analyses were performed with the
imputed marker score matrix in R statistical software
(R Core Team, 2017) using the package r#BLUP (Endel-
man, 2011). Based on the PCA results, clustering of
indica or tropical japonica individuals was implemented
with ADMIXTURE software version 1.23 (Alexander et
al., 2009). The number of populations (k) was selected
according to two main criteria: first, the lowest cross-
validation error across a range of k values (i.e., k =
1-10); second, an ad hoc correspondence with pedigree
information. The resulting probabilities of belonging to
groups from ADMIXTURE were then plotted with the
barplot function in the R statistical software (R Core
Team, 2017) to obtain stacked bar charts.

Genome-Wide Association Study, LD Decay,

and Haplotype Analysis

Genome-wide association studies were performed with
mixed models to correct for population structure and
genetic relationships. The most common mixed models
for GWAS were compared: naive, kinship (Parisseaux
and Bernardo, 2004), and eigenvalue (Price et al., 2006;
Malosetti et al., 2007). The best model was selected on
the basis of quantile-quantile plots (i.e., Schweder and
Spjotvoll plots; Schweder and Spjotvoll, 1982) (Supple-
mental File S2). The kinship was the selected model, with:

y=XBp+Zu+e, (2]

where y is the vector of phenotypic means, X is the molecular
marker score matrix, P is the vector of marker allelic effects,
Z is an incidence matrix, u is the vector of polygene back-
ground effects with Var(u) being 2KV, (K is the matrix of
kinship coefficients and V, is the genetic variance), and &

is the residual error vector. A GWAS analysis for each rice
subpopulation was performed in the R statistical software (R
Core Team, 2017) with the Imem.gwaser package (Gutierrez
etal.,, 2016). For QTL determination, the marker with the
highest marker—trait association was chosen as an anchor
and then, a sliding window of 1 Mb was used to identify all
significant markers within that window. The window size was
determined according to the LD decay in each chromosome
(Supplemental File S3 and Supplemental File S4). A QTL was
defined when three or more significant SNPs were found
within the 1-Mb window, following Rosas et al. (2017). Given
the level of genetic relatedness in our populations, markers in
close proximity are in high LD, making it unlikely to have an
isolated significant SNP. Therefore, isolated markers are more
probably caused by genotyping or imputation error (Bran-
dariz et al., 2016) than a true QTL. Choosing three markers
for our threshold makes our analysis less likely to declare a
false QTL. Linkage disequilibrium was computed as pairwise
1> between all SNPs in the chromosome and then in a spe-
cific region, and limits between LD blocks were graphically
assessed with the R package (R Core Team, 2017). The thresh-
old level for calling a significant marker—trait associations was
calculated by using a p-value corrected by multiple compari-
sons with the Li and Ji (2005) statistic at an o level of 0.05. The
proportion of the total phenotypic variance explained (PVE)
by each QTL was estimated by fitting a full multi-QTL model
with all significant SNPs from all genomic regions involved
for a trait in the Ime4 package (Bates et al., 2015) of R statisti-
cal software (R Core Team, 2017). Allelelic effects for each
QTL were obtained with the emmeans package (Lenth, 2018)
in R statistical software (R Core Team, 2017). Finally, the
most prevalent haplotypes were identified with the clusterhap
package (Quero et al,, 2017) in R statistical software (R Core
Team, 2017) and the phenotypic means for each haplotype
were estimated (Supplemental File S5).

|dentification of Candidate Genes

A literature survey and a genome annotation pipeline
were used to search for putative causal candidate genes.
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The numbers of genes located within a defined QTL were
retrieved from the Michigan State University public gene
annotation database (http://rice.plantbiology.msu.edu/
downloads_gad.shtml, accessed 14 June 2018) via an in-
house script (Supplemental File S6). The Plant Metabolic
Network was used to assign a function to each gene (Zhang
et al,, 2010). OryzaCyc was used to search for plant meta-
bolic pathway functionality. Gene function was further
explored by studying the metabolic pathways where the
encoded enzymes were involved. This was analyzed with
the Kyoto Encyclopedia of Genes and Genomes (Kanehisa
and Goto, 2000), which is a collection of pathway maps.
The literature survey was focused on major genes involved
in starch synthesis known as starch synthesis-related genes
(SSRGs) (Zeng et al., 2017). The SSRGs include genes for
ADP-glucose pyrophosphorylase, granule-bound starch
synthase, starch synthase, branching enzyme, debranching
enzyme, starch phosphorylase, disproportionating enzyme,
and glucose 6-phosphate translocator. After identification
of the candidate genes, we analyzed the presence of SNPs
in its coding sequence in the Nipponbare reference genome
(Michigan State University Nipponbare reference genome
version 7.0). When a SNP was found within the coding
sequence, the amino acid sequence of the encoded protein
with both versions of the SNP was determined. To do this,
Mega version 6 software was used (Tamura et al., 2013).

RESULTS

Population Structure and Phenotypic Variation

Two main subpopulations were observed in the PCA corre-
sponding to the indica and tropical japonica subpopulations
(Fig. 1a). The first two principal components explained more
than 78.2% of the total genotypic variance. Within the indica
subpopulation, two subgroups were identified with a model-
based algorithm corresponding to the two distinct origins

of lines coming from the breeding programs at the INIA or
the Fondo Latinoamericano de Arroz de Riego (Fig. 1a). Five
subgroups were identified within the tropical japonica sub-
population (Fig. 1a) on the basis of the clustering algorithm
and pedigree information. The tropical japonica subpopula-
tion is defined as a multiparent cross where the lines were
derived from 12 parents, and each of the five subgroups was
comprised of half-sib families. The indica subpopulation had
lower GC on average, with smaller variance than the tropical
japonica subpopulation (Fig. 1b), whereas estimates of YAM
and PHR were similar in both subpopulations. In the tropical
japonica subpopulation, the three grain quality traits were
correlated: YAM and PHR were positively correlated, but GC
was negatively correlated with YAM and PHR. On the other
hand, no correlation among traits was observed for the indica
subpopulation (Fig. 1b).

Quantitative Trait Loci Identified by GWAS
Genome-wide association studies for every targeted trait
were performed separately for indica and tropical japonica
because of the population structure. When different
mixed models for GWAS were compared, the kinship

model using the realized relationship matrix estimated
from the marker data was the best model (Supplemental
File S2). We therefore used this model to map QTL fol-
lowing the analytical framework outlined in Supplemen-
tal File S5. We identified a total of 22 putative QTL in the
two subpopulations (Fig. 2). These QTL were identified
with a multiple comparison test at a p-value threshold of
8.5 x 107* for tropical japonica and 1.3 x 107 for indica
subpopulation, according to the calculated Li and Ji
(2005) threshold. In the indica subpopulation, five puta-
tive QTL were identified for GC, one for YAM, and six for
PHR (Supplemental File S7), whereas in tropical japonica,
three QTL were identified for GC, five for YAM, and two
for PHR (Supplemental File S8; Fig. 2). We did not find
any QTL shared between the indica and tropical japonica
subpopulations. There is a genomic region on chromo-
some 6 (26,894,513-29,480,530 bp) of tropical japonica,
where three putative QTL mapped for all quality traits
evaluated (QYAM.j.6.1, gPHRj.6.1, and qGC,j.6.2). Mark-
ers on these QTL were in high LD (Fig. 3a). The PVE for
each QTL was above 30%, which means all of them are
large-effect QTL (Table 1). On the other hand, all QTL
in the indica subpopulation had lower PVE and only two
QTL had a PVE above 10% (qPHR.i.2.1 and qPHR.i.3.1).

Genomic Regions and Haplotype Analysis

Of the 22 marker-trait associations detected in this study,
eight SSRGs (Zeng et al., 2017) were identified within or
in the flanking regions of nine QTL (Table 2). By using a
genome annotation approach, we also identified eight can-
didate genes in five putative QTL observed in our subpop-
ulations (Supplemental File S9). Beside starch metabolism,
these candidate genes are involved in cell wall formation
and degradation. Our study provides hypothetical can-
didate genes that should be further studied to elucidate
whether they have a functional role in grain quality.

Three putative QTL (QYAM.j.6.1, gPHR j.6.1, and
qGC.j.6.2) were colocated in a region on chromosome
6 in the tropical japonica subpopulation. We identified
three candidate genes within the QTL region involved
in starch metabolism and three involved in cell wall
formation (Supplemental File S9). These genes include
two a-glucosidases that are part of the first pathway of
starch degradation. A functional mutation (genotyping-
by-sequencing SNP S6_28101061; A > G) in one of the
a-glucosidase genes, LOC_Os06¢46340, alters the protein
sequence (p.Glu45Gly) and is noteworthy because the
derived allele codes for an amino acid belonging to a
different group and would probably result in a conforma-
tional change in the protein product.

Besides these candidate genes, we found that one
SSRG, specifically a starch branching enzyme I gene, OsBEI
(LOC_Os06¢g51084; Ohdan et al., 2005) is located next to the
QTL interval on chromosome 6. Rice has two branching
enzyme families, BEI and BEII, coded by one (OsBEI) and
two genes (OsBEIIa and OsBEIIb), respectively. OsBEI is the
only BEI gene in rice and it is known to be involved in amy-
lopectin structure (Ohdan et al., 2005). We detected two
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Figure 1. Genetic structure and phenotypic variation in locally adapted rice populations. (o] The central image shows the first two principal com-

ponents separating indica (red, n = 326) and tropical japonica (blue, n = 311 individuals; the lefthand image shows the two genetic subgroups
within indica; the righthand image shows the five genetic subgroups within fropical japonica. (b) Scatterplot matrix for grain quality traits showing
density plots for each trait [yield after milling [YAM), percentage of head rice recovery [PHR), and percentage of chalky grain (GCJ] in the diago-
nal, scatterplots between traits for fropical japonica (blue, n = 311) above the diagonal, and scatterplots between traits for indlica (red, n = 326)

below the diagonal. Numbers inside the scatterplots indicate Pearson’s correlation between pairs of traits and their p-values. Each scatterplot dis-
plays two variables with the x and y axes corresponding to the variables in the diagonal.
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Figure 2. Genome-wide association study (GWAS] for rice physical grain quality in two breeding subpopulations. Manhattan plots of the indica
subpopulation (red, n = 326) for yield after milling (YAM) [a), percentage of head rice recovery (PHR) (c), and percentage of chalky grain (GC)
le) and of the fropical japonica subpopulation (blue, n = 311 for YAM (b), PHR (d), and GC [f). The x-axis shows single nucleotide polymorphism
[SNP) positions along chromosomes; the y-axis shows the —log10 of the P-value for each marker—trait association. Associations above the signifi-
cance threshold [calculated via the method of Li and Ji (2005) with multiple fest correction] are shown in green.

SNPs (S6_30900078 and S6_30900838) within the OsBEI
gene that are in high LD with most of the significant SNPs
located within the QTL (Fig. 3b), with an average r* of 0.63,
0.65 and 0.83 between OsBEI and qYAM.j.6.1, gPHR j.6.1,
and qGC,j.6.2, respectively. Furthermore, we observed three
clearly differentiated haplotypes present in ~90% of the lines
and a few minor recombinant haplotypes (data not shown).
For YAM and PHR, the groups of individuals carrying the
HI and H2 haplotypes had significantly higher phenotypic
means than H3, while for GC the groups of individuals
carrying the H1 and H2 haplotype had significantly lower
phenotypic means than H3 (Fig. 3b). For all traits, H1

and H2 were different from each other by only one SNP
(S6_30900078), which is located within the OsBEI gene.
Considering the phenotypic mean of theses haplotypes, this
polymorphism had no effect on PHR and GC, but it had an
effect on YAM (Fig. 3b).

Other SSRGd were found linked to be to QTL iden-
tified by GWAS in the tropical japonica subpopulation
(Table 2). The SSRG OsBEIIa (LOC_Os04¢33460) is located
within the QTL qQYAM.j.4.1 and all markers within the
QTL are in perfect LD with one SNP located within the
OSBElIla gene (Fig. 4a). This QTL region has three major
haplotypes with different phenotypic means (Fig. 4b).
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Table 1. Proportion of the phenotypic variance explained (PVE)

by each putative quantitative trait locus [QTL) identified from the
genome-wide association study analysis of a large rice population
in both indlica (i) and tropical japonica (j) subpopulations showing
the single nucleotide polymorphisms (SNP) with the most significant
marker—frait associations.

arL SNP PVE
q6Ci11 S1_10668%4 4.78
q6C.i.1.2 S1_6427540 449
q6C.i.2.1 $2_5409930 129
q6C.i.5.1 S5_1053773 6.30
q6C.i.8.1 S8_18577900 0.84
qPHR.L1] S1_24735280 0.70
qPHR.i.2.1 $2_9639305 10.34
qPHR.i.2.2 S2_24210614 0.34
qPHR.i.3.1 $3_10247958 15.94
qPHR.1.3.2 $3_14353133 9.95
qPHR.1.6.1 S6_366796 1.81
qYAM.i.8.1 S8_2999273 718
q6C.j.6.1 S6_2140954 278
46C.j.6.2 S6_27519265 35.27
q6C.71 ST_26562521 3.63
qYAMj.1 S1_3059047 2.65
qYAM.j.4.1 5419985917 8.90
qYAM.j.6.1 S6_27313987 34.26
qYAM}12.1 S12_566928 7.89
qYAMj.12.2 S12_25469756 8.46
qPHR.j.3.1 $3_1354379 5.63
qPHR.j.6.1 S6_27037310 3740

On the other hand, the SSRG OsSSI (LOC_Os06g06560)
is in perfect LD with the QTL qGC,j.6.1 (Supplemental
File S10) and the only two disproportionation enzyme
genes in rice genome, DP1 (LOC_Os07g43390) and DP2
(LOC_0Os07¢46790; Lu and Sharkey, 2004), flank the QTL
qGC,j.7.1 (Table 2). All SNPs within this QTL are in com-
plete LD with the SNPs flanking both genes (Fig. 4a). On
the other hand, for qGC,j.7.1, there is a difference of ~2%
of GC between the two major haplotypes (Fig. 4¢).

We could identify candidate genes in two indica QTL
(Supplemental File S9): a gene for a fructose-bisphospate
aldolase (LOC_Os01g02880), which is associated with
starch metabolism, in qGC.i.1.1 and a gene encoding an
arabinofuranosidase (LOC_0s02¢10190). In addition, in
the QTL q.GC.i.2.1, one of the SNPs in this gene generates
a mutation at position 845, where an alanine is changed to
a threonine (p.Ala845Thr). Again, as occurred for LOC_
0Os06¢46340, both amino acids belong to different groups.

DISCUSSION

By using indica and tropical japonica breeding populations
and historical phenotypic data from 3 yr of replicated and
balanced experiments on grain quality, we found enough
diversity to map relevant quantitative traits for rice qual-
ity and to identify haplotypes with significant differences
on rice quality traits. The use of breeding populations

Table 2. Putative candidate starch synthesis-related genes (SSRGs| that
are located within or close fo quantitative frait loci (QTL) identified from
the genome-wide association study analysis of a large rice population
in both indica and tropical japonica subpopulations.

SSRG product

QTL  Reference gene locus SSRG name

qPHRiLY  10C_0s01g44220  OsAGPL2  ADP-glucose pyrophosphorylase large subunit 2
qPHR6]  LOC_0s06904200  OsGBSSI Granule-bound starch synthase |
qYAMi.8.1  LOC_0s08909230  OsSSllla Starch synthase llla

qYAMj41  10C_0s04g33460  OsBHlla Starch branching enzyme lla
q6Ci.61  LOC _0s06g06560  0sSSI Starch synthase |

q6Ci.6.2  LOC_0s06g51084  OsBE Starch branching enzyme |
qYAMj.6.1  10C_0s06g51084  OsBF Starch branching enzyme |
gPHR.6.1  LOC_0s06g51084  OsBF Starch branching enzyme |

q6Cj71  10C_0s07943390  OsDEPT Disproportionating enzyme |

q6Cj.71 10C_0s07q46790  OsDEP? Disproportionating enzyme I

for GWAS has some advantages over the use of diverse
populations, including immediate application to breeding
programs (Kraakman et al., 2004) because it can identify
loci that are segregating in the population (Langridge et
al,, 2001) and that have a reduced genetic background
(Langridge et al., 2001) and QTL x environment interac-
tions (Malosetti et al., 2004; Mathews et al., 2008; Gutiér-
rez et al., 2015). The use of larger structured populations
might increase mapping resolution for detecting global
QTL (McCouch et al., 2016). However, we decided against
a global test with individuals from both subpopulations
because: (i) when SNPs were called for all individuals, fewer
SNPs that passed our data curation process were identified;
(ii) most SNPs were in opposite phases, being monomor-
phic for one subpopulation and polymorphic for the other,
reducing the power for marker—trait associations; (iii) the
phenotype was associated with population structure at least
for one of our traits (i.e., GC), which would also reduce the
power of our statistical tests; and (iv) because of the general
challenges of properly controlling for population structure.
Therefore, we mapped within subpopulations.

Quality phenotypic traits were correlated in tropical
japonica. This finding was consistent with previous stud-
ies where GC was associated with an increase in grain
breakage and therefore a decrease in the percentage of
head rice recovery (Lisle et al., 2000; Zhou et al., 2015). In
the case of indica subpopulation, the low level of correla-
tion among the phenotypic variables could be related to
the most diverse grain morphology being found in this
population. These findings point toward selection as one
possible explanation for the strong correlation in tropi-
cal japonica instead of pleiotropy. Although a genomic
region responsible for all traits was found in tropical
japonica, the genetic mechanism behind it could be a
series of linked genes maintained through selection.

We used genotyping by sequencing to identify more than
44,000 polymorphic SNPs in tropical japonica and more than
92,000 SNPs in indica (Supplemental File S11). This geno-
typing strategy generated a relatively high density of SNPs
that were appropriate for association mapping and avoided
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Figure 3. Genome-wide association study (GWAS] hits on chromosome 6 in the tropical japonica subpopulation in relation to OsBE/, a gene
encoding Starch Branching Enzyme 1. [a) Manhattan plot for the three quality traits [yield after milling (YAM|, represented in blue, percentage
of head rice recovered (PHR) in red, and percentage of chalky grain (GC) in green] in the tropical japonica (n = 311) subpopulation showing
significant marker—frait associations in the same region on chromosome 6. linkage disequilibrium (LD) plot within the region showing the LD
among the quantitative trait locus (QTL) region and the OsBEl gene is shown below the Manhattan plots. The number within the LD block is the
average r? among all pairwise marker combinations within the window. (b} Predominant haplotypes, with the percentage of individuals carry-
ing each haplotype. Haplotypes are defined by all significant single nucleotide polymorphisms (SNPs) for each trait within the QTL region and
SNPs within and flanking the OsBEl gene. Each SNP allele is represented with a different color: orange or blue. At the right of each haplotype,
a dot-plot showing the adjusted phenotypic means and SE for lines carrying each haplotype is shown.
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Figure 4. Genome-wide association study (GWAS) in the tropical japonica subpopulation in relation to starch synthesis-related genes [SSRCs.
[a) Linkage disequilibrium (LD) plot across the qYAM.j.4.1 quantitative trait locus [QTL) showing the LD within the QTL region and single nucleo-
fide polymorphisms [SNPs) located within the SSRG OsBElla (left) and the LD plot across the QTL gGC.j.7.1 showing the LD among the QITL
region and SNPs located within the SSRG genes DPEl and DPEIl [right). Predominant haplotypes with the percentage of individuals carrying
each haplotype are shown for (b) gYAM.j.4.1 and (c) GC.j.7.1. Haplotypes are defined by all significant SNIPs within the QTL region. Each
SNP allele is represented with a different color: orange or blue. At the right of each haplotype scheme, a dotplot showing the adjusted pheno-

typic means and SE for lines carrying each of the haplotypes is shown.

the ascertainment bias that is inherent to the use of fixed
genotyping arrays (Heslot et al., 2013). Combined with our
analytical strategy that involved a combination of GWAS, LD
determination, haplotype identification, and candidate gene
identification, this provided good candidate QTL for marker-
assisted selection strategies. With the high quality of genome
annotation available for rice (National Agriculture and Food
Research Organization, 2017), there are several studies that
have successfully integrated genetic, genomic (Fitzgerald et
al., 2009; Tian et al., 2009) and, in some cases, metabolomic
(Heuberger et al., 2010; Yamakawa and Hakata, 2010; Calin-
gacion et al., 2012; Chen et al., 2014; Okazaki and Saito, 2016)
information to begin to define the molecular mechanisms

underlying important grain quality traits such as grain
chalkiness and milling properties. In this study, we identified
genes involved in two cellular processes, starch metabolism
and cell wall formation or degradation. Many previous stud-
ies have related starch content to rice grain quality traits (Su,
2000; Vandeputte and Delcour, 2004; Ashida et al., 2009;
Bao, 2014; Lin et al., 2014; Zhao et al., 2015; Zeng et al., 2017),
particularly with GC (Ashida et al., 2009) and PHR (Gallant
etal,, 1997; Patindol and Jabe-Wang, 2003; Yamakawa and
Hakata, 2010). Here, we identified five SSRGs and four candi-
date genes involved in starch metabolism that were physically
colocated with our QTL. Once these genotype—phenotype
associations are validated, the SNPs will provide breeders
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with a valuable tool for early generation selection for several
economically valuable grain quality traits, similar to the use
of the waxy SNP markers currently used for amylose content
selection in rice (Kharabian-Masouleh et al., 2012).

In addition to starch content, rice grain quality has been
associated with the polysaccharide composition of the cell
wall in different grain tissues, such as the starchy endosperm,
the aleurone layer, and the transfer cells (Burton and Fincher,
2014; Lin et al., 2014), all affecting grain consistency. The mill-
ing process removes the cell walls in the aleurone layer and
therefore aleurone cell walls are associated with YAM perfor-
mance (Burton and Fincher, 2014). In this study, we identified
putative QTL with regions coding for three glycosyl hydrolase
genes that are involved in heteroxylan backbound forma-
tion, modifications, and degradation (Strohmeier et al., 2004;
Numan and Bhosle, 2006; Mitchell et al., 2007; Eklof and
Brumer, 2010) and an arabinofuranosidase gene. Arabinofu-
ranose is one of the constituents of hemicellulose, the major
component of the rice wall endosperm (Shibuya and Iwasaki,
1978; Shibuya and Nakane, 1984; Numan and Bhosle, 2006).

The candidate genes colocated with putative QTL
identified in this work, especially the SSRGs, provide
interesting targets for follow-up studies to enhance our
understanding of the genetics of grain quality in rice. On
the other hand, the results of this study can also improve
the accuracy of the genomic selection models used to
estimate breeding values and help implement a prag-
matic genomic selection strategy in breeding programs.

CONCLUSIONS

In this work, we were able to find putative QTL associated
with rice grain quality. The use of locally adapted germ-
plasm with narrow genetic variance provided an oppor-
tunity to map subtle phenotypic differences that are likely
to be overlooked with a more diverse germplasm panel.
From the breeding perspective, the haplotypes provide

an opportunity to examine whether substitution of alleles
across one particular region of the QTL contributes posi-
tively or negatively to the mean performance of each trait.
In addition, the use of a locally adapted population of elite
breeding materials allows for immediate application in
breeding programs, including marker-assisted introgres-
sion of favorable genomic regions conferring rice quality
traits or targeted genome editing as the basis for future
genetics experiments and breeding applications.
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2.1.1 Material suplementario

El material suplementario del articulo precedente se encuentra en el siguiente

enlace:https://dl.sciencesocieties.org/publications/tpg/articles/11/3/170076?highl

ight=&search-result=1
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3. CAPITULO III: LA PARTICION DE ENERGIA EN EL PROCESO
FOTOSINTETICO COMO FACTOR CLAVE DE LA EFICIENCIA DE USO
DE RADIACION,

En este trabajo se estudio la eficiencia en el uso de la radiacion a nivel de planta,
especificamente a nivel del proceso fotoquimico de la fotosintesis. Para evaluar la
EUR a nivel de planta en condiciones controladas es fundamental moderar las
caracteristicas del ambiente luminico en el cual se desarrollan las plantas. Un ambiente
luminico queda definido por la intensidad de la luz y la calidad espectral de la misma.
En este sentido, para obtener los resultados que se muestran en este trabajo,
desarrollamos y construimos dos sistemas de iluminacion en base LED para poder
evaluar la EUR en diferentes ambientes luminicos. Como se cuenta detalladamente en
el articulo, los sistemas disefiados permiten reproducir con bastante aproximacion el
espectro solar en intensidad y calidad espectral asi como sus variaciones a lo largo del
dia.

A partir de los sistemas antes mencionados se generaron cuatro ambientes
luminicos en los cuales se evaluaron los cuatro cultivares principales de arroz
utilizados en el pais. Ademas, en este estudio se identificaron las variables de la
fluorescencia de clorofilas que permiten conocer la particion de energia durante el
proceso fotoquimico de la fotosintesis. Se pudo establecer que los parametros de
rendimiento cuantico permiten diferenciar el proceso fotoquimico propiamente dicho
de los procesos de disipacion del calor. Esto es importante porque permite establecer
los niveles de regulacion de la fotoinhibicion en los diferentes genotipos de arroz. Los
parametros de rendimiento cuantico identificados en este trabajo son los que se
utilizaron para fenotipar la poblacion de mapeo caracterizada genéticamente en el

articulo anterior.
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Abstract

One of the main limitations of rice yield in regions of high productive performance is the light-use efficiency (LUE). LUE
can be determined at the whole-plant level or at the photosynthetic apparatus level (quantum yield). Both vary according
to the intensity and spectral quality of light. The aim of this study was to analyze the cultivar dependence regarding LUE at
the plant level and quantum yield using four rice cultivars and four light environments. To achieve this, two in-house Light
Systems were developed: Light System I which generates white light environments (spectral quality of 400-700 nm band)
and Light System II which generates a blue-red light environment (spectral quality of 400-500 nm and 600—700 nm bands).
Light environment conditioned the LUE and quantum yield in PSII of all evaluated cultivars. In white environments, LUE
decreased when light intensity duplicated, while in blue-red environments no differences on LUE were observed. Energy
partition in PSII was determined by the quantum yield of three de-excitation processes using chlorophyll fluorescence
parameters. For this purpose, a quenching analysis followed by a relaxation analysis was performed. The damage of PSII
was only increased by low levels of energy in white environments, leading to a decrease in photochemical processes due
to the closure of the reaction centers. In conclusion, all rice cultivars evaluated in this study were sensible to low levels of
radiation, but the response was cultivar dependent. There was not a clear genotypic relation between LUE and quantum yield.

Keywords Energy dissipation - Quenching analyses - Relaxation analyses - Quantum yields

Introduction

Light is a critical environmental factor for plant growth and
development (Monteith 1977; Devlin et al. 2007). Light
intensity levels or photon flux density (PPFD) and the spec-
tral quality directly affect energy conversion processes in
plant cells (Campbell and Norman 1998; Murata et al. 2007;

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11120-018-0605-x) contains
supplementary material, which is available to authorized users.

Departamento de Biologia Vegetal, Facultad de Agronomia,
Universidad de la Republica, Garzén 809, Montevideo,
Uruguay

P4 Victoria Bonnecarrere
vbonnecarrere @inia.org.uy

Gastén Quero

gastonquero @fagro.edu.uy Instituto Nacional de Investigacion Agropecuaria (INIA),
Unidad de Biotecnologia. Estacién Experimental Wilson

Ferreira Aldunate, Ruta 48, Km 10, Rincén del Colorado,

90200 Canelones, Uruguay

Sebastian Fernandez
sebfer@fing.edu.uy

P il . s .
edro Silva 3 Instituto de Ingenieria Eléctrica, Facultad de Ingenieria,

psilvalerena@gmail.com

Sebastian Simondi
sebastian.simondi @uncu.edu.ar

Omar Borsani
oborsani @fagro.edu.uy

Universidad de la Republica, Julio Herrera y Reissig 565,
Montevideo, Uruguay

Area de Matematica, Facultad de Ciencias Exactas y
Naturales, Universidad Nacional de Cuyo (FCEN-UNCuyo),
Padre Contreras 1300, Mendoza, Argentina

@ Springer


http://orcid.org/0000-0003-3889-9122
http://crossmark.crossref.org/dialog/?doi=10.1007/s11120-018-0605-x&domain=pdf
https://doi.org/10.1007/s11120-018-0605-x

52

Photosynthesis Research (2019) 140:51-63

Nobel 2009). A widely accepted model states that the pro-
duction of biomass is determined by the PPFD intercepted
by the plant and by the conversion efficiency of radiation to
carbohydrates during photosynthesis (Monteith 1972, 1977,
Brestic et al. 2018). In plant physiology, the conversion effi-
ciency of light energy to biomass production is known as
light-use efficiency (LUE) (Medlyn 1998). At plant level,
LUE can be estimated as the ratio between daily biomass
and incident radiation (Monteith 1972, 1977; Sinclair and
Horie 1989; Mitchell et al. 1998; Sinclair and Muchow
1999), whereas at the photosynthesis-apparatus level, LUE
is known as quantum yield (@) or quantum efficiency (Skill-
man 2008; Gitelson and Gamon 2015).

In the photochemical stage of photosynthesis, quantum
yield can be studied from the fluorescence emission of chlo-
rophylls in photosystem II (PSII) (Genty et al. 1989; Baker
2008; Klughammer and Schreiber 2008; Lazar 2015). Chlo-
rophyll emission can be determined using the pulse ampli-
tude modulation (PAM) technique (Kalaji et al. 2014, 2017;
Goltsev et al. 2016). PAM technique measures energy decay
during the de-excitation of PSII chlorophylls, both in dark-
ness and light (Baker 2008). Therefore, the methodology of
saturating pulse can be used to estimate the quantum yield
of PSII in a light-adapted leaf (quenching analysis) or during
the PSII relaxation process that occurs in darkness after a
period of light (relaxation analysis) (Krause and Jahns 2003;
Ahn et al. 2009; Kasajima et al. 2009). The strategy of com-
bining the quenching analysis with a subsequent relaxation
analysis allows the energy that reaches PSII to be decom-
posed in five components.

The quenching analysis determines the quantum yields of
PSII (@pgy;), non-photochemical quenching (Pyp() and basal
energy dissipation (@y). The @y is directly related to the
rate of electron transfer in the PSII towards biochemical pro-
cesses; Pypq reflects the quantum yield of regulatory light-
induced non-photochemical quenching; and @y reflects the
quantum yield of constitutive non-regulatory (basal or dark)
non-photochemical dissipation processes (Genty et al. 1989;
Kramer et al. 2004; Hendrickson et al. 2005; Klughammer
and Schreiber 2008; Chen et al. 2012; Brestic et al. 2016).
On the other hand, the relaxation analysis allows the @ypq
parameter to be the decomposed in quantum yield of fast-
relaxing non-photochemical quenching (Pypqp,s) and quan-
tum yield of slow-relaxing non-photochemical quenching
(Pnposiow) (Kasajima et al. 2009). @ypqy, 1s related to the
regulated energy dissipation in PSII, whereas @ypoow 18
related to PSII damage caused by photoinhibition (Ahn et al.
2009; Kasajima et al. 2009).

Quantum yield determination enables the visualization
of the energy partition in each stage of the photosynthesis.
The structural stability of photosystems (PSs) has a direct
effect on the quantum yield (Dall’Osto et al. 2015). If the
energy absorbed surpasses the transfer capability of the PSs,

@ Springer

photoinhibition processes may occur in both photosystem II
(PSII) and photosystem I (PSI) (Klimov et al. 1990; Allakh-
verdiev et al. 2003; Miih et al. 2012; Derks et al. 2015).
Photoinhibition processes are proportional to light intensity
(Allakhverdiev and Murata 2004; Hakala et al. 2005; Murata
et al. 2012; Campbell and Tyystjarvi 2012), to the inactiva-
tion and repair rate of PSs (Allakhverdiev et al. 2005, 2007,
Murata et al. 2007), to the size and heterogeneity of PSII
(Mehta et al. 2010), to the cyclic flow of electrons through
PSI (Nishiyama et al. 2011; Murata and Nishiyama 2017),
and to the PSII-PSI relation (Tikkanen and Aro 2012; Bres-
tic et al. 2016; Tikkanen et al. 2014).

The energy partition analysis is important because it
reveals the destination of the incident energy and allows
us to differentiate photochemical and dissipation processes
from photoinhibition processes (Zivcak et al. 2015, 2018).
An interesting aspect of the study of energy partitioning by
quantifying the quantum yield is that the sum of the returns
is equal to 1 (Demmig-Adams et al. 1996; Kramer et al.
2004; Hendrickson et al. 2005). Therefore, each return rep-
resents a fraction of the light energy use in each process and
their values can be directly compared. The energy partition-
ing analysis is complemented by the quantification of maxi-
mum quantum yield in light (®p,) and darkness (@pgyypo)
and by the determination of the proportion of open reaction
center in PSII (qL). @y, and Ppgy,, describe the stability
and maximum capacity of PSII, respectively, while qL helps
to understand the causes of differences in the quantum yield
(Kramer et al. 2004; Kasajima et al. 2009; Lazar 2015).

Different light environments generate changes in photo-
synthesis due to differential responses of pigments to the
wavelength spectrum. In addition, these different environ-
ments affect the photosystems’ balance (Hogewoning et al.
2012) by modifying the quantum yield (Walters and Horton
1995) and LUE at plant and photosynthesis-apparatus levels
(Evans 1987, 1996; Murchie and Horton 1998; Sinclair and
Muchow 1999; Wagner et al. 2008; Terashima et al. 2009;
Yamazaki 2010, Su et al. 2014; Ware et al. 2015). Establish-
ing light intensity treatments is relatively simple since it is
achieved by reducing irradiance through meshes of variable
density (Murchie et al. 2002). However, specific spectral-
quality treatments require working under fine controlled con-
ditions. In that regard, artificial light-emitting diode (LED)
systems allow different spectral combinations or light envi-
ronments with variable light intensities. Thereby, the use
of LEDs allows us to study the effects of the light-regime
components on energy conversion processes (Nelson et al.
2005; Morrow 2008; Nelson and Bugbee 2014, 2015; Kozai
2013; Kozai et al. 2016).

Rice (Oryza sativa L.) is the main food source for nearly
half the world’s population, and its demand for 2050 is
expected to increase by nearly 30% over the production
levels of 2005-2007 (Alexandratos and Bruinsma 2012).
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One of the main limitations of rice yield in regions of high
productive performance is the LUE. The genetic diversity
of rice is high, and selective breeding for LUE to improve
its yield potential is very important (Yin and Struik 2017)
and has been achieved by different authors (Murchie et al.
1999; Horton 2000; Zhu et al. 2008; Long et al. 2006; Hub-
bart et al. 2007; Liu and Sun 2013). Several works show the
effect of the light environment on LUE and the acclimatiza-
tion of the photosynthetic response of rice (Murchie and
Horton 1997, 1998; Murchie et al. 2002; Yamazaki et al.
1999; Yamazaki 2010). However, studies relating the effect
of light quality on LUE or photosynthesis are scarce (Mat-
suda et al. 2004, 2008; Yamazaki 2010). On the other hand,
works focused on the effect of light quality generally do
not reach adequate levels of irradiance (Wang et al. 2009;
Berkovich et al. 2017).

The aim of this study was to analyze the cultivar depend-
ence regarding LUE at whole-plant and photosynthetic appa-
ratus levels in rice. In order to measure LUE at the photosyn-
thetic apparatus level, energy partitioning was determined
through the photochemical and non-photochemical quantum
yield. The strategy used to analyze LUE in rice cultivars was
the comparison of four rice cultivars in four light environ-
ments, differing on light quality and quantity. Rice cultivars
were selected considering differences in subspecies, crop
cycle, and average yield. In addition, we had to develop two
in-house light systems to generate the light environments.

Materials and methods

Plant materials, growth conditions,
and experimental design

Two cultivars of O. sativa indica subspecies (El Paso 144
and INIA Olimar) and two cultivars of O. sativa tropical
Jjaponica subspecies (INIA Parao and INIA Tacuari), sup-
plied by INIA’s Rice Breeding Program, were grown in a
custom-built growth room. They were maintained at 25 °C,
50-60% RH, and a 12/12-h dark/light cycle. Seeds were
pre-germinated and selected by their uniformity in seedling
development. One seedling was transferred to an individual
cylinder pot of 850 mL. Growing shelves had a surface area
of 0.5 m? (0.5 mx 1 m) and pots were 0.06 m in diame-
ter X 0.45 m high, arranged with 0.1 m of separation between
the centers of each pot (Supplementary Fig. S1).

Plants were grown in sand:vermiculite (1:1) and
watered with Yoshida medium (Yoshida et al. 1976) every
3 days. Each pot represented one replication. There were
three replications per treatment. A completely random
design was applied for each assay. Analyses were per-
formed on the newest expanded leaf in V5 stage (Counce
et al. 2000). According to the author, this stage is defined

as collar formation on leaf five of the main stem. Pots were
arranged in such a way as to minimize the superposition
of leaves in order to achieve a uniform incidence of light
(Supplementary Fig. S1).

To measure LUE at the whole-plant level, the entire
aerial part (five leaves) was harvested at the end of the
growth period. All cultivars showed the same phenological
state during the evaluated growth period.

Light treatments: photon flux density and spectral
quality

To establish different light treatments, two light systems
were built based on LED source lamps. These systems can
control the quantity and quality of light. One of the sys-
tems (Light System I) was designed using white and blue
LED lights which permit a radiation emission covering
the entire PAR spectral range from 400 to 700 nm. The
second light system (Light System II) was built using seven
single-color LED light lamps. This system allowed us to
decompose the spectrum in seven bands ranging from 400
to 700 nm. In this study, we only used bands of 400 and
700 nm. For both systems, the quantification of light-radi-
ation intensities was established on the 400-700 nm range.
For this purpose, the PAR spectral ranges were divided in
three bands of 100 nm each (400-500 nm, 500-600 nm,
and 600-700 nm).

The photoperiod described in materials and methods con-
sisted of 12 h of light with an increment of the radiation in
the first 6 h and a decrease in the radiation in the follow-
ing 6 h. The levels and kinetics of radiation increase and
decrease were set using as reference the measured levels of
a sunny day of October in the geographical region of rice
cultivation in Uruguay (33°13'51"S 54°22'56"W).

The spectrum and intensity of different light treatments
were measured using a spectroradiometer (USB2000 + spec-
trometer, Ocean Optics, Duiven, The Netherlands) which
was calibrated against a standard light source supplied by
the equipment. The sensor of spectroradiometer was located
where the closer leaf was, at 30 cm from the center of the
light source. The mobility of the lighting systems allowed us
to keep this distance during the entire plant-growth period.
Spectroradiometer measures were registered as power by
unit of area (uW nm™! cm™2). However, since LUE was
measured as energy received by unit of area in a time inter-
val (MJ m~2 d7!), the spectroradiometer measurements in
uW nm~! cm~2 were converted to MJ m™ d~! as described
in Supplementary Fig. S2.

On the other hand, for the determination of PPFD, the
spectroradiometer measures in yW nm~!' cm™>

cm™ - were con-
verted to umol m~2 s~! as described in Supplementary
Fig. S2.

@ Springer



54

Photosynthesis Research (2019) 140:51-63

Light-use efficiency measurements

Light-use efficiency was calculated as a ratio of the dif-
ference in the biomass of leaves between two consecutive
harvests (B) divided by the total PAR incident irradiance
(PAR,, ) in the respective period (Gitelson and Gamon

mnc

2015):
LUE = B/PAR,

nc?

where LUE is measured in g MJ~!, B is the difference of
dry weight at final harvest and initial harvest expressed in
g m~2, and PAR;,, is the incident radiation during all growth

period (MJ m~2).

Energy partitioning: quenching and relaxation
analyses

The quantification of energy partition in PSII was deter-
mined by the quantum yield of three de-excitation pro-
cesses using the chlorophyll’s fluorescence parameters. A

quenching analysis (light-adapted plants) was performed for
this purpose, followed by a relaxation analysis (dark-adapted
plants after light period) of PSII as proposed by Kasajima
et al. (2009) and revised by Lazar (2015) (Fig. 1a).

This analysis is based on the idea that the sum of all the
dissipative processes of the energy absorbed by PSII is equal
to 1 (Demmig-Adams et al. 1996; Kramer et al. 2004; Hen-
drickson et al. 2004; Logan et al. 2014):

Dpgi + Prpg + Prvo = 1,

where @pg); is the quantum yield of PSII, ®yp, is the non-
photochemical quenching, and @y, is the quantum yield of
constitutive non-regulatory (basal or dark) non-photochem-
ical dissipation processes.

The quenching analysis of ®@pg; was calculated as Eq. [1]
(Fig. 1b), (Genty et al. 1989; Baker 2008). ®ypq and Py
were calculated as Eq. [2] and [5], respectively (Fig. 1b)
(Hendrickson et al. 2004; Klughammer and Schreiber 2008).
In the relaxation analysis of PSII, the quantum yields of
the fast and slow components of the non-photochemical

Fig. 1 Fluorescence quenching a
analysis followed by a relaxa-
tion analysis using modulated
fluorescence. a A dark-adapted
leaf is exposed to white actinic
light (AL). Blue up and down
arrows indicate that light is
turned on or off, respectively.
Red arrows indicate the posi-
tion of saturating pulses (SP).
Double head arrow indicates
far red-light pulse (FR). F, F',,
and F”  represent minimum
fluorescence in dark, light, and
recovery phases, respectively.
F(t) is the actual fluorescence
for light-adapted states in the
time t; ' and F'  represent
maximum fluorescence in dark
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quenching @ypgp,s and Pypoqow Were calculated as Eq. [3]
and Eq. [4], respectively (Fig. 1b) (Kasajima et al. 2009).

Fluorescence traces were obtained in vivo using a PAM
Chl fluorometer (FMS1, Hansatech, King’s Lynn, UK) after
dark adaptation for 45 min at room temperature. White
actinic light of 778 umol m~2 s~! was used during the adap-
tation to the light period. These measurements were made
for the last completely expanded leaf (in the V5 stage, with
a thickness of approximately 1 cm). Fluorescence measure-
ment conditions were the same as plant-growth conditions.

The maximal quantum yield of PSII photochemistry for
a dark-adapted state, @p,, was calculated as (Kitajima and
Butler 1975):

(I)P0=Fm_Fo/Fm=Fv/Fm'
The maximal quantum yield of PSII photochemistry for

the light-adapted state, Ppg;; .o Was calculated as (Oxbor-
ough and Baker 1997):

©PSILpot=F' —F /F =F'/F .

a —— HWL
= 300 — LWL
£
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& 200
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3 100
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A (nm)
C
= HBRL
300 - LBRL
E 200
~'E
=
31 100
3
m
0 | T T I T T
400 450 500 550 600 650 700
A (nm)

Fig.2 Spectral distributions and energy accumulated at different
light fluxes during a day applied to all light treatments. a Variation
of Spectral Energy Flux (EeA) under white light spectral quality in a
Low White Light (LWL) environment (841 yumol m~2 s™!) and a High
White Light (HWL) environment (1487 pmol m~2 s~!). Environments
were defined by using the maximum PPFD values (at 6 h of treat-
ment) for white light spectral quality. b Variation of light intensity
measured as Energy flux (Ee) in a 12-h cycle for LWL and HWL. ¢

The fraction of open PSII centers at the time t, gL, was
calculated as (Kasajima et al. 2009):

qL= (1/F = 1/F )/ (1/Fy—1/F ).

Determination of quantum yields in response
to extreme actinic light intensities

To measure the response of PSII under high energy offer,
we performed an experiment where the actinic light con-
sisted of 255, and 2800 pumol m~2 s~! actinic light intensi-
ties, separated by a dark recovery period of 45 min. The
light spectrum of white actinic light and the curve of light
intensity were set pursuant to the equipment manual. Details
are shown in Supplementary Fig. S3.

Statistical analysis
Differences and interactions between cultivars and light con-

ditions on the variances were tested using a two-way analysis
of variance (ANOVA). Differences among the means were

1 1 T T T T T T |
10 11 12 13 14 15 16 17 18 19
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=
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Variation of Spectral Energy Flux (Ee)) under blue-red spectral qual-
ity in Low Blue-Red Light (LBRL) (427 umol m~2 s~!) environment
and High Blue-Red Light (HBRL) (804 umol m~2 s7!) environment.
Environments were defined by using the maximum PPFD values (at
6 h of treatment) for blue-red light spectral quality. d Variation of
light intensity measured as Energy flux (Ee) for 12 h cycle for LBRL
and HBRL
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tested by orthogonal contrast analysis (P <0.05). All statisti-
cal analyses were done in R using the stats package (R Core
Team 2017). Contrast analyses were performed using the
emmeans package (Russell 2018).

Results and discussion
Light environments used in this study

Two systems of LED-based lamps were developed in this
study to evaluate the effect of light quantity and quality on
rice plant development. The use of complementary spec-
tral composition made it possible to establish four con-
trolled light environments.

Light System I generated white light environments with
a spectral-quality range from 400 to 700 nm (Fig. 2a).
In this spectral quality, two maximum incident levels of
light flux (at 6 h of treatment) were reached: 17.25 and
30.5 W m~2 (Fig. 2b). In terms of PPFD, those light environ-
ments reached a maximum of 841 and 1487 umol m~2s!,
respectively. With these light fluxes, the incident energy
accumulated throughout the period of 40-50 days was
150.4 and 285.6 MJ m~2, respectively. These two light
environments were defined as High White Light (HWL:
1487 umol m~2 s7!) and Low White Light (LWL:
841 umol m~2 s~!). HWL and LWL environments allowed us
to evaluate LUE at high and low radiation while covering the
entire spectrum of photosynthetically active radiation (PAR).

On the other hand, with Light System II it was possible to
generate a light environment with the spectral quality gener-
ated only by the 400—500 nm and 600-700 nm bands, which
cover part of the PAR radiation spectrum (Fig. 2c). In this
spectral quality, two maximum light fluxes were fixed (at
6 h of treatment): 9.14 and 17.12 W m~2 (Fig. 2d). In terms
of PPFD, the maximum were 427 and 804 umol m=2 s~/
respectively. These two light environments were defined as
High Blue-Red Light (HBRL: 804 umol m~2 s~!) and Low
Blue-Red Light (LBRL: 427 umol m~2 s~!). As with Light
System I, having two light fluxes enabled different energy
accumulation. The accumulated energy was 81.6 MJ m~2 in
LBRL and 163.2 MJ m™? in HBRL.

The decomposition of the spectral PAR in different bands
allowed us to evaluate the energetic contribution of each
band regarding the energy supplied by the total PAR radia-
tion. In this work, the blue-red light treatments of Light
System II were defined based on the energy in the blue
(400-500 nm) and red (600-700 nm) bands of the white
light spectrum of Light System I at each evaluated intensity.

From the measurements of the spectroradiometer, it was
possible to estimate that 70% of the energy radiated by
Light System I (HWL and LWL) came from the energy
in blue (400-500 nm) and red (600-700 nm) bands. This
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Fig. 3 Light-use efficiency and quantum yields of four rice cultivars
in Light System I. a LUE of four rice cultivars grown under two light
treatment, LWL Low White Light (841 umol m~2 s™!), and HWL High
White Light intensity (1487 umol m~2 s™!). b Quantum yields of four
rice cultivars grown under two light treatment, LWL and HWL. &p¢;
is the quantum yield of PSII, @yp, is the non-photochemical quench-
ing, and @y is the quantum yield of constitutive non-regulatory
(basal or dark) non-photochemical dissipation processes. Different
letters indicate significant differences by a contrasting analysis of
each cultivar under different light treatments (P <0.05)
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result is consistent with Nelson and Bugbee (2014), who
suggested a higher electrical efficiency and photon effi-
ciency in blue and red wavelengths of LED systems.

It is important to mention that in addition to the four
light environments generated for this study, the light sys-
tems developed in this work can be used to create other
light environments with light quantity and quality handled
independently.

Light-use efficiency and energy partitioning of rice
cultivars under two light intensities of a visible full
spectrum (Light System I

The values of LUE obtained in both plant-growing environ-
ments generated in Light System I (LWL and HWL) varied
from 1 to 2.5 g MJ~!, as previously reported by Sinclair and
Muchow (1999) and Mitchell et al. (1998). As it is expected,
when light intensity increases (HWL), LUE decreases. These
results are consistent with Horie and Sakuratani (1985), who
described an increase in LUE under shading conditions. This
was the case for all cultivars, except for El Paso 144, where
no significant differences were observed in both environ-
ments (Fig. 3a). Therefore, LUE is dependent on the rice
cultivar, which means light was handled differently by El
Paso 144 as compared to Parao, INIA Olimar, and INIA
Tacuari.

The quenching and relaxation of PSII were studied to
analyze the relation between LUE at the plant level and
the energy partitioning at the photochemical level. Fig-
ure 3b shows the composition of the energy partitioning
in its main components measured using an actinic light of
778 umol m~2 s~!. In a plant grown in LWL, 40-50% of
the total energy was assigned to the Pypq, while in a plant
grown in HWL, @y, was 30-40% of the total energy. While
there was no significant reduction of @yp, in Parao and INIA
Tacuari (japonica cultivars), El Paso 144 and INIA Olimar
(indica cultivars) showed a decrease in this parameter.

On the other hand, ®pg; was significantly lower in plants
grown in LWL for all cultivars except for INIA Tacuar{

(Fig. 3b). A decrease in @pg;; in plants grown at low radia-
tion was recorded for spring barley (Hordeum vulgare L.)
(Zivcak et al. 2014) and for bread wheat (Triticum aestivum
L.) (Zivcak et al. 2018).

This decrease in @pgy occurs because the incident light
energy cannot be transferred to the photochemical process
(§etlik et al. 1990; Keren et al. 1997; Nishiyama et al. 2006;
Takahashi and Murata 2005; Murata et al. 2007; Miih et al.
2012). The growth of plants in low light-intensity condi-
tions could lead to an alteration in the size and heterogeneity
of PSII (Evans 1987; Mehta et al. 2010; Hogewoning et al.
2012). Hence, the incident energy must be dissipated as heat.
In the case of El Paso 144 and INIA Olimar cultivars grown
in LWL, heat is dissipated in a regulated way (expressed
as @ypq), as opposed to an unregulated way (expressed
as @) In both environments, @y did not vary signifi-
cantly for either cultivar. Since @y is the component of
non-photochemical quenching which describes unregulated
heat dissipation, it could be an indicator of PSII damage
(Klughammer and Schreiber 2008).

In LWL, the Parao cultivar shows high ®y in relation to
the other two components (Fig. 3b). This relation changes
in HWL, where proportions are consistent with the other
three cultivars. On the other hand, Parao’s ®ypq remains
the same in both environments and @pgy; increases in HWL.
These results show that Parao is affected by low radiation
conditions.

In the case of INIA Tacuari, quantum yields do not
change significantly in both light environments, indicating
that for this cultivar energy partitioning does not change in
relation to light intensity (Fig. 3b).

It is worth noting that despite the genetic similarities,
Jjaponica cultivars had different behaviors in both light envi-
ronments. Plant growth in low radiation conditions did not
allow the development of dissipation mechanisms in Parao,
while there was no effect on INIA Tacuari. In fact, plants of
INIA Tacuari were insensitive to both light environments
generated in Light System I. Regarding indica cultivars, both
cultivars behaved in the same way. Comparing HWL and

Table 1 Parameters of the

. . Cultivars Light treatments Dark. adap Quenching analysis Relaxation analysis
quenching and relaxation
analyses in Light System I Dy, Dpsi1 pot qL DrpQ siow DpQ fast
El Paso 144 LWL 0.85a 0.68a 0.12a 0.18b 0.33a
HWL 0.87a 0.70a 0.30b 0.10a 0.28a
INIA Olimar LWL 0.87a 0.70a 0.12a 0.16b 0.35a
HWL 0.87a 0.74a 0.32b 0.10a 0.21a
Parao LWL 0.86a 0.75a 0.09a 0.18b 0.22a
HWL 0.86a 0.72a 0.39b 0.09a 0.21a
INIA Tacuari LWL 0.89a 0.78a 0.12a 0.14a 0.23a
HWL 0.89a 0.75a 0.22a 0.11a 0.27a
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LWL, &pg;; was higher in HWL while dyp, was lower and
@y remained unchanged. According to these results, while
in INIA Tacuari, El Paso 144, and INIA Olimar the surplus
energy is dissipated in a regulated way (e.g., xanthophyll
cycle), in Parao the surplus energy is not processed by the
non-harmful mechanisms of dissipation. In this work, we
demonstrated that light intensity differentially affects LUE
at the whole-plant level and the energy partitioning in all
rice cultivars.

It is important to mention that the actinic light used for
estimating quantum yield parameters in HWL and LWL
was the same (778 umol m~2s7!). Therefore, all the differ-
ences observed could be associated with a difference in the
photosynthetic apparatus generated during plant develop-
ment under two distinct light environments, and not with
an instantaneous response of PSII to changes in the inci-
dent light. Nevertheless, contrary to what is expected, we
could not find a relation between LUE at the whole-plant
level and the observed energy partitioning. This relation
was reported by Einhorn et al. (2004) and Krause et al.
(2006).

The quenching analysis of all cultivars showed no dif-
ference of @p, and Ppgy ., either for dark-adapted and
light-adapted states, in plants grown in both environments
(Table 1). On the other hand, there were differences in the
fraction of opened PSII centers (qL). In all cultivars except
INIA Tacuari, qL. was lower in LWL compared with HWL
(Table 1). This result confirms the previous finding regard-
ing the insensitiveness of the INIA Tacuari cultivar to differ-
ent light intensities of Light System I. INIA Tacuari’s pho-
tosynthetic machinery is the same in both conditions. In all
cases, qL value was consistent with the energy partitioning
expressed as quantum yield.

Table 1 shows that PSII response could be determined
by the fraction of open reaction centers instead of the maxi-
mum quantum yields. Namely, the ability to use energy
in photochemistry was not given by the maximum photo-
chemical capacity of the PSII but by the number of open
reaction centers which is dependent on the growth light
environment and the rice cultivar. The relaxation analysis
showed that @ypq,, Was lower in HWL than LWL, except
for INTA Tacuari where no change was observed. On the
other hand, @ypqy,s did not change in all cultivars and light
environments.

Dposiow Variation is associated with @yp, variation, and
therefore @ypoyon 18 the Pypg component which responds
to the difference among cultivars and light environments.
In Parao, this component represents 46% of (DNPQ, confirm-
ing the sensitivity of Parao to low radiation environments.
Dnposiow DeIng directly related to PSII damage, is an indica-
tor of photoinhibition. Photoinhibition may represent a nega-
tive regulation of the photosynthetic apparatus in response
to excess light when more light energy is harvested than
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Fig.4 Light-use efficiency and quantum yields of four rice cultivars
in Light System II. a LUE of rice plants grown under two quality
light treatments. LBRL Low Blue-Red Light (427 umol m~2 s~!) and
HBRL High Blue-Red Light (804 umol m~2 s™!). b Complementary
quantum yields. @pgy; is the quantum yield of photochemical energy
conversion and n @ypq is the quantum yield for dissipation by down-
regulation and @y is the quantum yield of other non-photochemical
losses. Different letters indicate significant differences by a contrast-
ing analysis of each cultivar under different light treatments P <0.05
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can be used by the chloroplast for the fixation of carbon
dioxide (Adams et al. 2013). The excess of light is defined
as a function of the energy flux in relation to the photosyn-
thetic apparatus development and not to the absolute value
of energy flux. In this sense, plants grown in LWL would
present a less developed photosynthetic apparatus in relation
to the available energy.

It is interesting to note that @ypoy,, Variation between
environments is inverse to qL. This is the first work which
describes the relation between qL and @ypgqoy 10 rice, not-
withstanding several studies showing the relation between
qL and Pypq (Krause and Weis 1991; Kramer et al. 2004;
Krause and Jahns 2004; Baker 2008; Kasajima et al. 2009).

Light-use efficiency and energy partitioning of rice
cultivars under two light intensities composed
by blue and red spectrum (Light System II)

In the case of light environments generated in Light System
11, the values of LUE varied from 1.7 to 2.7 g MJ~'. How-
ever, for all cultivars, there was not a significant difference
between LBRL and HBRL (Fig. 4a). Contrary to Light Sys-
tem I, the increase in light intensity did not decrease LUE.

The range of variation of LUE at the whole-plant level
was the same as for the white light environments and those
reported in the literature for rice (Mitchell et al. 1998; Sin-
clair and Muchow 1999). This result indicates that at the
whole-plant level LUE does not change with different light
quality conditions.

Analyses of different components of quantum yield
showed significant variation in INIA Tacuari and INIA Oli-
mar cultivars (Fig. 4b). An increase of @pg;; was observed in
INIA Olimar and INIA Tacuari in response to light intensity.
In the case of INIA Tacuari, the increase of &g derived
mainly from a decrease in @y, while in INIA Olimar the
increase of @pgy; derived mainly from a decrease in @ypq.
Compared to Light System I, these results show a differential
impact of light intensity on energy control of these cultivars.

As in Light System I, the quenching analysis showed no dif-
ference of @pgyy . for all cultivars in both light environments
(Table 2). However, there were differences in @p, in HBRL
for El Paso 144 and INIA Tacuari. In the case of qL, the light
treatment only had an effect in INIA Tacuari, where a higher
proportion of open reaction centers of PSII were observed in
HBRL. In all cultivars, except El Paso 144, ®@yp(, 0, 1 higher
at lower radiation due to impediments for the energy to dis-
sipate through photochemical processes (Table 2).

In INTA Olimar, changes in ®pg;; are related to the
Drpq.siow cOmponent of the Pypg; that is, the decrease in
the quantum yield of the photochemical process is due to
photoinhibition and it is not related to the fraction of open
reaction centers of the PSII (qL). On the contrary, in INIA
Tacuari, photoinhibition affects the proportion of open reac-
tion centers of the PSII (qL). As in Light System I, Parao
shows higher PSII damage under low energy flux, although
this damage did not affect @pg;;.

It is worth noting that in this light system there are no
differences at the whole-plant level between light environ-
ments and between cultivars. However, there are differences
at the photosynthetic apparatus level, evidencing an unclear
relationship between both levels of analysis.

Quantum yields under two actinic white light
intensities

In order to evaluate the dissipation processes of PSII under
increased excitation light intensities, two points of actinic
light were set with PAM (255 and 2800 umol m~2 s™1). This
analysis was only performed on plants grown in the HWL
and HBRL environments.

According to the results shown in Fig. 5, at a low level of
actinic light intensity (255 umol m~2 s™!) energy is mainly
used for phytochemical processes in all cultivars (regardless
of the subspecies to which they belong). In fact, under this
condition, approximately 70% of the energy is related to
the parameter @pg;; and harmless dissipation processes are
below 10%. When actinic light intensities increase more than

Table 2 Parameters of the

. . Cultivars Light treatments Dark.adap Quenching analysis Relaxation analysis
quenching and relaxation
analyses in Light System II Dp, Dpsir pot qL DrpQ stow DpQ fast
El Paso 144 LBRL 0.86a 0.73a 0.12a 0.15a 0.27a
HBRL 0.88b 0.73a 0.16a 0.10a 0.35a
INIA Olimar LBRL 0.86a 0.71a 0.08a 0.20b 0.28a
HBRL 0.87a 0.76a 0.15a 0.08a 0.27a
Parao LBRL 0.88a 0.76 a 0.09 a 0.19b 0.25a
HBRL 0.88a 0.78a 0.11a 0.07a 0.30a
INIA Tacuarf LBRL 0.86a 0.75a 0.09a 0.19b 0.22a
HBRL 0.89b 0.75a 0.25b 0.08a 0.28a

@ Springer



60

Photosynthesis Research (2019) 140:51-63

a 1.0

0.8
=
.0 0.6
=
g
2
E oal
&

0.2

0.0

HWLHBRL 'HWL HBRL HWLHBRL HWL HBRL
255 PPFD 2800 PPFD 255 PPFD 2800 PPFD
El Paso 144 Olimar

b 1.0 1

0.8
=
.0 0.6
=
g
2
g 0.4
50

0.2

0.0

HWLHBRL 'HWL HBRL HWLHBRL 'HWL HBRL
255 PPFD 2800 PPFD 255 PPFD 2800 PPFD
Parao Tacuari

(P OPnposiow MPnporast MPps

Fig.5 Quantum yields in response to extreme actinic light intensities.
a Indica rice cultivars grown under high irradiation conditions and b
Jjaponica rice cultivars grown under high irradiation conditions. HWL
means high white light and HBRL means high blue-red light. &gy
is the quantum yield of photochemical energy conversion; @ypqpy
is the quantum yield of fast-relaxing non-photochemical quenching;
Dyposiow 18 the quantum yield of slow-relaxing non-photochemical
quenching and @y, is the quantum yield of other non-photochemical
losses. All quantum yield parameters were calculated using equations
described in Fig. 1

tenfold (2800 umol m~2 s71), energy is mostly dissipated
through harmless mechanisms such as @ypqy,- This param-
eter explains the destination of 40% of the energy under said
condition. Interestingly, this response is not affected by the
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quality neither by the quantity of the light to which the plants
were subjected during their growth period. In addition, the
basal dissipation mechanisms are among 15-20% in both
actinic light intensity conditions. These results are consistent
with those reported by Ishida et al. (2011).

This experiment shows the relevance of the actinic light
intensities in which the photochemical process is being eval-
uated. Extreme actinic light intensities make it impossible
to observe differences among light environments or among
cultivars.

Conclusions

Light-use efficiency values found in this study are very simi-
lar to those reported in the literature. In all the analyzed rice
cultivars, the decrease in LUE in relation to light intensity
depends on the light spectral quality. On the other hand, LUE
is different among the analyzed cultivars in different environ-
ments. These differences present opportunities to select for
breeding programs those cultivars that are more efficient in
the use of light.

At the level of the photosynthetic apparatus, it was observed
that both the growth light environment and the cultivar condi-
tion the partition of energy in the PSIL. In white light envi-
ronments, low levels of energy increase the damage of PSII
and lead to a decrease in photochemical processes due to the
closure of the reaction centers. The rice cultivars evaluated
in this study are sensitive to low levels of radiation. In this
regard, Parao proved to be the cultivar most affected by low
light energy. In contrast, quantum yields in INIA Tacuari are
independent of the amount of incident energy.

Energy partition in PSII depends on the energy levels and
spectral quality. Doubling the irradiance energy in blue and red
environments does not generate the same response as doubling
the energy in white environments. In this sense, considering
the intensity of the actinic light when evaluating the energy
partition is crucial to finding differential responses among
cultivars.
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3.1.1 Material suplementario

El material suplementario del articulo precedente se encuentra en el siguiente

enlace: https://link.springer.com/article/10.1007%2Fs11120-018-0605-x
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4. CAPITULO 1V: IDENTIFICACION DE REGIONES DEL GENOMA
ASOCIADOS CON LA PARTICION DE LA ENERGIA EN LA FOTOSINTESIS

En este articulo utilizamos una estrategia de mapeo asociativo de genoma
completo (GWAS) para de identificacion de loci (QTL) asociados a rasgos de particion
de energia durante la fase fotoquimica de la fotosintesis. Ademas en este trabajo,
establecimos una estrategia analitica para la definicion cuantitativa de la calidad
espectral de la luz actinica incidente con la cual realizamos las mediciones de particion
de energia en el fotosistema I1. Para generar el ambiente luminico en el cual crecieron
las plantas se utilizo el sistema en base LED de luz blanca desarrollado en Quero et al.
(2019) (ver capitulo Il de esta tesis). Las condiciones de temperatura, humedad,
intensidad y la calidad espectral de la luz (ambiente HWL) utilizada para evaluar la
poblacion de mapeo se describe en Quero et al. (2019) (ver capitulo Il de esta tesis).

Como poblacion de mapeo para el analisis de GWAS se utilizd una sub-
muestra de 152 lineas de las 324 lineas de subgrupo indica evaluadas para rasgos de
calidad en Quero et al. (2018) (ver capitulo 11l de esta tesis). Para el analisis de la
estructura genética de la poblacion y para el analisis de GWAS se utilizaron los

algoritmos y paquetes de R desarrollados en Quero et al. (2018).

La estrategia experimental y analitica utilizada en este trabajo permitid, a traves
de una estrategia de GWAS, identificar genes asociados a los principales parametros
que definen el rendimiento cuantico del PSII en arroz. Nuestro trabajo muestra la
asociacion entre los complejos antena de los fotosistema y el rendimiento cuantico
potencial del PSII, asi como la relacion de regiones que codifican para proteinas
vinculadas con PSI en las distribucion de energia durante el proceso fotoquimico de la
fotosintesis. Mas estudios son necesarios para establecer claramente el mecanismo de
accion de la calidad espectral de la luz sobre el PSI y como esto define la particion de

energia del PSII.
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4.1 GENETIC ARCHITECTURE OF PHOTOSYNTHESIS ENERGY
PARTITIONING AS REVEALED BY A GENOME-WIDE ASSOCIATION
APPROACH
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Abstract

The photosynthesis process is determined by the intensity level and spectral quality of the light; therefore, leaves need to
adapt to a changing environment. The incident energy absorbed can exceed the sink capability of the photosystems, and, in
this context, photoinhibition may occur in both photosystem II (PSII) and photosystem I (PSI). Quantum yield parameters
analyses reveal how the energy is managed. These parameters are genotype-dependent, and this genotypic variability is a
good opportunity to apply mapping association strategies to identify genomic regions associated with photosynthesis energy
partitioning. An experimental and mathematical approach is proposed for the determination of an index which estimates
the energy per photon flux for each spectral bandwidth (A,) of the light incident (QI index). Based on the QI, the spectral
quality of the plant growth, environmental lighting, and the actinic light of PAM were quantitatively very similar which
allowed an accurate phenotyping strategy of a rice population. A total of 143 genomic single regions associated with at least
one trait of chlorophyll fluorescence were identified. Moreover, chromosome 5 gathers most of these regions indicating the
importance of this chromosome in the genetic regulation of the photochemistry process. Through a GWAS strategy, 32 genes
of rice genome associated with the main parameters of the photochemistry process of photosynthesis in rice were identified.
Association between light-harvesting complexes and the potential quantum yield of PSII, as well as the relationship between
coding regions for PSI-linked proteins in energy distribution during the photochemical process of photosynthesis is analyzed.

Keywords Actinic light - Candidate genes - GWAS - Quantum yields

Introduction

The photosynthesis process is determined by the intensity
level and spectral quality of the light (Jones and Kok 1966;
McCree 1971; Allakhverdiev and Murata 2004; Zavafer
et al. 2015b; Landi et al. 2020). Both parameters, jointly
referred to as light environment, determine the energy con-
version processes in plant cells (DeLucia et al. 1996; Camp-
bell and Norman 1998; Murata et al. 2007; Nobel 2009;
Brodersen and Vogelmann 2010; Smith et al. 2017). If the
energy absorbed exceeds the sink capability of the photo-
systems, photoinhibition may occur in both photosystem II
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(PSII) and photosystem I (PSI) (Klimov et al. 1990; Allakh-
verdiev et al. 2003; Allakhverdiev and Murata 2004; Hakala
et al. 2005; Miyake et al. 2009; Miih et al. 2012; Campbell
and Tyystjarvi 2012; Murata et al. 2012; Derks et al. 2015).

In addition, as mentioned by Quero et al. (2019), pho-
toinhibition is the result of different variables, such as the
inactivation and repair rate of PSII and PSI (Allakhverdiev
et al. 2005, 2007; Murata et al. 2007), the size and hetero-
geneity of PSII (Mehta et al. 2010; Albanese et al. 2016),
the cyclic flow of electrons through PSI (Nishiyama et al.
2011; Murata and Nishiyama 2017), and the PSII-PSI rela-
tion (Tikkanen and Aro 2012; Tikkanen et al. 2014; Brestic
et al. 2016).

On the other hand, photoinhibition is wavelength-depend-
ent (Jones and Kok 1966; Ohnishi et al. 2005; Terashima
et al. 2009; Takahashi et al. 2010; Vass 2012; Schreiber
et al. 2012; Schreiber and Klughammer 2013; Zavafer et al.
2015b, 2017; Lysenko et al. 2018). The absorption of light
by the manganese in the oxygen-evolving complex (OEC)
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induces photoinhibition processes (Takahashi et al. 2010;
Schreiber and Klughammer 2013; He et al. 2015; Zavafer
et al. 2015a). The effect on manganese cluster is associated
with the light spectral quality (Hakala et al. 2005; Oguchi
et al. 2011a, b; Zavafer et al. 2017).

The effect of photoinhibitory processes in PSII could
be measured through the determination of the PSII energy
partitioning (Lazar 2015), revealing the destination of the
incident energy and allowing the differentiation of pho-
tochemical and dissipation processes (Zivcak et al. 2015,
2018; Quero et al. 2019). Energy partitioning is estimated
by quantum yield parameters (Dall’Osto et al. 2015). One
way of measuring quantum yield parameters is through the
determination of chlorophyll fluorescence emission in PSII
(Genty et al. 1989; Baker 2008; Klughammer and Schereiber
2008; Lazar 2015). Chlorophyll emission can be determined
using the pulse amplitude modulation (PAM) technique
(Kalaji et al. 2014, 2017; Goltsev et al. 2016).

The following quantum yield parameters can be esti-
mated: (i) the quantum yields of PSII (®pg)), (ii) the quan-
tum yields of non-photochemical quenching (®ypg), and (iii)
the quantum yields of the basal energy dissipation (®y).
@pgp 1s directly related to the rate of electron transfer in
PSII toward biochemical processes, @p, reflects the quan-
tum yield of regulatory light-induced non-photochemical
quenching, and @y, reflects the quantum yield of consti-
tutive non-regulatory (basal or dark) non-photochemical
energy dissipation processes (Genty et al. 1989; Krause and
Jahns 2003; Kramer et al. 2004; Hendrickson et al. 2005;
Klughammer and Schreiber 2008; Ahn et al. 2009; Kasa-
jima et al. 2009; Chen et al. 2012; Brestic et al. 2016). The
energy partitioning analysis is complemented by the quan-
tification of maximum quantum yield in darkness (®p,) and
in light (®pgyy,e), and the determination of the proportion
of open reaction center at the time t in PSII (qL) (Kasajima
et al. 2009) and coefficient of photochemical quenching
based on the ‘‘puddle’” model (qP) (Zivcak et al. 2014).
®p,, and Dpgyyp,, describe the stability and maximum capac-
ity of PSII in darkness and in light, respectively, while qL
and qP helps to understand the causes of differences in the
quantum yield (Kramer et al. 2004; Kasajima et al. 2009;
Lazar 2015). In addition to the indirect parameters men-
tioned above, the inclusion of direct fluorescence parameters
complements the analysis of PSII energy partitioning. These
direct parameters, such as F, and F’ , represent minimal
fluorescence from dark- and light-adapted leaf, respectively
(Baker 2008); F, is the actual fluorescence for light-adapted
states in ¢ (time) (Lazéar 2015); F,, and F'_, represent maxi-
mal fluorescence from dark- and light-adapted leaf, respec-
tively (Baker 2008). Considering the effect of light on pho-
toinhibition, and therefore on quantum yield parameters,
it is critical when evaluating photosynthesis processes to
know the photosynthetic photon flux density (PPFD) and
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spectral quality of the environmental lighting wherein the
plants grow and the actinic light is used in chlorophyll fluo-
rescence determination (Pfiindel et al. 2008; Oguchi et al.
2011a, b; Schreiber and Klughammer 2013; Kalaji et al.
2014; Laisk et al. 2014; He et al. 2015; Zavafer et al. 2015b;
Lysenko et al. 2018; Pfiindel et al. 2018; Su 2019; Zheng
et al. 2019). Chlorophyll fluorescence studies can only be
compared when using the same actinic light during the pro-
cess. According to Oguchi et al. (2011a), the light spectral
quality used for fluorescence studies can lead to an over- or
underestimation of the chlorophyll fluorescence parameters.
Thus, the results are dependent on the experimental method
(Terashima et al 2009; He et al. 2015; Zavafer et al 2015b).
Currently, conventional fluorometers for the application of
PAM techniques are equipped with monochromatic actinic
light or white actinic light (Schreiber and Klughammer
2013; Kalaji et al. 2014, 2017). In general, studies that use
monochromatic equipment quantitatively report both PPFD
and spectral quality levels (Oguchi et al. 201 1a, b; Schreiber
and Klughammer 2013; Hamdani et al. 2019; Zheng et al.
2019; Schreiber et al. 2019). However, in those studies
using equipment that emit white actinic light, PPFD can be
described quantitatively, but spectral distribution can only
be described qualitatively in a specific spectral range (vis-
ible or white light) (Havurinne and Tyystjidrvi 2017; Quero
et al. 2019). This is a problem since the same PPFD of white
light can be generated by different spectral compositions
between 400 and 700 nm (approx.) (Sager and McFarlane
1997, Terashima et al. 2009; Zavafer et al 2015b). For this
reason, it is necessary to quantitatively describe the spectral
quality of the white actinic light used in the chlorophyll fluo-
rescence emission studies.

As reported by Quero et al. (2019) in rice (Oryza
sativa L.), the quantum yield parameters are genotype-
dependent. Therefore, diverse populations can be used
to identify the regions responsible for the quantum yield
parameters. Genome-wide association studies (GWAS)
have successfully identified genomic regions associated
with complex traits in rice using diverse genotypic panels
or breeding populations with narrow variability (Kraak-
man et al. 2004; Gore et al. 2009; Bergelson and Roux
2010; Huang et al. 2010, 2012; Famoso et al. 2011; Zhao
et al. 2011; Chen et al. 2014; McCouch et al. 2016; Zhu
et al. 2016; Quero et al. 2018). Furthermore, QTL and
candidate genes associated with chlorophyll fluorescence
parameters and photoinhibition have been identified in
several spp. through GWAS (Hao et al. 2012; Ortiz et al.
2017; Herritt et al. 2018; Rapacz et al. 2019). QTL and
candidate genes associated with ®yp, were identified in
rice using biparental populations (Gu et al. 2012; Hu et al.
2009; Kasajima et al. 2011). Moreover, Gu et al. (2012)
and Hu et al. (2009) found QTL in association with ®pqy
and chlorophyll fluorescence parameters, respectively.
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Recently, Wang et al. (2017), using a combination of
GWAS and biparental populations, identified genes that
regulate photoprotection mechanisms in rice.

The aim of this study was to identify genomic regions
and candidate genes related with the energy partitioning
process through the association among genotypic vari-
ability and direct and indirect chlorophyll fluorescence
parameters in a rice breeding population. To achieve the
objective and to allow for the comparison with other map-
ping studies, a quantitative description of the actinic light
spectral quality of chlorophyll fluorescence is proposed.

Materials and methods
Plant materials

A total of 154 genotypes from the National Rice Breed-
ing Program Population (hereinafter Rice population) of
the National Institute of Agricultural Research (INIA)
were used as GWAS population. The evaluated population
included 152 advanced inbred lines and two cultivars of
indica subspecies: El Paso 144 (Yan et al. 2007) and INTA
Olimar (Blanco et al. 2004).

Seeds were pre-germinated and selected by uniformity
in seedling development. After 5 days, one seedling was
transferred to an individual cylinder pot of 850 ml. Plants
were grown in a custom-built growth room at 25 °C,
50-60% RH and a 12/12 h darkness/light cycle.

Experimental design

Plants were grown in sand:vermiculite (1:1) and watered
with Yoshida medium (Yoshida et al. 1976) every three days.
To phenotype all rice advanced inbred line, three assays
were performed using a partially replicated design (PREP)
(Cullis et al. 2006), with replicated genotypes arranged in all
alpha resoluble incomplete block design with four checks.
In each assay, three advanced inbred lines and four checks
were evaluated with three replications, while all remaining
lines were evaluated with only one replication per assay.
Each pot containing one plant represented one experimen-
tal unit or replicate. Pots were arranged in such a way as to
minimize the superposition of leaves to achieve a uniform
incidence of light (ESM_1). Analyses were performed on the
newest expanded leaf in the V5 stage (Counce et al. 2000)
(ESM_1). According to the author, this stage is defined as
collar formation on leaf 5 of the main stem. Conditions dur-
ing fluorescence measurement are identical to plant growing
conditions. All the advance inbred lines showed the same
phenological state during the evaluated growth period.

Light environment

Environmental lighting wherein the plants were grown was
generated by a light system based on LED source (Quero
et al. 2019). The system was designed using white and blue
LED lights which allow a radiation emission with the spec-
tral quality range from 400 to 700 nm (Fig. 1a), also the sys-
tem control quantity and quality of light. Maximum PPFD

with this spectral quality was 1427 pmol photons m™2 s~

a b
350 AA PPFD E. QI Ql
(m)  (umolm-2s-1)  (Im2s-l) (@pmol-l) %
3007 Ay 1.93 0.55 029 214
2501 Ay 341.64 87.64 0.26 19.1
200 Ay 240.70 54.64 0.23 16.7
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Fig.1 Light environment: photon flux density and spectral quality.
a Spectral energy flux (1427.1 umol photons m=2 s7!) of light envi-
ronment emitted by light system, based on LED source. E, is the
spectral energy flux. b Quantification of energy in each spectral band-
width. A is the specific wavelength. A, is 4; — 4, A, (400-425), A,

(425-490), A, (490-560), A, (560-585), A, (585-640), A, (640
700), E, is energy flux, PPFD is photosynthetic photon flux density,
QI=E, PPFD! is energy by photon flux density or the percentage of
E, PPFD™! among the total
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reached at “noon”. The photoperiod described previously
consisted of 12 h of light with an increment of the radiation
in the first 6 h and a decrease in the radiation in the next 6 h.
Level and kinetic of increase and decrease of radiation were
settled using as reference the measured levels of a sunny day
of October in the geographical region of rice cultivation in
Uruguay (33° 13’ 51" S 54° 22' 56" W).

Quantitative description of spectral quality
of incident light

Light environment: photon flux density and spectral quality

The spectrum and intensity of light environment were
measured using a spectroradiometer (USB2000 + spec-
trometer, Ocean Optics, Duiven, The Netherlands) which
was calibrated against a standard light source supplied by
the equipment. The sensor of spectroradiometer was local-
ized at 30 cm from the center of the light source, where the
closer leaf is (ESM_1). Spectroradiometer measures were
registered as spectral energy flux (E,,), quantified as power
by a unit of area (WW nm~! cm™). Estimation of energy
flux (E,) and photosynthetic photon flux density (PPFD) in
each spectral bandwidths (A,) was performed by numerical
integration.

The integration analysis allowed the estimation of £, in
each specific wavelength in the complete interval of visible
light spectrum (400-740 nm) (Fig. 1). The spectral band-
widths (A,) were defined as described by Nobel (2009).
Calculation of E, and PPFD values for each A and the unit
conversion is describe in details in Supplementary Material
(ESM_2).

Actinic light: photon flux density and spectral quality

The photon flux density and spectral quality of the white
actinic light emitted by the PAM Chlorophyll fluorometer
(FMS1, Hansatech, King’s Lynn, UK) was performed as is
described for Light environment. The sensor of the spec-
troradiometer was located at the end of the PAM’s optic
fiber, such as the leaf’s adaxial surface when performing
measurements (ESM_3). Spectroradiometer measures were
registered as spectral energy flux (E,), quantified as power
by a unit of area (WW nm~! cm~2). Unlike the strategy used
in the analysis of environmental lighting, in this case first, a
non-lineal squares adjustment was performed with the data
of the spectroradiometer which generated the function f(4)
(ESM_2).

The function f(A) was used to model E, in the com-
plete interval of visible light spectrum of PAM Chlorophyll
fluorimeter utilized (Fig. 2a). Integration of f(4) gives us
an estimation of E, in each wavelength (A)) in the interval
between 400 and 740 nm. The spectral bandwidths (A ) were
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defined as described by Nobel (2009). Estimation of energy
flux (E,) and photosynthetic photon flux density (PPFD) in
each spectral bandwidth (A ;) was performed by analytically
integrating the function, f(4), mentioned above (ESM_2).

With the main goal being the full characterization of the
light spectrum in each wavelength interval of both light
sources, QI is proposed as an index by establishing the ratio
between E,; and PPFD; (QI=E,; PPFD,;™"). Two main fea-
tures are fully condensed in the QI index, namely the number
of photons and their associated energy. We can observe from
Figs. 1b and 2b that different values from this coefficient
are computed for each wavelength interval and, the rela-
tive contribution (in percentage) to the total energy is also
provided. A comparison of the values of these coefficients
and the shape of the irradiance curve (Figs. la, 2a) clearly
show in detail the energy available in any portion of the
light spectrum.

Phenotyping of Rice population
Chlorophyll fluorescence parameters

The Rice population was phenotyped for direct chlorophyll
fluorescence parameters, such as F, F', F,, Fyand F',.. F,
and F’  represent Minimal fluorescence from dark- and light-
adapted leaf, respectively (Baker 2008); F, is the actual fluo-
rescence for light-adapted states in the time ¢ (Lazar 2015);
F,, and F'_ represent Maximal fluorescence from dark- and
light-adapted leaf, respectively (Baker 2008).

Fluorescence parameter was obtained in vivo using a
PAM Chlorophyll fluorometer (FMS1, Hansatech, King’s
Lynn, UK) after 45 min of dark adaptation at room tem-
perature (ESM_1). A defined spectrum actinic light of
1503 umol m™ s™! was used during the period of adaptation
to light (200 s). For F,,, and F", determination, a saturating
pulse light of 9200 umol photons m~2 s~! was used.

The maximal quantum yield of PSII photochemistry for a
dark-adapted state, @p,, was calculated as follows(Kitajima
and Butler 1975):

Op, = Fp,—F,F,' = FF;!

The maximal quantum yield of PSII photochemis-
try for the light-adapted state, ®pgy,,, Was calculated as
follows(Oxborough and Baker 1997):

Dpsiipor = FI/n - F:)F;:] = F:/F;Vl_l

The fraction of open PSII centers at the time ¢, qL, was
calculated as follows(Kasajima et al. 2009):
gL=F'—F"F'-F !

m
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Fig.2 Spectrum actinic light used for fluorescence quenching analy-
sis. a Spectral energy flux (1503 umol photons m~2 s71) of a defined
spectrum actinic light (DSAL) emitted by the pulse amplitude modu-
lation (PAM) Chlorophyll fluorometer. E,, is the spectral energy flux;
f () is the function used to quantify E, in each spectral bandwidth. b
Quantification of energy in each spectral bandwidth. 1 is the specific
wavelength. Al is 4; — 4, 4, (400—425) A 1 (425-490), A " (490—
560), A, (560- 585) A (585 640), A, (640—740) E, is energy
flux, PPFD is photosynthetlc photon flux dens1ty, QI=E, PPFD

energy by photon flux density or the percentage of E, PPFD among
the total. ¢ Fluorescence quenching analysis using modulated fluo-
rescence. A dark-adapted leaf is exposed to a DSAL. Blue up and

The coefficient of photochemical quenching (qP) was cal-
culated as follows(Zivcak et al. 2014):

® = (F,~F)(F,~F,)"

down arrows indicate that light is turned on or off, respectively. Red
arrows indicate the position of saturating pulses (SP). A double head
arrow indicates far red light pulse (FR). F,, and F'; represent Mini-
mal fluorescence from dark- and light-adapted leaf, respectively; F, is
the actual fluorescence for light-adapted states in the time #; F,, and
F', represent Maximal fluorescence from dark- and light-adapted
leaf, respectively. The relationship between quantum yields and deter-
mining equations is shown on the right. ®pgy; is the quantum yield
of PSII, ®ypq is the quantum yield of non-photochemical quenching,
and @y is the quantum yield of constitutive non-regulatory (basal or
dark) non-photochemical dissipation processes

Energy partitioning: quenching analyses
Quantification of energy partition in the PSII was determined

by the quantum yield of three de-excitation processes using
the chlorophyll fluorescence parameters. For this objective,
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a quenching analysis (light-adapted plants) was performed
(Fig. 2¢). In this analysis, all process of energy absorbed by
PSII are equal to 1 (Demmig-Adams et al. 1996; Kramer
et al. 2004; Hendrickson et al. 2004; Logan et al. 2014):

D@psip + Prpg + Pro = 1

where @pg; is the quantum yields of PSIL, ®yp, is the quan-
tum yields of non-photochemical quenching, and @y, is the
quantum yield of constitutive non-regulatory (basal or dark)
non-photochemical dissipation processes. The quenching
analysis of ®pq; was calculated as Eq. 1 (Fig. 2¢) (Genty
et al. 1989; Baker 2008). ®@\p, and Py were calculated as
Eqgs. 2 and 3, respectively (Fig. 2c) (Hendrickson et al. 2004;
Klughammer and Schreiber 2008).

Genotyping of Rice population

The Rice population was genotyped using a Genotyping-by-
sequencing (GBS) strategy. DNA was extracted from young
leaf tissue using Qiagen DNeasy kit. DNA samples were
submitted in 96-well plates, digested with the restriction
enzyme ApeKI and pools of 96 barcoded samples libraries
were prepared using the protocol described by Elshire et al.
(2011). GBS library construction and sequencing were done
at the Biotechnology Resource Center of Cornell University.
A GA Tlumina Sequencer was used. A total of 400 Gb of
sequence data of 100 base read length (genome coverage)
of 0.6 X were obtained. Single-nucleotide polymorphisms
(SNP) were called from fastq files via the TASSEL ver-
sion 3.0 genotyping-by-sequencing pipeline (Glaubitz et al.
2014). Alignment with the Michigan State University Nip-
ponbare reference genome version 7.0 (https://rice.plant
biology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/
annotation_dbs/pseudomolecules/version_7.0/, accessed 10
august 2019) was performed with Bowtie version 2 (Lang-
mead and Salzberg 2012). To obtain the final SNP matrix,
SNPs with over 50% missing data were removed from the
analysis, as well as monomorphic SNPs and SNPs with a
minor allele frequency under 1%. A matrix of 38,272 SNPs
was used to perform the GWAS analyses.

Statistical analyses
Multivariate characterization of Rice population

To characterize the Rice population, phenotypic and geno-
typic data were analyzed according to the analytical pipeline
described in ESM_4.

The multivariate characterization of the Rice population
was accomplished by means of some exploratory analysis
and visualization tools. First, the correlation and grouping of
the photosynthesis variables was evaluated with a Principal
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Component Analysis (PCA) and a K-means clustering algo-
rithm. A PCA of all standardized photosynthesis variables
(Fos Fos Fiy Fins F'is @sii; Prpgs Prvor Pro> Pesiipor qL and
gP) was conducted using the PCA function of the Facto-
MineR (L€ et al. 2008) package in R Statistical Software (R
Core Team 2018). Photosynthesis variables were classified
in groups, based on the coordinates of the PCA, using the
k-means clustering algorithm to define the optimal number
of k-groups, using the function k-means of the stats pack-
age in R Statistical Software (R Core Team 2018). Second,
genotypes were clustered in groups based the PCA of all
the photosynthetic variables using a hierarchical clustering
algorithm (HCPC). Genotypes were grouped based on simi-
larity from the Euclidean distance using the Ward method
and the number of groups was determined by the highest
relative loss in inertia using the function HCPC of the Facto-
MineR (L€ et al. 2008) package in R Statistical Software (R
Core Team 2018). Third, genotypes were clustered in groups
based the PCA of the genotypic variables using a hierar-
chical clustering algorithm (HCPC) similar to the cluster
based on photosynthesis variables. Finally, a correspondence
analysis (CA) was performed from the contingency tables of
the HCPC analysis from genotypic and the photosynthesis
variables. The correspondence analysis was performed to
visualize the relationship between the two grouping strate-
gies (i.e., based on molecular markers and based on photo-
synthesis variables).The CA was conducted using the CA
function of the FactoMineR (L€ et al. 2008) package in R
Statistical Software (R Core Team 2018).

The total contribution (c,,) of each variable to each
dimension (Dim1 and Dim2) of the PCA analysis was cal-
culated as follows:

Crotal = (Cleigl + Czeigz) (9i81 + eigz)_l

where c; and c, are the contributions of the variable on Dim1
and Dim2, respectively, and eig, and eig, are the eigenvalues
of Dim1 and Dim1, respectively (Kassambara 2017).

Adjustment of phenotypic means

Best linear unbiased estimators (BLUES) for each advanced
inbred line were obtained with mixed models to include
experimental design components using the following model:

Yi=H+a+pi+eg;

where y; is the response variable, p is the overall mean or
intercept, a; a random variable associated with the ith assay
with a;~N (0, & A)> ﬂj is the effect of the jth advanced inbred
line, and € is the residual error with sij~N 0, 625). The
model was adjusted in the R statistical software using the
Ime4 package (Bates et al. 2015) in R Statistical Software
(R Core Team 2018). The BLUEs were estimated using the


https://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/
https://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/
https://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/

Photosynthesis Research

emmeans package (Russell 2019) in the R statistical software
(R Core Team 2018). In all cases, BLUESs were further used
as genotypic values for the GWAS analysis.

Statistical models for GWAS

The most common mixed models for GWAS were compared:
naive, kinship (Parisseaux and Bernardo 2004), and eigenvalue
(Price et al. 2006; Malosetti et al. 2007). The best model was
selected based on quantile—quantile plots (Schweder and Spjgt-
voll 1982) (ESM_5). The GWAS analysis was performed in
the R statistical software (R Core Team 2018) with the Imem.
gwaser package (Gutierrez et al. 2016).
The eigenvalue was the selected model:

y=Xp + Zu + e,

where y is the vector of phenotypic means, X is the molecu-
lar marker score matrix, § is the vector of marker allelic
effects, Z is an incidence matrix, u is the vector of polygene
background effects with Var (1) being 2QV; (Q is the matrix
of PCA scores coefficients and V; is the genetic variance),
and ¢ is the residual error vector.

For QTL determination, the marker with the highest
marker—trait association was chosen as an anchor and then,
a sliding window of 1 Mb was used to identify all significant
markers within that window. The window size was determined
according to the linkage disequilibrium (LD) decay in each
chromosome reported by Quero et al. (2018). Given the level
of genetic relatedness in Rice population, markers in close
proximity are in high LD, making it unlikely to have an iso-
lated significant SNP. The threshold level for calling signifi-
cant marker—trait associations was calculated using a p value
corrected by multiple comparisons with the Li and Ji (2005)
statistic at a 0.05 o level.

Identification of candidate genes within associated
genomic regions

The total genes located within a QTL region were manually
retrieved from the Michigan State University public gene
annotation database (https://rice.plantbiology.msu.edu/downl
oads_gad.shtml, accessed 1 July 2019). The gene ontology
annotation was used to filter photosynthesis-related genes. The
following words were used as filters in the gene ontology data-
base: photosynthesis, chloroplast, thylakoid, and chlorophyll.

Results

Strategy for the quantitative determination
of spectral quality of incident light

Experimental and mathematical approaches proposed by this
study led to the identification of QI. This index estimates
the energy per photon flux for each spectral bandwidth (4,)
of the light incident (Figs. 1, 2b). Based on QI, the spec-
tral quality of the plant growth, environmental lighting, and
the actinic light of PAM were quantitatively very similar
(Figs. 1b, 2b). In both spectra, the blue light fraction repre-
sented by the A; and A, (400425, 425-490, respectively)
represent almost the 40% of the total energy by photon flux
in all wavelength intervals; meanwhile, the red light fraction
(A Ao 640-740 nm) represent less than 15% of the total. On
the other hand, it is important to mention that in both spectra
more than 50% of the total QI in the analyzed spectral band
refers to blue light and green light fractions of visible light
(Figs. 1, 2).

Energy partitioning is variable among rice advanced
inbred lines

Of all the evaluated PSII energy partition processes, the
energy dissipation in a regulated manner was the highest,
represented as @ypq. The average value of @yp, was 0.57,
within a range of 0.44 to 0.69 (Fig. 3a). After regulated
heat dissipation, the most important energy sink were the
unregulated dissipative processes or @yq. The @y had an
average value of 0.24, with a distribution that goes from 0.12
to 0.4 (Fig. 3a). Finally, photochemical processes are those
which consume less energy in PSII, represented as ®pgyy,
with an average value of 0.19 within a range of 0.1 and 0.33
(Fig. 3a). Therefore, in this Rice population, approximately
80% of the energy that reaches the PSII is dissipated as heat
(®npg + Pro) and only 20% is used in the photochemical
processes (®Ppgyp). Nevertheless, when analyzing the quan-
tum yield values of each advanced inbred line that make up
the mapping population individually, a decrease in ®@pgy; is
not the result of the same proportional variation in ®yp in
regard to @yo. Hence, the energy partition in rice is geno-
type-dependent (Fig. 3b).

Rice population is structured at genotypic
and phenotypic level

The PCA of all fluorescence variables shows that about
72% of the variation is explained by the first two dimen-
sions (PC1 and PC2) (Fig. 4a). About 51% of the varia-
tion is explained by PC1 and about 21% of the variation is
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Fig.3 Quantum yield parameters in the Rice population. a Frequency
distribution of @pgy;, @npg, and Py in the Rice population. b Energy
partition of each advanced inbred line from the Rice population. ®pgy;

explained by PC2 (Fig. 4a). The percentages of variation for
the remaining dimensions are shown in ESM_6. The total
contribution of energy partitioning parameters of PSII to the
variation explained by PC1 and PC2 was 24%. Each parame-
ter contributes approximately 8% (@ps; =7.8%, @ypo=7.9%
and ®y,=8.3%) to the total variation. In PC1, the variables
which explain the majority percentage of the variance is
the actual fluorescence for light-adapted states in ¢ (F,). The
energy partitioning parameters of PSII with more relevance
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is the quantum yields of PSII, @yp, is the quantum yields of non-
photochemical quenching, and ®y, is the quantum yields of basal
energy dissipation

in this component is the @y (Fig. 4a and ESM_6). Respect
to PC2 the variable with more incidence on this dimension
is the @yp, (Fig. 4a and ESM_6).

The k-means clustering algorithm generated three clusters
of fluorescence variables. It is relevant to note that in each
of these clusters there is a quantum yield parameter. Cluster
1 (k,) consists of six of the twelve fluorescence parameters
evaluated (Pyo, Ppgiipor F'o For F'ry and F); cluster 2 (k)
consists of three indirect parameters (®pgy;, P and qL); and
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k,, and k; groups were obtained by a k-means clustering algorithm. b
Population structure calculated from all fluorescence parameters. ph,,
ph,, and ph; groups were obtained by hierarchical clustering on prin-

cluster 3 (k3) consists of three parameters (®ypq, Pp, and
F.).

The HCPC analysis of the photochemical variables
(HCPC o) showed that, the mapping population can be
separated into three main groups (Fig. 4b). The first group
(ph,) consists of 29 advanced inbred lines, a group 2 (ph,) of
78 advanced inbred lines and a group 3 (ph;) of 47 advanced
inbred lines. Although the overlapping of ellipses shows
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cipal component (HCPC,,.,,,). ¢ Population structure calculated from
genotypic data (molecular markers). ge,, ge,, ge;, and ge, groups
were obtained by HCPC,,,. d Correspondence analysis of the con-
tingency table between groups based on phenotype and groups based
on genotype

that some lines could belong to one cluster or another, it
is important to note that this strategy can be used to iden-
tify lines that are completely different when using all fluo-
rescence variables analyzed together. In other words, the
contrasting lines are those that are outside the intersection
zones.

The genetic structure of the Rice population was deter-
mined by PCA analysis using 38,272 SNP. About 22.9%
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of the variation is explained by the first two PC axis: (HCPC,,,) identified four main groups (Fig. 4¢). The first
16.8% of the variation is explained by the PC1 (Dim1l)  group (ge,) consists of 92 advanced inbred lines, group
and 6.1% by the PC2 (Dim?2) (Fig. 4c). The HCPC analysis 2 (ge,) of 37 advanced inbred lines, group 3 (ge;) of 21
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arranged according to phenotyping cluster groups: from left to right, tochemical quenching, @y is the quantum yields of the basal energy
cluster 1 (k;), cluster 2 (k,), and cluster 3 (k;). b QTL and candidate dissipation, ®@p, is the maximum quantum yield of PSII photochem-
genes associated with indirect parameters of chlorophyll fluorescence. istry for a dark-adapted state, @pgyy o, is the maximum quantum yield

Quantum yield parameters are shown on the left of the figure, and of PSII photochemistry for the light-adapted state, qL is the fraction
complementary indirect parameters on the right. On the left and right of open PSII centers at the time t, and gP is the coefficient of photo-
side the chr. column indicates the chromosomes in which are the QTL chemical quenching.*LOC. The id of the genes corresponds to Michi-
identified for each trait. In the central column are the identification gan State University Nipponbare reference genome version 7
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advanced inbred lines, and group 4 (ge,) of 4 advanced
inbred lines.

The correspondence analysis between HCPC ..., and
HCPC,,, groups showed the following correspondence: ge,
with ph,, and ge, with ph,. The relation between ge; and ph,
is not clear. Finally, ge, was not associated with any group of
the phenotypic structure (Fig. 4d). Phenotypic values (PC1

score) of these three associations are shown in ESM_6.

Rice genomic regions associated with chlorophyll
fluorescence parameters

After the comparison of different mixed models for all flu-
orescence parameters, the eigenvalue model was selected
based on QQ-plot (ESM_5). As expected for quantitative
traits, a total of 143 QTL were identified (ESM_7). Genetic
architecture of the fluorescence parameters evaluated in the
Rice population is shown in Fig. 5.

For traits of k;, ten QTL were identified for F",, five for
F,, nine for F" , fifteen for F,, eleven for ®yg, and 24 for
Dpgipo; (Fig. 5a, ESM_7 and 8). For traits of k,, seven QTL
were identified for Fm, seven for dDNPQ, and twenty five for
®p, (Fig. 5b, ESM_7 and 9). For traits of k;, eleven QTL
were identified for ®pg;, eleven for qL, and nine for qP
(Fig. 5c, ESM_7 and 10).

Shared QTL were found among photosynthesis traits
(Table 1). Common QTL are those found in the same chro-
mosomic regions, regardless of the size of genomic over-
lapping. For k; traits, 46 QTL were identified for more
than one trait the only chromosome where there are no
shared QTL is chromosome 11 (Table 1 and ESM_11). For

the same cluster, in chromosome 5, there are 19 QTL in
the same genomic region (Fig. 5a and ESM_11). Nine of
these shared QTL are in an interval of 2 Mb between posi-
tions 26,477,010-28,446,984 (ESM_11). For k, traits, 5
QTL were identified in the same regions for ®ypq and F,
(Table 1). These shared QTL are in chromosomes 1, 2, 5,
6, and 8 (Fig. 5a and ESM_11). On the other hand, for k;4
18 QTL were identified for more than one trait (Table 1).
The shared QTL are in chromosomes 3, 4, 5,7, 9, and 11
(Fig. 5a and ESM_11). For the k5, in chromosome 5 there
are 6 QTL in the same genomic region (Fig. 5a and ESM_8).
It is worth noting that in chromosome 5 there are 22 QTL
shared between k; and k3, and 4 QTL shared between k,
and k5 (Table 1). Finally, in chromosomes 2, 3, 5, 7, and 8
there are shared QTL genomic regions for traits belonging to
different clusters (Table 1 and ESM_11). Respect to energy
partitioning parameters, QTL for ®pq;; and @y were found
in chromosomes 3 and 5 (Table 1 and ESM_11). However,
no shared QTL of ®ypq and @y or Ppgyy were identified.
The only shared QTL were found with @y and the rest of
the fluorescence parameters with the exception of F, and

Dypo.

Rice candidate genes associated with energy
partitioning parameters

To prioritize the selection of candidate genes, the work
was focused on genes associated with quantum yield val-
ues (Ppgyy, Pypg, Pro) and indirect parameters associated
with them (Ppgpe Ppo, qP and gL). Of all the annotated

Table 1 Number of genomic regions associated and shared among photosynthesis traits

ki

k2 k3

Ono Dpsipot Fi F'm F'o

Oneg Dpo Fm ®pst  qP gL

Dno
Dpsiipot
Ft
F'm
F'o
Fo

[N
Dpo
Fm

Opsit

W N NN W

qP
qL 1 3 2 1

N
—

2
> Il
4 4

@ Springer



Photosynthesis Research

genes within the associated genomic region, 32 genes were
selected. Initial analysis included the words photosynthe-
sis, chloroplast, thylakoid and chlorophyll as filters for the
browsing in the gene ontology database (Table 2).

Five genes were located in QTL associated with ®@pqy
(chr. 5, chr. 7 and chr. 12), two genes associated with CDNPQ
(chr. 3), three genes associated with ®yq (chr. 3, chr. 5 and
chr. 8), five genes associated with @y, (chr. 3, chr. 5, chr. 7
and chr. 8), nine genes associated with @pgyy, (chr. 1, chr. 3,
chr. 5, chr. 7, chr. 9 and chr. 11), five genes associated with
gL (chr. 1, chr. 3, chr. 5 and chr. 9), and four genes associated

with P (chr. 3 and chr. 5). In chromosome 5, candidate
genes associated with almost all traits measured in this study
were found, except with ®yp (Fig. Sb).

In this work, from the 32 candidate genes selected, 22
of them are related to the electron transfer chain in the
thylakoid membrane, while the remaining ten genes are
associated with chlorophyll catabolism and chloroplast
development. From the first group of 22 genes, seven
refer to the antenna complex (LOC_Os01g40710, LOC_
0s07g37240, LOC_0s07g37550, LOC_0s09g12540, LOC_
0s09g26810, LOC_Os11g13890), one to the cytochrome

Table 2 Candidate genes associated and shared by photosynthetic parameters

Chr QTL Gene ID Gene location (bp) Gene product name*2
Chr. 1 q@pgpporin1 LOC_Os01g25484 14,446,910-14,453,474 Ferredoxin—nitrite reductase
APpsrrpotii 2 LOC_Os01g31690 17,349,311-17,350,816 Oxygen-evolving enhancer protein 1
APpsripoti.i 3 LOC_Os01g40710 23,003,671-23,005,010 High light inducible protein
APpsiipoti.i 3 LOC_Os01g41710 23,607,348-23,608,583 Chlorophyll a/b binding protein
APpsirpoti1.4 LOC_Os01g43070 24,572,982-24,576,293 PsbP-related thylakoid lumenal protein 4
Chr.2  q@pgpiog LOC_0s02g39740 24,000,931-24,003,192 psaB translation factor
Chr.3  q®PSllIpot.i.3.1, qqP.i.3.1, qqL.i.3.1 LOC_Os03g02690 1,004,394-1,007,269 Dihydrodipicolinate reductase
q®PSlIIpot.i.3.1, LOC_0s03g04169 1,909,201-1,919,541 ATP phosphoribosyltransferase, chloroplastic
qqP.i.3.1, qqL.i.3.1
qPp,;i3.1 LOC_0s03g05310 2,576,496-2,580,452  Pheophorbide a oxygenase
qPnoisi LOC_0s03g41510 23,086,275-23,090,306 Oxidoreductase
qPnpgisi LOC_0Os03g44380 24,959,107-24,961,777 9-cis-epoxycarotenoid dioxygenase 1 chloroplastic
qPnpqisi LOC_0s03g45710 25,800,415-25,801,331 2Fe-2S iron—sulfur cluster binding domain con-
taining protein
quNPQ“‘z LOC_0s03g48040 27,309,857-27,312,904 2Fe-2S iron—sulfur cluster binding domain con-
taining protein
qqL; 3, LOC_0s03g59100 33,645,110-33,647,519 Pheophorbide a oxygenase
qqL;3, 9qqL;;5 LOC_0s03g59640 33,955,198-33,961,962 Magnesium-chelatase subunit chID
qqL; 33 LOC_0s03g61960 35,122,440-35,124,356 2Fe-2S iron—sulfur cluster binding domain con-
taining protein
qql ;33 LOC_0Os03g63010 35,625,601-35,629,619 Plastid terminal oxidase
Chr.5 q®Po.i.5.1, q®PSILi.5.1 LOC_0s05g01970 552,021-554,342 NAD dependent epimerase/dehydratase family
qqP; 5., protein
q®Po.i.5.2 LOC_0s05g05480 2,725,695-2,733,753 Putative Deg protease homologue, expressed
APno.i5.3 APpsiipotiss APpsiiss  LOC_0s05g48630 26,477,010-28,446,984 Photosystem I reaction center subunit VI
qqLl 5.1, 99P; 52, 9P 55
Chr.7 q®Po.i.7.1, q®PSILi.7.1 LOC_0Os07g01480 306,009-307,555 Photosystem II oxygen-evolving complex protein
PsbQ family protein
APpsrpori7.1 LOC_0s07g37030 22,184,376-22,187,030 Cytochrome b6-f complex iron—sulfur subunit
qPpsrpoti7.1 LOC_0s07g37240 22,317,936-22,316,268 Chlorophyll a/b binding protein
qPpgrpoti7.1 LOC_0s07g37250 22,323,191-22,319,007 Thylakoid formation
qPpsrpoti7.1 LOC_0s07g37550 22,487,421-22,488,766 Chlorophyll a/b binding protein
Chr. 8 q@pgprporiss LOC_0s08g33650 21,014,458-21,018,732 Similar to photosystem II protein I
APpsipotis3 LOC_0s08g39430 24,935,696-24,936,427 Thylakoid lumen protein
APpsrpotis3 LOC_0s08g40160 25,416,106-25,418,793 Thylakoid lumen protein
Chr.9 qqL;g; LOC_0Os09g12540 7,185,218-7,188,146 Chlorophyll a/b binding protein
APpsrpotion LOC_0s09g26810 16,287,916-16,290,862 Chlorophyll a/b binding protein
Chr. 11 q@pgpporini g LOC_Os11g13890 7,659,682-7,662,281 Chlorophyll a/b binding protein
Chr. 12 q@pgyiin LOC_0s12g08770 4,506,723-4,507,879  Photosystem I reaction center subunit N
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b6-f complex iron—sulfur subunit (LOC_Os07g37030),
eight to PSI (LOC_0Os03g02690, LOC_Os01g25484, LOC_
0s03g45710, LOC_0s03g48040, LOC_0s03g61960, LOC_
0s05g48630, LOC_0Os12g08770, LOC_0s02g39740),
and six to PSII (LOC_0Os08g33650, LOC_0Os01g43070,
LOC_0s08g39430, LOC_0s08g40160, LOC_0Os01g31690,
LOC_0s07g01480).

On the other hand, five of these genes were found in
QTL shared among traits. Such is the case of genes LOC_
0503202690 and LOC_0s03g04169, located in QTL asso-
ciated with @pgyp, qP and gL (q@PSIIpot.i.3.1, qqP.1.3.1
and qqL.i.3.1). The gene LOC_Os05g01970 is located in
QTL q®Po.i.5.1, q®PSILi.5.1 and qqP.i.5.1, associated with
@p,,, Dpgp and qP, respectively. The gene LOC_0Os05g48630
is in q®NO.1.5.3, q@PSIIpot.i.5.2, q®PSILi.5.3, qqL.i.5.1,
qqP.i.5.2 and q@P.i.5.3, associated with @y, Ppgiiper Ppsi,
gL and gP, respectively. Finally, the gene LOC_Os07g01480
is found in QTL q®Po.i.7.1 and q®PSIL.i.7.1, associated
with @p and Dpgyy.

Discussion

Experimental characterization of the spectral quality of the
environmental lighting and the actinic light used in this
study allowed the quantitative description of its spectral.
Thus, it was possible to work with a defined incident light
spectrum. As reported by Terashima et al. (2009), Oguchi
et al. (2011a), and Zavafer et al. (2015b), the lack of quan-
tification of the spectral quality of white actinic light is a
limitation for the interpretation and comparison of chloro-
phyll fluorescence results. This limitation is due to the fact
that white light spectrum can build with of different intensi-
ties in each wavelength band. It is widely reported that the
energy dissipation processes in PSII are closely linked to the
spectral quality of the incident light (Jung and Kim 1990;
Hakala et al. 2005; Ohnishi et al. 2005; Oguchi et al. 201 1a,
b; Schreiber and Klughammer 2013; Zavafer et al. 2015a,
b; Hamdani et al. 2019; Zheng et al. 2019; Schreiber et al.
2019). Taking these considerations into account, in this work
we proposed an index (QI) to quantify the spectral quality
of actinic light, which defines the energy of the PPFD of
each wavelength band. QI is proposed as an indicator for the
quantitative description of the incident actinic light spec-
trum. Higher values of QI were obtained for blue and green
bandwidth. This could explain why the dissipation process
detected (@ypg + Pyp) are the final destination of the 80%
of the energy reaches to PSII (Fig. 2a, b). Results agree with
reported in Rice by Hamdani et al. (2019) who indicate that
blue light increases the NPQ. Thus, the spectrum quality
of incident light of this study is possible to infer that the
high levels of ®yp,+ Py observed could be associated with
damage at manganese cluster of OEC (Hakala et al. 2005;

Ohnishi et al. 2005; Terashima et al. 2009). The importance
of thermal dissipation processes in PSII as a mechanism of
photoinhibition or photoprotection in rice has been reported
in numerous studies (Jiao et al. 2002; Kasajima et al. 2011,
Murchie et al. 2015).

On the other hand, based on the values of QI, it was estab-
lished that the spectral quality of the actinic light used for the
determination of the fluorescence parameters is very similar
to the spectral quality of the light environment in which the
plants grew (Figs. 1b, 2b and ESM_2). In this sense, it can
be inferred that the information generated on the energy par-
tition processes of the PSII, based on the spectral quality of
the actinic light, could be related to the effects of the light
environment on the photosynthetic apparatus during plant
growth. This is very important because it gives physiological
support to the phenotyping strategy for the identification of
genes related to photochemistry through GWAS.

The analysis of the PSII energy partitioning should be
complemented with the use of multivariate analysis tools
to reduce the dimensions of the fluorescence measurements
(Goltsev et al. 2012; Rapacz et al. 2019). Analysis of PC
indicates that ®pg; is related to both qP and qL, parameters
associated frequently with models of excitation of the reac-
tion center of PSII, “puddle” and “lake” models, respectively
(Miyake et al. 2009; Zivcak et al. 2014). Agreeing with
Miyake et al. (2009), a negative correlation between ®p,
and qL was observed. This clustering strategy showed that
all fluorescence variables can be grouped into three clusters.
This contributes to the identification of rice advanced inbred
lines with similar photochemical responses taking account
of all variables in the same analysis and no analyzing the
variables one by one.

Correspondence detected among the cluster generated by
HCPC was performed using the first PCA component for
all fluorescence parameters (HCPC,,,,) and obtained from
genotypic information (HCPC,,,). This strengthens the idea
that GWAS strategy is useful for identifying genes associ-
ated with regulation of photochemistry process in a Rice
population. Also, correspondence among groups support the
strategy of phenotypic clustering to select rice lines that are
completely different when using all fluorescence variables
analyzed together.

Although most of the genes that participate in the pho-
tosynthetic process are found in the chloroplast genome
(Blankenship 2014; Herritt et al. 2018), genes encoding
many of the structural proteins of PSII are located in the
nuclear genome (Koussevitzky et al. 2007). For this reason,
in this work it was possible to find 143 QTL associated with
different photosynthetic processes, suggesting that selection
and genetic improvement of these traits are possible (Frache-
boud et al. 2004; KoScielniak et al. 2005; Flood et al. 2011;
Adachi et al. 2014, 2019; Ortiz et al. 2017).
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QTL studies for chlorophyll fluorescence under optimal
and stress conditions have been reported in rice (Oryza
sativa) (Hu et al. 2009; Kasajima et al. 2011; Gu et al. 2012;
Wang et al. 2017). In this work, we found that on chromo-
some 5 there is the largest amount of QTL shared between
the different fluorescence parameters evaluated, 19 regions
shared for k;, one region for k,, and six for the k;. In addi-
tion, on chromosome 5, 22 QTL shared between k; and k;,
and 4 QTL shared between k, and k; were identified. Our
results indicate that chromosome 5 has a significant impor-
tance on the genetic regulation of photochemistry of photo-
synthesis. This is consistent with several studies that report
genomic regions of chromosome 5 related to the photosyn-
thetic process (Zuo et al. 2007; Hu et al. 2009; Adachi et al.
2014, 2019; Ye et al. 2017).

To analyze the genetic architecture of photosynthesis,
candidate genes linked to energy partitioning traits and
other associated indirect parameters were selected. Most
of the selected genes encode proteins of the subunits of
the electronic transfer chain found in the thylakoid mem-
brane (PSII, cytochrome b6f and PSI). In particular, genes
encoding elements of the light-harvesting antenna com-
plexes (LHCI and LHCII), reaction center and the man-
ganese cluster belonging to the oxygen-evolving complex
were found. Light-harvesting chlorophyll a/b-binding
proteins are the most abundant proteins in the chloroplast
and play a role in the light energy transference to the reac-
tion center (Xia et al. 2012), and the expression level is
regulated by light (Humbeck and Krupinska 2003). From
17 genomic loci in rice coding for the component of the
light-harvesting complexes chlorophyll a/b-binding pro-
tein (Umate 2010), we were able to identify seven. In our
study from the nine genes associated with @pgyy,,, five
were associated with the light-harvesting chlorophyll a/b-
binding (chromosomes 1, 7, 9 and 11). It is worth not-
ing that ®pg, is measured when all reaction centers of
PSII are open, representing the potential quantum yield
of PSII photochemistry for a light-adapted state (Lazar
2015). However, no regions coding for this protein asso-
ciated with PSII were identified. According to the results
obtained under our study conditions, light-harvesting com-
plexes would be associated with the maximum PSII capac-
ity in the light rather than with its operational capacity.
On the other hand, the PsbP thylakoid lumen protein is
codified at the nucleus level and plays an important role
in the structural stability of PSII (Liu et al. 2012). In our
work, the gene LOC_Os01g43070 that codes for this pro-
tein was found associated with the @pgyy,,. This gene was
reported by Raorane et al. (2015) as downregulated in rice
flag leaves during stress. Like the chlorophyll a/b-binding,
PsbP participates in the structure of the PSII and is associ-
ated with the maximum capacity of the PSII and not with
its functional operating capacity.
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Here, the ®q;; was associated with a gene coding pro-
tein related to PSII oxygen-evolving complex (OEC)
(LOC_0s07g01480) and three genes for PSI structural
proteins (LOC_0s02g39740, LOC_0Os05g48630, LOC_
0s05g48630). These results suggest that the operational
capacity of the PSII is related to the structural integrity of
OEQC; this makes sense in our work because the highest val-
ues of QI were observed in the blue bands of the incident
light (actinic and light environment of growth) and these
are the wavelengths that have a direct effect on the integrity
of the OEC (Ohnishi et al. 2005). In turn, ®pg; was asso-
ciated with genes encoding PSI structural proteins, which
reinforces the idea that operational function of PSII depends
on the flow of electrons through PSI (Nishiyama et al. 2011,
Murata and Nishiyama 2017), and the PSII-PSI relation
(Tikkanen and Aro 2012; Tikkanen et al. 2014; Brestic et al.
2016).

In the case of genes associated with ®ypq, two of them
code for 2Fe-2S iron—sulfur cluster binding domain contain-
ing protein, which are associated with ferredoxin related to
PSI. This implies certain amount of energy must be dis-
sipated in a regulated manner as heat and this linked to the
final stages of the electron transfer chain in the chloroplast
thylakoid. This is particularly important in rice, since @ypq
is the main energy destination reaching PSII (Fig. 3a). In
addition to the aforementioned genes, the LOC_0Os03g44380
gene that codes for 9-cis-epoxycarotenoid dioxygenase
(NCED3, chloroplastic) was also identified in a region asso-
ciated with @ypq. This is particularly relevant, since this
enzyme catalyzes the first limiting step of abscisic acid bio-
synthesis from carotenoids (Qin and Zeevaart 1999; Chernys
and Zeevaart 2000). It is reported that carotenoids are a fam-
ily of pigments related to photoprotection mechanisms and,
therefore, to ®ypq (Ruiz-Sola and Rodriguez-Concepcion
2012; Pan et al. 2013; Adams et al. 2018; Malnoé 2018,
Schreiber et al. 2019; Van Amerongen and Chmeliov 2019;
Landi et al. 2020). This could determine under stress condi-
tions a competition between the ABA synthesis and the lev-
els of carotenoids required for maintaining the heat dissipa-
tion levels via NPQ in chloroplasts. Thus, the fine regulation
of both processes would be necessary.

As for @y, it is worth mentioning that 2 of the 3 genes
associated only with this trait (LOC_0Os08g39430, LOC_
0s08g40160) code for PSII structural proteins. This would
indicate that the dissipative constitutive processes during the
photochemical phase of photosynthesis are associated with
the structural composition of PSII.

In conclusion, in this work we were able to identify,
through a GWAS strategy, genes associated with the main
parameters that define the quantum yield of PSII in rice.
Our work shows the association between light-harvesting
complexes and the potential quantum yield of PSII, as well
as the relationship between regions that code for PSI-linked
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proteins in energy distribution during the photochemical
process of photosynthesis. Further studies are necessary to
establish the action mechanisms of the spectral quality of
light on PSI and how this defines the energy partition of
PSIL
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4.1.1 Material suplementario

El material suplementario del articulo precedente se encuentra en el siguiente enlace:

http://link.springer.com/article/10.1007/s11120-020-00721-2
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5. CONCLUSIONES

En esta tesis se desarrollaron dos sistemas luminicos en base LED. Ambos
sistemas son capaces de generan niveles de radiacion similares a los encontrados en
situacion de cultivo a cielo abierto (2000 pumol de fotones m? s™). Los sistemas LED
desarrollados permiten generar ambientes luminicos con diferentes calidades
espectrales (Quero et al., 2019). Por otro lado, cuando se estudian procesos de
conversion de energia durante la fotosintesis conocer las caracteristicas de la luz con
la cual se realizan las mediciones es de suma importancia, debido al efecto que tiene
esta sobre los proceso evaluados. Se establecio una estrategia analitica para la
definicion cuantitativa de la calidad espectral de la luz actinica incidente con la cual

realizamos las mediciones de fluorescencia de clorofilas.

Los sistemas luminicos desarrollados permiten obtener en condiciones
controladas valores de eficiencia de uso de radiacion (EUR) para arroz muy similares
a los reportados en la literatura (Sinclair y Muchow, 1999, Mitchell et al., 1998). Esta
validacion de la informacion generada en condiciones controlada es de relevancia,
porque permite comprender los procesos que regulan la EUR en arroz a nivel

productivo.

En los cuatro cultivares de arroz analizados la disminucion de la EUR en relacion
al incremento de la intensidad luminica estuvo asociada a la calidad espectral del
ambiente luminico. Por otra parte, se observéd una interaccién genotipos ambiente en
los valores de EUR evaluadas. Estas interacciones genotipo por ambiente presenta
oportunidades para seleccionar aquellos cultivares que son mas eficientes en el uso de

la radiacion en ambientes luminicos especificos.

A nivel del aparato fotosintético, se observo que tanto el ambiente luminico de
crecimiento como el cultivar condicionan la particion de energia en el PSII. En
ambientes de luz blanca, los bajos niveles de energia aumentan el dafio de PSII y
conducen a una disminucion en los procesos fotoquimicos debido al cierre de los
centros de reaccion. La particién de energia en el PSII depende de los niveles de

energia y de la calidad espectral de la luz incidente. Duplicar la energia de irradiacion
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en ambientes azules y rojos no genera la misma respuesta que duplicar la energia en

ambientes blancos.

Los cultivares de arroz evaluados en este estudio mostraron ser sensibles a bajos
niveles de radiacion. En ambientes de baja intensidad luminica se observd un
incremento de los procesos disipativos vinculados con la fotoinhibicion del PSII. La
importancia de los mecanismos de fotoproteccion en arroz fue comprobada al evaluar
la poblacién de mapeo donde se pudo observar el mas del 60% de la energia que llega
al PSII se disipa en forma de calor. Este trabajo concuerda con los reportado por
Murchie et al. (2015) y Kasajima et al. (2011) quienes resaltan la relevancia de los
mecanismos de fotoproteccion en los procesos de conversion de energia durante la

fotosintesis en arroz.

En este trabajo, pudimos encontrar QTL putativos asociados con la calidad del
grano y con los procesos primarios de conversion de energia durante la fotosintesis en
arroz. La estrategia de mapeo asociativo utilizada en este trabajo permitié identificar
regiones genomicas claves de la arquitectura genética que codifica los procesos
fotosintéticos en arroz. Esto es importante no solo por la implicancias que puede tener
en los programas de mejoramiento, Sino que es una estrategias para le generacion de
hipdtesis sobre el funcionamiento y la regulacion de los diferentes mecanismo

fotosintéticos.

Por otra parte el uso de germoplasma adaptado localmente con una variacion
genética pequefia proporciond la oportunidad de mapear diferencias fenotipicas sutiles
que probablemente se pasaran por alto con un panel de germoplasma mas diverso.
Ademas, una poblacion localmente adaptada de materiales de mejoramiento de élite
permite la aplicacion inmediata en programas de mejoramiento, incluida la
introgresion asistida por marcadores de regiones gendmicas favorables que confieren
rasgos de interés en arroz o edicién dirigida del genoma como base para futuros

experimentos genéticos y aplicaciones en el mejoramiento.
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