Output2 Introduction

Breeding materials to improve grain yield and nutrient use efficiency
under low-input and low-fertility soil conditions are developed

Output 2 aimed to develop breeding materials with superior nutrient uptake and grain yields
under poor nutrient conditions using our genetic resources such as Pup1. We also identify
new QTLs and candidate genes that contribute to the nutrient efficiency of rice. For this, we

set three targets:

1. Develop at least two breeding lines to improve nutrient acquisition capacity and
utilization efficiency by 20% relative to the conventional varieties in the target area (or
recurrent parents).

2. Develop at least two DNA markers for QTLs related to nutrient acquisition and
utilization in rice.

3. Identify at least two genes and their mechanisms related to nutrient acquisition and

utilization in rice.

The highlights of this output include the official release of new lowland rice varieties in
Madagascar and new genetic resources, such as QTLs (quantitative trait loci) and
candidate genes that should contribute to sustainable rice production under nutrient
deficiency in Madagascar and elsewhere in Africa. The development of a new laboratory
and greenhouse for crop breeding and training young researchers is another important

achievement to accelerate advanced rice breeding in Madagascar.

We were able to import two populations of early generation breeding lines to Madagascar
for on-farm selection, including farmer participatory variety selection (PVS), due to the prior
work done in Japan on developing new rice varieties. Advanced breeding lines
subsequently entered the variety registration process supervised by the Malagasy seed
certification agency, SOC. One breeding line from each population was released as
varieties FyVary32 and FyVary85. Breeder seeds of these varieties have been distributed to
local seed producer groups through FOFIFA and in collaboration with JICA technical
cooperation Project (Papriz). These varieties have wider adaptation outside the FyVary
project target region as their registration for the coastal Boeny region has been approved

with additional trials being conducted in Southern and North-Eastern Madagascar.

The identification of a plausible mechanism of relevant genes to control tillering of rice and
its possibility to increase rice yields under phosphorus-deficient and tillering-restricted soil

conditions is a novel and practical achievement of the project. The QTL was introgressed
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into X265 for evaluation. Evaluation of 350 gene bank accessions from IRRI in farmers’
fields under zero-input conditions led to the identification of two QTLs associated with grain
yield. The one with the stronger association is currently targeted in marker-assisted
selection in a population derived from the local variety X265 crossed with QTL donor
GP1103. Advanced breeding lines are being handed over to FOFIFA for further variety
development. The above study provided the data that allowed us to venture into genomic
selection as a new tool for exploring variation hidden in gene banks. We developed and
applied genomic selection models to predict yield at zero-input in Madagascar and
confirmed the good performance of several gene bank accessions, one of which is used as
a donor in breeding. Following the same approach and collaborating with HarvestPlus and
CIRAD, we developed the model to predict grain Zn concentration. This activity was
extended to breeding for Zn biofortification—a much-needed activity given that Zn
malnutrition is a major health concern in Madagascar and local varieties are Zn deficient in

grain.

A memory of Output2 activities
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Elanelam-bokatra Elanelan'ny fiakaran'ny

Voka-bary ambany sy tany tsy ampy singa faosifaoro

Toe-tany Anarana mitaha amin'ny vokatra mitaha amin'ny
X265 (%) X265 (andro)

Maro ny olana mahatonga ny voka-bary ho ambany eto Madagasikara: ny tsy Manerana ireo andrana ' YVary 85 17.0 4.9
fahampian'ny rano (haintany), ny hatsiaka, ny tambiazina, ny sira izay hita rehetra FyVary 32 10.0 -4.2
mafeﬁkg eny qmoron—?giralfa (Boeny). Fa nyllehibe indrindra dia ny tsy FyVary 85 223 13
fahampian'ny tsirontany indrindra ny singa Faosifaoro. Io farany izay voageja Tany manta

mafy ao anaty tany ka tsy afaka trohan'ny vary. Manampy izany ny taham- FyVary 32 5.5 -5.3
pampiasana zezika ambany izay antony mampihena fatratra ny voka-bary (2.5- FyVary 85 13.6 8.5
3 t/ha) Saito et al. 2019. Eo ihany koa ny fahazaran'ny fantsaha mampiasa Tany masaka FyVary 32 12.9 3

masomboly nentim-paharazana izay tsy dia mahavokatra.

Hita taratra fa eny amin'ny tany manta dia nahazo vokatra 22.3% ny
Ny tanjona imasoan'ny tetikasa FyVary dia ny hamoaka vary vaovao ahazoana FyVary 85 raha oharina amin'ny X265. Eo amin'ny tany masaka kosa dia
vokatra ambony na dia ambolena amin'ny tany manta aza. nahitana fiakarany 13% izy roa ( FyVary 32 sy FyVary 85).
Manatombo 2 ka hatramin'ny 9 andro ny tsingerim-piainan'ny FyVary 85
Sary 1: Ny IR64-Pupl izay raha oharina amin'ny X265.
" fnchazoana ny FyVary 32 dia
"Bmanana foto-tarazo (gene) PUP-1.
To PUP-1 io dia manosika ny
@ == 7' W fitrohana singa faosifaoro ao anaty
it
|
!

Ny FyVary 32 dia mailaka kokoa noho ny X265.

tany.
Noho izany dia manana an'io tarazo
‘ ‘ io koa ny FyVary 32 ka afaka
|R64-Pup‘{\‘ ; i “‘ rnisip'rona fGPS’ifGOFO tsara,
N ; indrindra eny amin'ny tfany manta.

Sary 2: Ny DJ123 izay nahazoana
ny FyVary 85 kosa dia manana
faka miavaka amin'ny fahafahany
misintona faosifaoro ao anaty tany tamin'ny tantsaha.

ka afaka mitroka sy mampiasa Nanomboka tamin‘'ny fifantenana ka hatramin'ny fanandramana ny tsirony.
tsara ny faosifaoro mihoatra noho
ny vary hafa izay mety manana
faka lehibe kokoa aza.

Faka jerena amin'ny o 14 D) 28 35
mikraoskaopy
Fitrohana faosifaoro
(ug P/ habean'ny faka)

T L “l : {

! : Ty
Al ;} }L’L\H N’%{.- ﬁ}f i
Ny fifantenana ireto vary ireto dia natao teny anivon'ny tantsaha. Sady tsy nisy
ny fampiasana zezika no samihafa ny toe-tany nanaovana ny andrana.
Ireto avy ny foerana nanaovana ny fifantenana ireto vary ireto: ny faritra
Vakinankaratra (Ankazomiriotra, Antohobe), ny faritra Alaotra Mangoro
(Anjiro) ary ny faritra Boeny ( Marovoay)

Miisa 14 ny andrana izay notontosaina
nandritry ny roa taona. Hita mazava fa
manatombo ny vokatra azo avy amin'ny
ireo vary FyVary 32 sy FyVary 85 2
raha ampitahaina amin'ny X265 sy FYVGI“Y 3
IR64 (izay malaza eran-tany amin'ny

e fahavokarany).
Ny fyVary 85 no mamokatra indrindra ® Y A — m‘/"vﬁ
.o | N = - ka ahazoana vokatra 3.5t/ha eny J | Rc As = “/7: FIH H o el Ly
Vokatra eo amin'ny tany manta Omin'ny TOHY manta. ERRERT - ”‘k_" . - JICA %

(t/ha) T oa UmvaGE
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FYVARY 32

Référence Année

Nom Nom P R Nature Origine . . . .
commun  botanique Dénomination génétique (code) Obtenteur (CF%'?I%X?n d(?;%cg%uc))n Mainteneur
Riz Oryza FYVARY32 Lignée Japon JIRCAS 7254 2021 FOFIFA
sativa Issue de FOFIFA JIRCAS

croisement IRRI

CARACTERES MORPHOLOGIQUES

PANICULE

e Longueur . Longue

e Type . Intermédiaire
FEUILLE .

« Angle de la feuille paniculaire @ Oblique
GRAIN

e Couleur du paddy : Jaune paille
e Couleur de I'apex : Jaune

e Longueur du paddy : 997 mm

e Couleur du caryopse : Blanc

e Longueur du caryopse : 7,02mm

e Longueur du grain usiné :6,96mm

o Translucidité . Moyennement

franslucide

CARACTERES AGRONOMIQUES

 Région de culture . Alaotra Mangoro, Boeny,
Vakinankaratra
e Saison de culture : Saison seche et ou pluvieuse
o Apftitude culturale . riguée
e Hauteur du plant . Demi-naine
¢ Rendement & l'usinage : 70%
e Cycle (& maturité) : 145-157 Jours
e Poids de 1000 grains T 2449
(paddy)
e Tallage : Bon
e Rendement moyen : 4,5-5,51/ha

COMPORTEMENT VIS-A-VIS DES BIOAGRESSEURS

e Résistance a la pyriculariose - Résistante
e Résistance aux insectes . Sensible aux insectes de
stockage

Autres traits spécifiques

Gonflement a la cuisson : oui

Gout : apprécié

Egrenage : facile

Verse: résistante

Insensible a la photopériode

Faible attractivité au Borer

Forte adaptation aux conditions de fertilité faible




FYVARY 85

. Référence Année
Nom Nom P R Nature Origine . . . .
commun  botanique Dénomination génétique (code) Obtenteur (CF%'?I%X?” d(?gﬁacggsn Mainteneur
Riz Oryza FYVARY85 Lignée Japon JIRCAS 7255 2021 FOFIFA
sativa Issue de FOFIFA JIRCAS
croisement

Grains de paddy

CARACTERES MORPHOLOGIQUES

") T} PANICULE
; AKX e Longueur Moyenne
e Type Intermédiaire
FEUILLE .
« Angle de la feuille paniculaire Oblique
GRAIN
e Couleur du paddy : Jaune paille
e Couleur de I'apex . jaune
e Longueur du paddy ;891 mm
e Couleur du caryopse Blanc
e Longueur du caryopse 6,49 mm
e Longueur du grain usiné 6,41 mm
o Translucidité Moyennement
franslucide

CARACTERES AGRONOMIQUES

 Région de culture . Alaotra Mangoro, Boeny,

Vakinankaratra

e Saison de culture : Saison seche et ou pluvieuse

o Apftitude culturale Irriguée

e Hauteur du plant Demi-naine

¢ Rendement & l'usinage : 70%

e Cycle (& maturité) 157-161 Jours

e Poids de 1000 grains © 26,139
(paddy)

e Tallage Bon

e Rendement moyen : 4,5-5,51/ha

COMPORTEMENT VIS-A-VIS DES BIOAGRESSEURS

e Résistance a la pyriculariose Résistante

. Sensible aux insectes de
stockage

e Résistance aux insectes

Autres traits spécifiques

Gonflement a la cuisson : oui

Gout : apprécié

Egrenage : facile

Verse: résistante

Insensible a la photopériode

Faible attractivité au Borer

Forte adaptation aux conditions de fertilité faible
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Identification of Loci Through
Genome-Wide Association Studies to
Improve Tolerance to Sulfur
Deficiency in Rice

Juan Pariasca-Tanaka f, Cedric Baertschi’ and Matthias Wissuwa *

Crop, Livestock and Environment Division, Japan International Research Center for Agricultural Sciences (JIRCAS), Tsukuba, Japan

Sulfur (S) is an essential nutrient for plant growth and development; however, S supply for
crop production is decreasing due to reduced inputs from atmospheric deposition and
reduced application of S-containing fertilizers. Sulfur deficiency in soil is therefore
becoming a widespread cause of reduced grain yield and quality in rice (Oryza sativa
L). We therefore assessed the genotypic variation for tolerance to S deficiency in rice and
identified loci associated with improved tolerance. Plants were grown in nutrient solution
with either low (0.01 mM) or high (1.0 mM) supply of S. Plants grown under low-S
treatment showed a reduction in total biomass, mainly due to a marked reduction in shoot
biomass, while root biomass and root-to-shoot ratio increased, relative to plants under
high-S treatment. Genome-wide association studies (GWAS) identified loci associated
with root length (QSUEZ2-3, gSUE4, and gSUEY), and root (QSUET, gSUE2-1, and QSUES3-
1 and gSUES3-2) or total dry matter (QSUE2, gSUES3-1, and gSUET11). Candidate genes
identified at associated loci coded for enzymes involved in secondary S metabolic
pathways (sulfotransferases), wherein the sulfated compounds play several roles in
plant responses to abiotic stress; cell wall metabolism including wall loosening and
modification (carbohydrate hydrolases: beta-glucosidase and beta-gluconase)
important for root growth; and cell detoxification (glutathione S-transferase). This study
confirmed the existence of genetic variation conferring tolerance to S deficiency among
traditional aus rice varieties. The advantageous haplotypes identified could be exploited
through marker assisted breeding to improve tolerance to S-deficiency in modern cultivars
in order to achieve sustainable crop production and food security.

Keywords: rice, sulfur, deficiency tolerance, quantitative trait locus, genome-wide association studies, aus

INTRODUCTION

Sulfur (S) is an essential element for growth and development in living organisms; however, animal
digestion, including that of humans, is unable to metabolize sulfur directly. Therefore, animals
depend on the consumption of plant biomass for the supply of organic S, such as sulfur-containing
amino acids (methionine and cysteine), vitamins (thiamine and biotin), and many other secondary
compounds (Maruyama-Nakashita et al., 2003; Lunde et al., 2008; Kopriva et al., 2015).
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Sulfur-containing amino acids are found in very small
amounts in legumes, while most cereals contain high levels for
example rice (O. sativa L.) contains 190% of the reference value,
egg protein (Mariotti, 2017). Rice is a staple food for more than
half of the world, providing more than 50% of the caloric supply
for low-income persons. A reduction in rice yield and grain
quality, due to inadequate amount of S supply, could therefore
have a negative impact on the world's food security.

In plants, S is also an essential macronutrient needed in similar
amounts to Phosphorus for growth and development. Apart from
being a vital component of amino acids and vitamins, S is also a
component of coenzymes, cofactors, lipoic acid, glutathione,
sufloquinovosyl diacylglycerol, and many other secondary
compounds (Suzuki, 1978; Lunde et al, 2008; Kopriva et al., 2015).

Sulfur is abundant in nature as sulfate (S0,%); however, to
utilize this abundant sulfate, plants must invest energy for its
reduction. Plants can incorporate sulfate by both primary and
secondary sulfate assimilation pathways. In the primary pathway,
S is taken up as sulfate, then reduced to sulfite (SO;>), sulfide
(8*), and then incorporated into the amino acid skeleton of
O-acetylserine to form cysteine. Subsequently, methionine and
other compounds containing reduced forms of S are produced.
In the secondary pathway, sulfate is used as a donor for the
sulfation reaction, for synthesis of larger compound such as
brasssinosteroids, sulfoflavonoids, and glucosinolates (Kopriva
et al,, 2015).

Symptoms of S deficiency in plants during vegetative stages
includes initial chlorosis of young leaves, which spread to the
entire plant, reduced tillering, and stunted growth. Symptoms of
S deficiency are similar to that of N deficiency. Yellowing of older
leaves is seen in N-deficient plants, while yellowing of young
leaves occurs in S-deficient plants, since S does not move readily
in the plant (Chandel et al., 2003).

Sulfur deficiency in soil was rare in the past; however, it has
become increasingly inadequate in recent history, due to factors
like increased removal of nutrients by intensive cropping
(estimated at 1.8 kg S t! grain) (Dobberman and Fairhurst,
2000), reduced application of S-containing N and P fertilizers
(ammonium sulfate and single superphosphate) (Yoshida and
Chaudhry, 1979), and reduced atmospheric inputs (from reduced
industrial pollution). Furthermore, strong solar irradiation
increases the S requirement of plants, which could further
exacerbate the effect of S deficiency in soil (Resurrection et al,
2001). Therefore, in the last 2 decades, reports of S deficiency in
crops has increased worldwide (Scherer, 2001), including some
Asian countries like China, India, Indonesia, Philippines, Sri
Lanka, and Thailand (Blair et al, 1978). Similarly, the problem
of S deficiency in crops has also been reported in many African
countries (Yamaguchi, 1999; Tsujimoto et al., 2013).

Although the advantage of fertilizer application to alleviate S
deficiency has been widely reported (Blair et al, 1980), the
applicability of this practice by low-resource farmers is
uncertain. Therefore, the identification and selection of rice
genetic resources with enhanced tolerance to S-deficiency in
soil, and improved S utilization efficiency would be very desirable
to attain sustainable rice production and food security.

Recently, genome-wide association studies (GWAS) based on
single nucleotide polymorphism (SNP) has emerged as an
alternative method to study association mapping using
genetically diverse rice populations. GWAS can determine the
strength of the association between a genotype and phenotype
and identify loci, genes and alleles that are associated with
specific traits. In rice, GWAS has been successfully applied to
dissect the genetic bases of several traits (Zhao et al, 2011),
including seedling vigor (Wang et al., 2018), root morphology
(Biscarini et al, 2016), flowering time (Zhao et al, 2011), yield and
grain size (Feng et al.,, 2016; McCouch et al., 2016), as well as
ozone and aluminum tolerance (Famoso et al, 2011; Ueda et al.,
2015), phosphorus-utilization efficiency (Wissuwa et al., 2015),
and root efficiency (Mori et al., 2016).

The rice aus group is a minor sub-population which
originated from Bangladesh and India (Klush, 1997; Norton
et al., 2018). It harbors novel loci that, confer tolerance to
abiotic stress (Famoso et al., 2011; Lee et al., 2018), and
enhance root development (Mori et al, 2016). Therefore, the
aus group would be an excellent genetic reserve in the search for
new sources of tolerance to S deficiency in rice.

Despite the growing problem of S deficiency in soil and its
negative effects on crop yield and food security, the genetic aspect
of S deficiency tolerance in rice is not yet well understood. We
therefore aimed to use GWAS to identify candidate loci, conferring
tolerance to S deficiency in an aus rice panel. We hypothesize that
such association mapping will identify several loci associated to
tolerance, which could be used for the improvement of sensitive
modern cultivars, to attain sustainable crop production and food
security of an important staple food, rice.

MATERIALS AND METHODS

Three experiments were conducted as part of this study. Since
nutrient solutions typically contain large amounts of S as a
companion-ion for major nutrients (K, Mg, Zn), a low-S
nutrient solution was tested in experiment 1. This was
followed by screening a rice GWAS panel (experiment 2) and
a validation trial with contrasting genotypes (experiment 3).

EXPERIMENT 1

Seeds of different genotypes (IR64, DJ123, Nerica4, Tsipala,
WAB56-104) were sown and grown in modified Yoshida
nutrient solution (using de-ionized water) under different
S-treatments: no-S (0-S), low-S (0.01 mM S) or high-S (1.0
mM S). The full-strength Yoshida solution (1X) is composed
of: N, 2.86 mM (as NH,NO3); P, 0.05 mM; K, ImM; Ca, ImM;
Mg, ImM; Mn, 9 iM; Mo, 0.5 uM; B, 18.5 uM; Cu, 0.16 M; Fe,
36 UM; Zn, 0.15 uM (modified from Yoshida et al., 1971). To
obtain the low-S solution, all sources of S were substituted as
follows: KCl for K,SO,4, MgC1, for MgSO,, ZnCl, for ZnSO,,
and CuCl, for CuSO, (Supplementary Table S1 in Data Sheet
1). A stock solution of 10 mM MgSO, was used as S source for
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the low-S treatment. The experiment was set in a factorial (Sulfur
treatment and genotype, 2 x 5) arrangement in a randomized
complete block design (RCDB), with three replications.

EXPERIMENT 2

Plant Material and Growth Condition

A GWAS panel of 98 accessions belonging to the aus sub-species
of rice was selected from the High-Density Rice Array (HDRA;
McCouch et al., 2016). De-hulled seeds were obtained from the
International Rice Research Institute (IRRI, Philippines), and
multiplied at a JIRCAS experimental field on Ishigaki Island,
Japan. Seeds from each genotype were disinfected using 1%
bleach solution, germinated in petri dishes at 30°C for 2 days,
transferred to a floating mesh, and grown for 8 days in a solution
containing 0.1 mM Ca (CaCl,) and 0.012 mM Fe (Fe-EDTA).
Subsequently, plants were grown either under low-S or high-S
conditions, as described above.

In screening for the ability of rice plants to efficiently utilize a
limited amount of S, we employed a similar approach to that
used by Rose et al. (2011) in screening for P utilization efficiency
(PUE). If all accessions are grown individually in a container
with a known amount of the limiting nutrient, and if it is assured
that this amount was fully taken up, then the biomass produced
can be directly used to estimate nutrient use efficiency as follows:
biomass (g) per nutrient applied (mg). Thus, for the low-S
treatment 10-day old plants of each accession were transferred
to 1-L black bottles (two plants per bottle). Bottles contained
0.3x Yoshida solution with 0.01 mM S (total 0.32 mg S available
for uptake by 2 plants; as for Experiment 1). Plants were grown
for 10 days in these bottles and during this period it was expected
that they deplete the low amount of S in the solution. This was
confirmed by drawing a 10 mL aliquot from the bottles and
analyzing its S concentration using ICP-AES (inductively
coupled plasma optical-emission spectroscopy). Sulfur
concentrations in aliquots were similar to that of the blank,
confirming complete S uptake (data not shown). Having ensured
that S was fully taken up, plants were transferred to a 200-L
container and grown in a no-S Yoshida solution until harvest (30
days after sowing, DAS).

For the high-S treatment (control), the 10-day old plants were
directly transferred and grown in a 200 L container containing
high-S solution (1.0 mM S), until harvest. In general, the pH was
frequently monitored and adjusted to a range of 5.7 - 5.9. A
flowchart of the experiment is shown in Supplementary Figure
S1 in Presentation 1.

The experiment was conducted in a controlled environment
green house at JIRCAS, Tsukuba, Japan. Growth conditions were
as follows: temperature fluctuated from 28 to 33°C day time and
around 25°C during night time, and relative humidity ranged
from 30-50%. Plants were exposed to natural light during the
entire growth period. The experiment was performed in a
factorial (Sulfur treatment and genotype, 2 x 98) arrangement
in a randomized complete block design (RCDB), with three
replications (block) carried out in consecutive periods from

March to Aug of 2017.Parameters evaluated during harvests
were: plant height, number of leaves (green and dead leaves),
number of tillers, root length, and root and shoot dry matter.

Sulfur Determination

Sulfur concentration in aliquots of nutrient solution was
determined using inductively coupled plasma atomic-emission
spectrometry, (ICP-AES; ICPE-9000, Shimadzu, Japan) using an
S standard solution (ICP grade, Wako, Japan) to prepare the
standard curve. This measurement was performed to confirm the
complete uptake of S in the low-S treatment. Three independent
replications were taken per each sample (total number of
samples: 5)

Association Mapping

For the phenotype dataset, the overall performance of all rice
accessions for each trait was calculated as the best linear unbiased
prediction (BLUP, Henderson, 1975) using the R software (R
Core Team., 2013), with the following simple mixed model:

)’ij :/.l,+gi+ ”j"’eij’

in which y;; refers to phenotype,  overall mean, g;: accession
effect considered as random, r;: replicate effect considered as
fixed, and e;;: residual effect considered as random.

The association analysis was then performed using: a) the
resulting phenotypic BLUP values; b) the HDRA genotypic
dataset (McCouch et al., 2016) composed of 700 K SNPs
evenly distributed across the rice genome; and, ¢) the software
Trait Analysis by aSSociation, Evolution and Linkage 5.0
(TASSEL, Bradbury et al., 2007).

The genotype dataset was filtered as follows: heterozygotes
were set as missing values, minor allele frequency (MAF) was set
to 0.03, and minimum count to 105 (0.82). The resulting dataset
after curation was then used for association mapping using
mixed linear model procedure (MLM), 3 principal components
(PCA) and a kinship matrix. The associated loci were determined
based on significant threshold of -log(10)(p) >5 (arbitrary
threshold), and peaks having at least three consecutive SNP
(above the threshold) as described by Wang et al. (2018). The
marker effects at the significant position were extracted from the
output of the MLM procedure for both alleles.

Linkage Disequilibrium and

Haplotype Analysis

Linkage disequilibrium (LD) analysis to define LD blocks
surrounding the significant SNPs was performed by Haploview
4.2 (Barret et al, 2005), using confidence intervals (Gabriel
et al., 2002).

Selection of Putative Candidate Genes

Gene models and their respective annotations were obtained
from the Rice Annotation Project Database (RAP-DB, https://
rapdb.dna.affrc.go.jp/) for each significant peak and their
surrounding linkage block. However, genes annotated as
‘(retro)transposon’, ‘hypothetical' or ‘unknown' were excluded
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from the analysis. Putative candidate genes were then selected
based on their annotated function and gene ontology (http://
www.geneontology.org/). Gene expression pattern was obtained
from the Rice XPro database (http://ricexpro.dna.affrc.go.jp/).
Sequence for the genotype DJ123 was obtained from the Schatz
Lab-Johns Hopkins University (http://schatzlab.cshl.edu/data/
rice/).

Statistical Analysis

The effects of sulfur treatment, genotype and their interaction on
different traits were estimated using a two-way ANOVA, and
multiple comparisons were performed using Tukey's honest
significant difference (HSD) post hoc test (Statistix 9.0
Software). Box plots were generated by R software (R Core
Team, 2013).

EXPERIMENT 3

This experiment was performed to confirm the phenotypic
effects identified in experiment 2, and to investigate the
expression pattern of selected candidate genes. Seeds of a
selected set of contrasting genotypes were grown and evaluated
as described in experiment 2. The experiment was conducted
with a factorial (Sulfur treatment and genotype, 2 x 2)
arrangement in a randomized complete block design (RCDB)
with four replications.

The selected contrasting genotypes were divided into two
groups: a) Santhi Sufaid 207, Kangro, Juma and DJ123; and b)
Surja Mukhi, Harbhoondi, Khadasiya3, and Andikulan. The first
group harbors the favorable haplotypes for total dry matter. The
Asian mega variety IR54 was included as reference.

Tissue Sampling, RNA Extraction and

PCR Conditions

At harvest (30 das), four independent biological replications for
each sample were quickly taken, flash-frozen in liquid nitrogen,
and stored at -70°C until analysis. Total RNA was extracted using
the RNeasy Plant Mini Kit (Qiagen), following the manufacturer
instruction manual. Total RNA (around 400 ng) was then reverse
transcribed (RT) using the PrimeScript RT Enzyme Mix I
(Takara, Japan). RT-PCR was performed using RT (first
strand-cDNA) as template, gene-specific primers, and Taq
polymerase enzyme (Takara, Japan).

Quantitative PCR (qPCR) was performed using 1 ng RT
template and SYBR Premix ExTaq (Perfect Real Time, Takara,
Japan), using the Mini Opticon Real-Time PCR system (BioRad,
USA) as previously described by Pariasca-Tanaka et al. (2009).
Serial dilutions of RT product were used to determine the
efficiency of each primer. A set of rice genes including
Elongation factor (ELF-1), Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and Ubiquitin (Ubi) was used as
internal controls. Relative expression levels between samples
were calculated using the delta-delta comparison and
expressed as fold changes. The normalized data were analyzed
by ANOVA. The list of primers used in this study is shown in
Supplementary Table S2 in Data Sheet 1.

RESULTS

Experiment 1
Plants were grown in a modified Yoshida solution where all
sources of S were substituted (refer to material and method) to
test the response of a set of rice cultivars to S-deficiency treatments.
Plants grown without any supply of S (0-S) showed a very
limited growth, and their leaves spots rapidly turned from
chlorotic to necrotic (Supplementary Figure S2 in
Presentation 1). In contrast, plants grown with 1 mM S (high
S) showed normal growth while those grown in low-S treatment
(0.01 mM) showed slow growth and their leaves exhibited the
characteristic symptoms of deficiency for this nutrient (interveinal
chlorotic spots). In addition, plants grown in low-S condition
showed significant root elongation and increased root:shoot ratio
when compared to those grown under high-S treatment (Figures
1A-C). Among the studied genotypes, DJ123 belonging to the aus
sub-species, showed better adaption to low-S conditions when
compared to modern cultivars IR64 and Nerica 4.

Experiment 2

Since DJ123 was the best performer in experiment 1, the aus panel
was chosen for screening to identify loci associated with tolerance
to S deficiency. Plants were grown in either low S (0.01 mM) or
high S (I mM) treatment. Result showed that low-S treatment
caused a significant reduction in shoot and total biomass, where in
the larger effect was the significant increase in root length and root
biomass (Table 1). The initial characteristic chlorotic symptoms
lead to an increase in the number of dead leaves. Moreover,
significant reduction in plant height and number of leaves and
tillers was also observed (Table 1).

A box plot shows the phenotypic variation in each evaluated
trait as affected by S treatment (Figure 2). The relative difference
between treatments ([low-S value minus high-S value]/[high-S
value]) was largest for root:shoot ratio and root biomass,
followed by root length and number of dead leaves (high-S
condition), while number of leaves showed the least change
between treatments. Shoot biomass, plant height and number of
tillers values were higher in high-S condition.

A correlation analysis between phenotypic traits indicated that
despite the increase in root:shoot ratio, the total dry matter
remained most closely correlated with shoot dry matter, and
moderately correlated with plant height and number of leaves,
and weakly correlated with dead leaves (Table 2). Root dry matter
and root length were moderately correlated, despite that both
significantly increased under S-deficiency condition.

Association Mapping

The genotyping dataset (from HDRA 700 K SNPs) and the
phenotypic BLUP values were used for association mapping in
each S treatment. For low-S treatment, a Mixed Linear Model
(MLM) identified several quantitative trait loci (QTLs) associated
with root length in chromosome 2 (gSUE2-3), 4 (qSUE4) and 9
(gSUEY); root dry matter in chromosome 1 (gSUEI), 2 (qSUE2-1)
and 3 (qSUE3-1 and qSUE3-2); and total dry matter in chromosome
2 (qSUE2-2), 3 (gSUE3-1), 6 (gSUEG), and 11 (qSUEL1) (Table 3).
Moreover, for the high-S (control) treatment several QTLs were
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FIGURE 1 | Root elongation (A), root:shoot ratio (B) and root length (C) of rice plants grown under low-S and high-S treatment. Data represent the mean (+
standard error, SE) of three independent replications (n=3) and analyzed by two-way ANOVA. Different letters indicate significant difference within either factor: S
treatment (capital letter) or genotype (small letter) according to Tukey's Honest Significant Difference test (P < 0.05). ANOVA results are provided in Supplementary
Table S4-1 in Data Sheet 1. Cultivars, DJ123; IR64; Ner4, NERICA4; Tsi, Tsipala; W104, WAB56-104.
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TABLE 1 | Summary of two-way analysis of variance (ANOVA) from phenotypic traits measured in plants grown under low-S and high-S treatment.

Plant Maximum root Number of
height (Ht) length (RLmax) tillers (Till)

Number of
leaves (Lvs)

Number of dead
leaves (deadlL)

Root dry Shoot dry Total dry
matter (RDM) matter (ShDM) matter (TotDM)

Root/shoot
ratio (r/sh)

Genotype (G) ok . . . - . ok . .
Sulfur treatment (S) ok ok ok wox ok - ok ok wox
LS 61.9 52.5 1.5 9.0 3.2 290.1 456.4 746.5 66
HS 821 24.9 2.3 11.4 1.5 141.6 618.1 759.7 23.3
GxS ok ok * sk ok * ok - ns
n 364 364 364 364 364 364 364 364 364
Mean 71.9 38.7 .8 10.2 2.4 214.8 533.5 748.3 44.6
SE 0.7 0.7 0.1 0.1 0.1 5.5 10.3 12.8 1.2
Min 34 13 1 1 1 47 123.5 193.5 13.2
Max 106 69 4 31 6 541 1313.5 1652 95.83

ns, non-significant (P > 0.05), *significant (P < 0.05), **(P < 0.01), **(P < 0.01). LS, Low-S; HS, high-S treatment.

identified; though in different chromosomes compared to low-S
treatment. The QTLs were found in chromosome 4 and 6 for root
length; in chromosome 7 and 12 for root dry matter; and in
chromosome 2 and 7 for total dry matter (Table 3).

The minor allele frequency and effect of alleles were also
determined in each locus (Table 3). Minor alleles exhibited
favorable effects on root dry matter in qSUEI, and qSUE3-1.
Likewise, for total dry matter the minor alleles had higher effect
in qSUE2-2, qSUE3-1, qSUES6, and qSUE!1. In the opposite, for
root length (gSUE2) the minor allele had a small effect compared
to the major allele.

The Manhattan plots and QQ plots for each associated QTL are
shown in Figure 3 (Low-S treatment) and Supplementary Figure
$3-1 in Presentation 1 (High-S treatment). A complementary
GWAS analysis was performed using the phenotypic ratio of low
S/high S result showed that several QTLs were consistently found in
both analysis approaches (low-S and ratio Low/high S)
(Supplementary Figure S3-2 in Presentation 1).

Selection of Putative Candidate Genes
The LD block for several significant loci is shown in
Supplementary Figure S4 in Presentation 1. LD block was
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FIGURE 2 | Distribution of relative difference ([low S - high S]/high S) values from evaluated phenotypic parameters. Thick lines inside the box represent the median
of the distribution, while the lower and upper boundaries represent the first and third quartile, respectively. Relative difference was calculated as: (low-S minus high-
S)/high-S. Ht, plant height; RLmax, maximum root length; Till, number of tillers; Lvs, number of leaves; deadl, number of dead leaves; RDM, root dry matter; ShDM,

TABLE 2 | Correlation coefficient between phenotypic traits measured in plants grown in low-S treatment.

Ht RLmax Till Lvs deadL RDM ShDM TotDM
Plant height (Ht)
Maximum root 0.288
length (RLmax) >
Number of tillers 0.419 0.169
(il *
Number of leaves 0.420 0.125 0.786
(Lvs) s .
Number of dead -0.049 0.127 0.180 0.370
leaves (deadl) ns ns ns i
Root dry matter 0.659 0.285 0.359 0.337 -0.155
(RDM) ok . . sk s
Shoot dry matter 0.800 0.208 0.592 0.566 -0.078 0.836
(ShDM) « ns
Total dry matter 0.778 0.244 0.528 0.503 -0.112 0.932 0.978
(TotDM) . « sk . sk .
Root/shoot ratio -0.461 -0.051 -0.510 -0.512 -0.171 0.032 -0.486 -0.308
(t/sh) ns * ns . .

ns, non-significant (P > 0.05), *significant (P < 0.05), **(P < 0.01), **(P < 0.01).

clearly delineated for most peaks, except for that of gSUE3. Gene
models contained in the LD block were retrieved from RAP-DB,
and those annotated as unknown and hypothetical proteins were
removed. Putative candidate genes were therefore selected based on
their functional annotation and GO molecular function (Table 4,
and Supplementary Table S3 in Data Sheet 1).

Candidates genes for root length, locus (qSUE2), would be
glutathione S-transferase (Os02g0564000), the BHLH
transcription factor (0s02g0564700), and the PTO kinase
interactor (0s02g0565500). In the case of gSUE4 the candidate is
a protein containing Leucine rich repeat domain (Os04g0647900),
while for gSUEY, candidate genes are ubiquitin conjugating enzyme
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TABLE 3 | Quantitative trait loci (QTL) associated to root length, root, and total dry matter in GWAS using a mixed linear model (MLM).

Trait Loci name Chr SNP denomination SNP position (bp) P Minor allele
MAF 2Effect
Root length
LS SUE2-3 SNP-2.21491708 21,497,578 3.40E-06 017 5.4
SUE4 SNP-4.32776574 32,961,688 5.39E-06 0.35 2.4
SUE9 SNP-9.15018718 15,019,720 3.63E-07 0.34 5.2
HS SNP-4.24473685 24,658,824 7.62E-06 0.47 3.05
SNP-6.21637246 21,638,244 7.38E-06 0.06 5.29
Root Dry Matter
LS SUE1 1 SNP-1.12111994 12,113,021 6.20E-06 0.14 491
SUE2-1 2 SNP-2.4411478 4,411,482 9.23E-06 0.41 79.8
SUE3-1 3 SNP-3.19346088 19,347,578 2.32E-07 0.10 54.3
SUE3-2 3 SNP-3.28010215 28,017,162 6.38E-06 0.41 76.3
HS SUE7 7 SNP-7.22383573 22,384,567 4.75E-06 0.08 32.9
SUE12 12 SNP-12.22908597 22,942,139 9.63E-06 0.05 46.7
Total Dry Matter
LS SUE2-2 2 SNP-2.16027627 16,033,498 1.40E-06 0.08 335.4
SUE3-1 8 SNP-3.19346088 19,347,578 2.75E-06 0.10 299.1
SUE6 6 SNP-6.292614 293,615 5.35E-06 0.06 442.8
SUE11 11 SNP-11.17486608 17,952,751 7.06E-06 0.04 480.1
HS SNP-2.22318649 22,324,519 6.90E-06 0.28 181.8
7 SNP-7.7306443 7,307,439 2.94E-06 0.05 325.9

"MAF, minor allele frequency. “Marker effect.

binding group (0s09g0419500) and CBL-interacting protein kinase
16 (Os09g0418000).

For root dry matter, the candidates for locus gSUEI-I
would be genes encoding pectin acetylesterase (Os01g0319000)
and ABC1 protein (Os01g0318700). Starch debranching enzyme
(0s02g0164900) and peptidase S26A protein (0s02g0165600)
are candidates for gSUE2-1, while genes encoding interferon-
related developmental regulator (Os03g0448700) and serine/
threonine protein kinase (Os03g0556600) are candidates
for gSUE3-1. For qSUE3-2, the candidate encodes for
lipoxigenases (Os03g0700700)

For total dry matter, candidates for gSUE2-2 are a protein
phosphatase (0s02g0471500) and protein kinase (Os02g0472700),
while a pectinesterase protein (Os06g0104300) for gSUE6. For
locus gqSUEII, there were two genes encoding sulfotransferase
(Os11g0503900 and Os11g0505300) flanking the LD block
(Table 4).

Experiment 3

An additional experiment was carried out to confirm the
performance of a set of genotypes with contrasting haplotypes
associated with total dry matter. The genotypes: Santhi
Sufaid 207, Kangro, Juma and DJ123, which harbor the
favorable haplotypes for root and total dry matter, showed a
significant increase in root length, root and total dry matter,

and root:shoot ratio compared to the unfavorable haplotype
group: Surja Mukhi, Harbhoondi, Khadasiya3, and Andikulan.
The Asian mega variety IR64 was included as reference
(although its haplotype was not determined) (Figure 4 and
Supplementary Table S4 in Data Sheet 1, ANOVA). A
complementary analysis using relative values for low S/high S
is presented in Supplementary Figure S5 in Presentation 1.

Gene Expression

The qSUEII is surrounded by two genes: gSUEII-1,
0s11g0503900 (cds: 987 nuc, amino acids: 328), and
qSUE11-2, Os11g0505300 (cds: 1188 nuc, amino acids: 395).
Both genes encode the sulfotransferase family protein since
they contain the Sulfotransfer_1 domain, PF00685
(Hirschmann et al., 2014). An alignment comparison
between both genes showed 55.2 and 62% similarity at the
nucleotide and amino acid sequence, respectively
(Supplementary Figure S6-1 in Presentation 1). The gene
0Os11g0503900 was partially sequenced in Surja Mukhi and
Santhi Sufaid 207 (harboring the favourable- and unfavorable
haplotype, respectively). Result showed no difference in their
nucleotide alignment (Supplementary Figure S6-2 in
Presentation 1). In addition, a BLAST search for both genes
against the genome sequence of accession DJ123 (Schatz Lab-
Johns Hopkins University, Schatz et al., 2014) showed the
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FIGURE 3 | Manhattan and Quantile-quantile (QQ) plots derived from GWAS analysis for traits: (A) Root length, (B) Root dry matter, and (C) total dry matter.
Manhattan plot shows negative logarithmic ((-log10 (P)) values of association for each SNP (Y axis), and SNP location along the 12 chromosomes (colored bar in X
axis). Red line indicates a -log10 (P value) threshold of 5. QQ plots X shows the expected -log10 (p value) on X-axis, and measured -log10 (p value) on Y-axis.
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presence of SNPs and indel for both cases: Os11g0503900
(98.6% similarity, 3 indel and 16 SNP) and Os11g0505300
(98.7% similarity, with single 6 indel, and 2 short indel)
(Supplementary Figures S6-3, S6-4 in Presentation 1).
RT-qPCR analysis indicated that the transcript-level
abundance of both sulfotransferase genes Os11g0503900 and
Os11g0505300 was consistently low (Figure 5), as it was
reported by Chen et al. (2012) and Rice X-Pro. The transcript
level of both genes was not induced by S treatment; however,
higher transcript level was found for Os11g0503900 in shoot
tissue of the favorable-haplotype group. ANOVA result is
presented in Supplementary Table S4 in Data Sheet 1.

DISCUSSION

To date, most work related to S deficiency has focused on
Arabidopsis; this study thus aimed to elucidate the genetic
aspect of tolerance to S deficiency in rice, an agronomically
important cereal crop model. Our initial experiment
(Experiment 1) testing a modified Yoshida solution, with all
sources of S substituted (Supplementary Table S1 in Data Sheet
1) indicated that the low-S supply (0.01 mM) was enough to
cause measurable symptoms in 30-day-old plants, which could
be used to screen and identify plants that are tolerant to
S-deficiency.
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TABLE 4 | List of candidate genes in each QTL.

RAPdb MSU (LOC) Annotation Reference
Root length - gSUE2-3

050290564000 0s02g35590 Similar to glutathione S-transferase. Kumar and Trivedi, 2018
050290564400 0s02g35630 Similar to CLPX (Clp protease regulatory subunit X) 3B ATPase.

050290564700 0s02g35660 Similar to BHLH transcription factor. Hudson and Hudson, 2015
qSUE4

0s04g0647300 0s04g55360 Similar to H0811D08.10 protein.

0s04g0647900 0Os04g55420 Leucine-rich repeat 2C N-terminal domain containing protein

qSUE9

0s09g0418000 0s09g25090 Similar to CBL-interacting protein kinase 16.

0s09g0419500 0s09g25190 Similar to ubiquitin-protein ligase/zinc ion binding protein. Shu and Yang, 2017
Root dry matter - qSUE1

0s01g0318700 Os01g21610 Similar to ABC1 protein (Fragment).

0s01g0319000 0s01g21630 Similar to pectin acetylesterase

0s01g0318000 0s01g21580 Similar to esterase/lipase/thioesterase family protein.

qSUE2-1

0s04g0164900 Similar to starch debranching enzyme

0s04g0165600 0s04g08340.1 Peptidase S26A signal peptidase | family protein

qSUE3-1

0s03g0448700 0Os03g33590 Interferon-related developmental regulator domain containing protein.

0s03g0556600 0s03g35600 Serine/threonine protein kinase-related domain containing protein. Diédhiou et al., 2009
qSUE3-2

0s03g0700700 0s03g49380 Similar to lipoxygenase

Total dry matter - gSUE2-2

0s02g0471500 0s02g27220 Protein phosphatase 2C domain containing protein

0s02g0472700 0s02g27310 Similar to receptor-like serine-threonine protein kinase

qSUE6

0Os06g0104300 Os06g01490 Similar to pectinesterase-like protein

0s06g0104200 0s06g01480.1 Similar to OsNAC7 protein

qSUE11

0s11g0503900 Os11g30810 Sulfotransferase family protein. Chen et al., 2012
0s11g0505300 Os11g30910 Sulfotransferase 2C resistance to rice stripe virus

In the same experiment, the genotype DJ123 (belonging to the
aus sub-species) showed better performance compared to
modern rice cultivars (IR64 and Nerica 4), indicating that the
aus group could be a good target for further screening. The next
step of our study, therefore, focused on the screening of the aus
group, which is known for their adaptability to unfavorable
environments. For example, the genotype FR13A harbors the
submergence tolerance gene Subl (Xu et al., 2006), and Kasalath
harbors the phosphorus starvation tolerance gene Pstoll
(Gamuyao et al., 2012). In addition, DJ123 was shown to have
high PUE (Wissuwa et al, 2015) and root efficiency (Mori
et al., 2016).

Rice plant response to S deficiency started with leaf yellowing
and visible reduction of shoot growth, followed by physiological
and morphological modification of the roots, resulting in an
increase in the root:shoot ratio, as deficiency became more

severe. This S-deficiency response is related to adaptations
within the S metabolic pathway first, and then related to the
interaction with metabolic pathways of other nutrients
(Lewandowska and Sirko, 2008; Kopriva et al., 2015).

In our experiment, S deficiency differentially induced root
elongation and enhanced root growth in 30-day old plants
(Figure 2). Similar responses have been reported for N, P and
Magnesium (Mg) starvation (Hermans et al, 2006; Wissuwa
et al,, 2015), indicating that plants share a common mechanism
to favor root growth to improve their ability to search and
acquire scarce mineral nutrients from the soil. However, the two-
way ANOVA revealed significant interaction effects on GxS
(genotype by environment) for several traits including root
length and root biomass, indicating that response to Sulfur
treatment varies among the members of the aus group.
Depending upon the breeding purpose, GxS interaction would
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FIGURE 4 | Root length (A), root dry matter (B), total dry matter (C) and root:shoot ratio (D) of a set of aus genotypes grown under low-S or high-S condition.
Genotypes included in the box harbor the favorable haplotype for total dry matter. Data represent the mean (x standard error, SE) of three independent replications (n =
3) and analyzed by two-way ANOVA. Different letters indicate significant difference within either factor: S treatment (capital letter) or genotype (small letter) according to
Tukey's Honest Significant Difference test (P < 0.05). ANOVA results are provided in Supplementary Table S4-2 in Data Sheet 1. SUR, Surja Mukhi; HAR,
Harbhoondi; KHA, Khadasiya3; CHU, Chungur Bali; AND, Andikulan; NP, NP 125; SAN, Santhi Sufaid207; KAN, Kangro; JUM, Juma; NCS, NCS 160; DJ, DJ123.
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FIGURE 5 | Relative expression of sulfotransferase genes: Os11g0503900 (A) and Os11g0505300 (B) in root and leaves tissue from genotypes harboring

favorable/unfavorable haplotypes for total dry matter. Plants were grown either under low-S or high-S condition. Data represent the mean (+ standard error, SE) of
three independent replications (n=4) and analyzed by two-way ANOVA. Different letters indicate significant difference within either factor: S treatment (capital letter) or
haplotype group (small letter) according to Tukey's Honest Significant Difference test (P < 0.05). ANOVA results are provided in Supplementary Table S4-3 in Data

be the very helpful to identify genotypes with good adaptation to
specific S-deficiency conditions or with good ability to respond to
broader nutritional problems.

We have further analyzed the trait association using two
approaches: comparing the GWAS result for low S (Figure 3)
and high S (Supplementary Figure S3-1 in Presentation 1)
separately, and by calculating the association for the ratio low
S/high S of phenotypic values. The GWAS comparison in two
contrasting nutritional conditions (low S and high S) showed
no common response. The identified QTLs did not co-localize
indicating that specific and independent genetic effects were
controlling the phenotypic response in both conditions
(Rebolledo et al., 2016). On the other hand, GWAS result
from relative values (low S/high S) revealed the presence of
QTLs in greater number than in low-S treatment. Although
the Manhattan plots showed many significant SNPs, which
were rather scattered with undefined peak shape, there were
several SNPs that co-localized in both analysis
(Supplementary Figure S3-2 in Presentation 1), indicating
that both approaches could be used complementarily.

The GWAS result indicated that the aus group possesses
enough genetic variations for tolerance to S deficiency as several
novel QTLs associated with agronomic traits, such as root length,

Sheet 1. Favorable haplotype group: Santhi Sufaid 207, Kangro, Juma and DJ123. Unfavorable group: Surja Mukhi, Harbhoondi, Khadasiya3 and Andikulan.

and root and total dry matter were identified (Table 3). Among
the favorable alleles in the significant loci there were two minor
alleles for root dry matter and four for total dry matter.

Subsequently, based on the delineated LD blocks
(Supplementary Figure S5 in Presentation 1), candidate
genes with annotations putatively related to S metabolism
and/or related processes to plant growth and stress response
were selected for each locus.

A common response to S deficiency in most aus accessions
was an increase in root length, and GWAS analysis identified one
locus for which the common major haplotype increased root
length, while only 17% of accessions with the minor haplotype
had roots about 5% increase in length. Though these alleles
appear to be the common alleles, this locus would be of little
practical interest (from the agronomical/breeding point of view),
candidate genes at this locus indicate the involvement in: a)
regulation of growth in roots and flowers, and response to
various stresses (helix-loop-helix transcription factor, Pires and
Dolan, 2010; Hudson and Hudson, 2015); b) plant detoxification
reaction during abiotic stress, like cadmium and arsenic
detoxification (glutathione S-transferase, Kumar and Trivedi,
2018) and plant development (Gong et al., 2005); ¢) protein
ubiquitination which plays roles in several plant developmental
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stages and several abiotic stress responses (ubiquitin-protein
ligase enzymes; Sharma et al., 2016; Shu and Yang, 2017).

For root dry matter, main candidates belong to the family of a
protein kinase (serine/threonine protein kinase) which is
involved in the regulation of epidermal cell morphogenesis,
root hair elongation, and possibly in plant growth and stress
tolerance (Diédhiou et al., 2009).

For total dry matter, the sulfotransferase genes were selected as
candidate genes because of their involvement in the secondary S-
assimilation pathway. Sulfotransferase catalyzes the sulfation of
several compounds to produce sulfate esters, sulfamates, and
sulfate conjugates (Hirschman et al,, 2014). In our study their
expression pattern suggests that the one gene is differentially
expressed in shoot tissue, but not induced by S-deficiency
condition (Figure 5). Their transcript level abundance was
consistently low, which agrees with the finding of Chen et al.
(2012). The reported expression of Sulfotransferase genes suggests
their involvement in plant defense, stress response, signaling and
developmental regulation (Klein and Papenbrock, 2004; Hirschman
et al, 2014), although their involvement in tolerance to sulfur
tolerance is not yet understood. Further studies of gene expression
at earlier stage of stress could contribute to elucidate their role.

The superior performance of a set of aus genotypes (Santhi
Sufaid 207, Kangro, Juma and DJ123) harboring the positive
haplotypes for root and total dry matter was confirmed in this
study (Figure 4). Although, no difference among genotypes was
found for total dry matter when relative values low S/high S was
analyzed (Supplementary Figure S4 in Presentation 1), these
genotypes with consistent superior performance would be
agronomically desirable when selecting potential donors.

It is well known that S and N metabolism are highly
integrated, for example, S deficiency can cause a reduction of
synthesis of proteins, and accumulation of nitrogenous
compounds, as well as lowering the utilization of available N
in soil. Since the N level in low-input agrosystem could
exacerbate the S deficiency problem, rice accessions/cultivars
with S and N use efficiency should be considered in breeding
program targeting yield and quality of rice.

To our knowledge, there are no reported QTLs for tolerance
to S deficiency in rice, therefore this study represents a significant
advance in current efforts to reduce S deficiency in agriculture.
Furthermore, the rice accessions: Santhi Sufaid 207, Kangro,
Juma and DJ123 could be used as donors to improve local
cultivars (Figure 4). Although the aus group still has some
negative agronomic traits, such as excessive plant height,
shattering and lodging, the beneficial loci identified here can be
transferred through conventional breeding and using the
associated SNPs for marker assisted selection.
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Abstract

Rice (Oryza sativa L.) is a staple food of Madagascar, where per capita rice consumption is
among the highest worldwide. Rice in Madagascar is mainly grown on smallholder farms on
soils with low fertility and in the absence of external inputs such as mineral fertilizers. Conse-
quently, rice productivity remains low and the gap between rice production and consumption
is widening at the national level. This study evaluates genetic resources imported from the
IRRI rice gene bank to identify potential donors and loci associated with low soil fertility toler-
ance (LFT) that could be utilized in improving rice yield under local cultivation conditions.
Accessions were grown on-farm without fertilizer inputs in the central highlands of Madagas-
car. A Genome-wide association study (GWAS) identified quantitative trait loci (QTL) for
total panicle weight per plant, straw weight, total plant biomass, heading date and plant
height. We detected loci at locations of known major genes for heading date (hd1) and plant
height (sd1), confirming the validity of GWAS procedures. Two QTLs for total panicle weight
were detected on chromosomes 5 (gLFT5) and 11 (qLFT11) and superior panicle weight
was conferred by minor alleles. Further phenotyping under P and N deficiency suggested
gLFT11to be related to preferential resource allocation to root growth under nutrient defi-
ciency. A donor (IRIS 313-11949) carrying both minor advantageous alleles was identified
and crossed to a local variety (X265) lacking these alleles to initiate variety development
through a combination of marker-assisted selection with selection on-farm in the target envi-
ronment rather than on-station as typically practiced.

Introduction

Rice (Oryza sativa L.) is a staple food for more than half of the world population, supplying
about 35 to 60% of dietary calorie intake, micronutrients (Fe and Zn) and vitamins (B). In

PLOS ONE | https://doi.org/10.1371/journal.pone.0262707 May 18, 2022

1/20
173


https://orcid.org/0000-0003-3505-9398
https://doi.org/10.1371/journal.pone.0262707
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262707&domain=pdf&date_stamp=2022-05-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262707&domain=pdf&date_stamp=2022-05-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262707&domain=pdf&date_stamp=2022-05-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262707&domain=pdf&date_stamp=2022-05-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262707&domain=pdf&date_stamp=2022-05-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0262707&domain=pdf&date_stamp=2022-05-18
https://doi.org/10.1371/journal.pone.0262707
https://doi.org/10.1371/journal.pone.0262707
https://doi.org/10.1371/journal.pone.0262707
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Rice association panel identifies loci associated with tolerance to low soil fertility in Madagascar

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
information files. The genotype dataset is publicly
available at https://snp-seek.irri.org/_download.zul.

Funding: This research was funded by the Science
and Technology Research Partnership for
Sustainable Development (SATREPS), Japan
Science and Technology Agency (JST)/Japan

International Cooperation Agency (JICA) (Grant No.

JPMJSA1608). The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Madagascar, an island located off the southeast coast of Africa, rice has been introduced during
the early migration from Asia [1,2] and remains the dominant staple in the Malagasy diet. The
annual per-capita consumption of about 136 kg rice is among the highest in the world but
unfortunately local production cannot meet the rising demand of an increasing population
[3]. The situation is similar across the Sub-Saharan Africa (SSA) region where rice consump-
tion is rapidly outpacing local production [4].

Rice productivity in most of the SSA region is limited by several biotic and abiotic stresses.
Among the abiotic stresses, low soil fertility is the one of main concern, with phosphate (P)
often being the most limiting nutrient [5]. This is certainly the case in Madagascar where P
deficiency is widespread, possibly due to high levels of P-fixing element such as iron (Fe), alu-
minum (Al) and/or oxyhydroxides [6]. This problem is exacerbated by the continual removal
of organic residues and limited application of organic matter and/or fertilizer inputs [7-9].
The nutritional deficiency in soil could be alleviated through fertilizer application; however,
the cost of fertilizers is often higher in SSA compared to other regions and therefore access to
fertilizers is limited for resource-poor farmers in small scale farming systems. Approximately
10% of the global population lives in Africa, however, only 0.8% (1.29 TM) of the total amount
of applied fertilizer is used in Africa [10].

A cost-efficient partial solution to the soil fertility problem in SSA would be the improve-
ment of nutrient acquisition and utilization efficiencies in local varieties [11]. Studies evaluat-
ing gene bank accessions concluded that ample variation for P acquisition and underlying root
traits existed in the rice gene pool, with traditional varieties typically being superior to modern
high-yielding varieties [12]. In comparison, less variation was observed within rice accessions
for internal P utilization efficiency, but again traditional varieties tended to be more efficient
[13]. The prevalence of traditional rice varieties throughout Madagascar [14] would confirm
that modern varieties lack adaptation to low-input conditions and, furthermore, may suggest
that plant breeding has not properly addressed the needs of the mostly resource-poor small-
holder farmers.

Gene banks are considered a reservoir of untapped allelic variants waiting to be utilized for
improving crop adaptation to biotic and abiotic stresses [15,16]. Through next generation
sequencing (NGS) an increasing number of gene bank accession has been sequenced, leading
to the detection of allelic variants mainly as single nucleotide polymorphisms (SNPs) where
the genome sequence of two or more individuals differs by a single base. Genome-wide associ-
ation studies (GWAS) detect associations between a genetic variant (SNPs throughout the
genome) and trait variation (phenotype) for a large number of individuals. GWAS could iden-
tify loci, genes and alleles that contribute to specific traits, and therefore could accelerate
breeding for targeted traits. For example, GWAS had been successfully applied in rice to dis-
sect the genetic basis of nutrient-related traits such as aluminum tolerance [17], phosphorus
utilization efficiency [12], manganese toxicity [18], sulfur deficiency [19], and of traits related
to root development [20], and root efficiency [12].

Accessions combined in the GWAS panels of above studies typically comprise mostly tradi-
tional varieties from gene bank collections but may also include modern varieties and breeding
lines. They may focus on accessions of just one rice sub-species or include representatives of
all or most sub-species. Thus, GWAS represents a structured approach to assess the genetic
diversity held at national/international gene banks (that would otherwise not be utilized),
potentially identifying novel donors and alleles to be utilized in crop breeding to improve traits
that lack genetic variability in the pool of currently used breeding lines.

The objective of this study is to follow such an approach with the goal to improve adapta-
tion of rice to low soil fertility. A GWAS panel of 532 sequenced rice accessions was imported
from IRRI and evaluated on-farm under low-input conditions in the central highlands of
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Madagascar in order to identify novel loci associated with traits of relevance in such condi-
tions. For loci detected we aim to identify suitable donors to initiate a local breeding program
to improve grain yield for smallholder farmers.

Materials and methods
1. On-farm trials

1.1 Plant material and on-farm experiment. The 3000 Rice Genome Project (3KRGP)
housed by the International Rice Research Institute, IRRI-Philippines (http://snp-seek.irri.org)
[21], provides publicly available genotype information and seeds of sequenced accessions. A
set of 532 rice accessions from this resource was imported from IRRI to Madagascar. The
selected set predominantly included accessions from the indica subpopulation (81%), with
minor proportions from the japonica, aus and aromatic subspecies (Fig 1A). The central focus
in indica group was because of the preference for indica-type varieties by farmers and consum-
ers in Madagascar. Accessions were then selected from different rice producing countries with
similar conditions to the Central Highlands of Madagascar such such as India, Lao PDR, Thai-
land, Indonesia, Nepal, Sri Lanka, Bangladesh, Philippines, (Fig 1B). Several accessions origi-
nated from Madagascar were also included in the set.

Trials were conducted at two field sites in the highlands of Madagascar during the main
rice growing season (November to April, 2017-2018): Anjiro-Moramanga (Latitude: -18° 56’
58.13" S, Longitude: 48° 13’ 48.25"), at 950 m above sea level (masl), with average maximum
temperature of 29°C and average minimum temperature of 17°C, and average precipitation of
220 mm; and Ankazo-Antsirabe (Latitude: -19° 51’ 57.10" S, Longitude: 47° 01’ 59.99", at 1150
masl, with average maximum temperature of 27°C and average minimum temperature of
15°C, and average precipitation of 210 mm.

All experiments were conducted on smallholder farms characterized by low-input cultiva-
tion. Field plots used had no history of mineral fertilizer application in the past. The soils used
in these experiments were clay loam, with pH: 5.3-5.8 (1:5, H,0), total N (g kg'l): 04-0.6g
kg-1, Olsen P (mgkg'): 5.9-7.5, and organic C (g kg™'): 10.7-15.3. Seeds were sown in elevated
nursery beds (20 m L x 0.6 m W x 0.1 m H). Each accession was sown in a 40 cm row with 10
cm spacing between rows (S1 Fig). Seeds were covered with fine soil and a layer of non-rice
straw mulch to maintain moisture and warmness during seed germination. Water was sup-
plied (depending on availability) either by partially flooding the bed soil or manually using
watering cans. Seedlings were raised for 4 weeks in this nursery, followed by manual trans-
planting of 1 plant per hill into 2-m long single-row plots with 20 cm spacing within and
between rows. The experiment was conducted in a completely randomized block design
(CBRD) with two replications per site. Agronomic practices such as manual weeding, water-
ing, etc, were performed following the local practices.

1.2 Phenotypic data. Phenotypic parameters evaluated in this experiment included head-
ing date, plant height and culm height, straw and panicle weight. Heading date were taken
throughout the vegetative period (start, 50% and 100%). Plant height was defined as the dis-
tance from the base of the stem to the tip of the flag leaf, while culm height was measured up to
the panicle base node. Harvests of panicles and straw were done continuously as plants
reached maturity, using 5 plants per plot. Panicles were individually harvested by cutting at the
basal node of the rachis. Straw weight was recorded as fresh weight directly at the field site.
This was later adjusted to dry weight based on the moisture content determined for a sub-sam-
ple after drying samples in an oven for 3 days at 60°C. Harvested panicles were brought to a
green house and air dried in mesh bags before weights were taken.

PLOS ONE | https://doi.org/10.1371/journal.pone.0262707 May 18, 2022 3/20

175


http://snp-seek.irri.org
https://doi.org/10.1371/journal.pone.0262707

PLOS ONE

Rice association panel identifies loci associated with tolerance to low soil fertility in Madagascar

" trop = ind1A

= ind1B

temp
|

A aus_® other
= aro S\ i\

Bhutan Various India

Cambodia

i F‘

Banglad

Sri Lanka -— Thailand

Nepal Indonesia

Fig 1. Distribution of subspecies (A) and country of origin (B) of selected rice accessions in the GWAS panel. aro:
aromatic; aus: aus; ind: indica; trop: tropical; temp: temperate; admix: admixture.

https://doi.org/10.1371/journal.pone.0262707.g001

The phenotypic data was analyzed using a mixed linear model where the effects of genotype
were considered as fixed effect, and those of locations and replicates per location as random
effects. The analysis was performed using the R package Linear Mixed-Effects Models using
"Eigen’ and S4 (Ime4) [22], and an in-house script based on:

[phenotypic value] [genotypic value], + [location], + [replication], + [error]

il ilrj
This analysis provided the best linear unbiased estimator (BLUE) for genotypes across 2
sites and 2 replicates per site.

Heritability was estimated by using the following model:

Y = i+ genotype, + location, + rep(year x location),, + e,
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where y;;; is the phenotypic value of the i-th genotype in j-th year on the I-th replicate in the k-
th location.

1.3 Association mapping. The 404K core SNP genotype dataset of the rice accessions was
obtained from the 3000 Rice Genome Project (3KRGP), (https://snp-seek.irri.org). A matrix
genotype file composed of 186,229 (187K) SNPs and 3026 accessions was prepared and
reported in a previous study [23]. A subset containing the 532 accessions was filtered from the
matrix prior to analysis. Association analysis was then performed using: a) BLUE values
obtained for each trait; b) the 187K matrix genotype dataset; and, c) the GWAS function in the
Ridge Regression and Other Kernels for Genomic Selection package (rrBLUP v.4.6) [24],
using a simple mixed model, where in the phenotype was estimated by setting the accession
and residual effects as random, while the replicate effect considered as fixed effect. The effect
of population structure was controlled by using a genomic relationship matrix calculated in
the A.mat function. The model was run using an in-house R script and the rrBLUP package
returned a quantile-quantile plot and a Manhattan plot with a significant threshold set to a 5%
FDR (false discovery rate) [20,23]. Loci were considered significantly associated with a trait
based on a threshold of-log(10)(p) > 5 for those peaks characterized by at least three consecu-
tives Quantitative Trait Nucleotide (QTN) [19,20].

For the purpose of confirming detected associations, a second analysis was conducted with
the software program Trait Analysis by association, Evolution and Linkage 5.0 (TASSEL) [25].
Prior to association analysis, the 404K coreset SNP genotype dataset was filtered as follows:
heterozygotes and indels were set as missing values, and SNP having more than 5% missing
data or minor allele frequency (MAF) below 0.03 were excluded [19]. The association mapping
was then analyzed using the mixed linear model (MLM) procedure, with three principal com-
ponents (PCA) and a kinship matrix. Adjusted p-values were calculated using the False Dis-
covery Rate (FDR = 0.05) correction method in R.

The phenotypic effect of minor alleles at each locus was determined by calculating the aver-
age phenotypic values of all accessions carrying either allele, and a box-plot graph was gener-
ated for each locus using an in-house R script.

Linkage disequilibrium (LD) analysis to define LD blocks (non-random association of
alleles at a defined region) surrounding the significant SNPs was performed by Haploview 4.2
[26]. To check whether identified regions corresponded to previously identified QTL, peak
QTN positions were searched against the public QTL databases QTARO (http://qtaro.abr.
affrc.go.jp) and GRAMENE (https://archive.gramene.org/qtl).

1.4 Selection of putative candidate genes. Gene models were obtained from the Rice
Annotation Project Database (RAP-DB, https://rapdb.dna.affrc.go.jp/) for each significant
peak and their surrounding LD block. Genes annotated as ‘(retro)transposon’, ‘hypothetical’
or ‘unknown’ were excluded from further analysis. Putative candidate genes were then selected
based on annotated function and gene ontology (http://www.geneontology.org), and expres-
sion pattern obtained from the Rice XPro database (http://ricexpro.dna.affrc.go.jp).

Furthermore, SNP variant effects were investigated using the Variant Effect Predictor
(VEP, Ensembl, https://asia.ensembl.org/Tools/VEP), which predicts the potential effects of
the SNP variant in terms of changes in protein sequences.

2. Validation of result

2.1 Using a different set of 3K accessions. To confirm the effects of positive alleles identi-
fied in the on-farm trials (experiment 1), a different set of 3K accessions was grown in the fol-
lowing year and TPW was measured. This set consisted of 52 newly imported rice accessions
and 23 accessions repeated from year 1. Field experiments were carried out at the same sites as

PLOS ONE | https://doi.org/10.1371/journal.pone.0262707 May 18, 2022 5/20

177


https://snp-seek.irri.org
http://qtaro.abr.affrc.go.jp
http://qtaro.abr.affrc.go.jp
https://archive.gramene.org/qtl
https://rapdb.dna.affrc.go.jp/
http://www.geneontology.org
http://ricexpro.dna.affrc.go.jp
https://asia.ensembl.org/Tools/VEP
https://doi.org/10.1371/journal.pone.0262707

PLOS ONE

Rice association panel identifies loci associated with tolerance to low soil fertility in Madagascar

in year 1 but in different small-holder farmer fields (under low fertility soil). Fields were not
fertilized and had no history of mineral fertilizer application in the past. Experimental proce-
dures were as reported for experiment 1.

2.2 Using water culture (low P and/or low N). A second confirmatory experiment was
conducted in the greenhouse in Japan, evaluating accessions at the vegetative growth stage in
hydroponic culture. Dehulled seeds from selected accessions had been imported into Japan
where a seed multiplication step was necessary. Pregerminated seeds were sown onto a mesh
floating over a solution containing 10% Yoshida solution without P. The full-strength Yoshida
solution (1X) is composed of: N, 2.86 mM (as NH4NO3); P, 0.05 mM; K, ImM; Ca, ImM; Mg,
1mM; Mn, 9 uM; Mo, 0.5 uM; B, 18.5 uM; Cu, 0.16 uM; Fe, 36 uM; Zn, 0.15 uM [27].

Ten days after germination seedlings were transferred to 45-L hydroponic containers with 28
seedlings fixed to holes in the container lid using sponge strips. Four treatments were imposed
in an otherwise modified Yoshida nutrient solution as described above: low P (LP, 5uM), low N
(LN, 0.28 mM), a combination of low N and low P (LNP) and a control treatment (2.86 mM N,
50uM P). The experiment was conducted in a temperature-controlled (30°C during daytime,
and 25°C nighttime) glass house under natural light at JIRCAS-Tsukuba (36°12°0"N, 140°6’0"E).
The experiment was conducted in a randomized complete block design (RCDB) with four repli-
cations. Rice accessions were harvested 35 days after germination, root length was evaluated
together with root and shoot dry matter, and root/shoot subsamples of four independent repli-
cations were flash-frozen in liquid nitrogen and stored at -70°C until RNA extraction using the
RNeasy Plant Mini Kit (Qiagen), following the manufacturer instruction manual.

Expression of candidate genes. Total RNA (400 ng) was then reverse transcribed (RT) using
the PrimeScript RT Enzyme Mix I (Takara, Japan). Quantitative PCR (qPCR) was performed
using 2 ng RT template and SYBR Premix ExTaq (Perfect Real Time, Takara, Japan), using the
CFX96 Touch Real-Time PCR system (BioRad, USA). Primer efficiency was determined by
serial dilutions of RT product. Elongation factor (ELF-1), Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) and Ubiquitin (Ubi) was used as internal controls. Relative expression
levels between treatment and shoot or root of control samples were calculated using the stan-
dard-curve method and expressed as fold changes. The normalized data was then analyzed by
ANOVA. The list of primers used in this study is shown in S1 Table.

3. Development of a cross population

In order to utilize the main peaks associated with TPW on chromosome 11 in marker assisted
selection, we designed a Kompetitive Allele Specific PCR (KASP) marker (qTLF11-1). Using
this KASP marker we determined that the popular local Malagasy variety X265, also known as
“Mailaka”, carries the (major) unfavorable allele, and would therefore be a potential recipient
benefitting from the introgression of the positive minor allele from donor accession GP1103.

X265 and GP1103 parent plants were grown under paddy condition and during flowering
time, panicles of previously designated female plants were emasculated using heat treatment
(immersion in water bath at 42°C for 7 min) and cross-pollinated using pollen from the male
parent. Successfully crossed F1 plants were identified with KASP markers using an in-house
protocol [28] following the manufacturer instruction manual (LGC Genomics). In brief, KASP
amplification was performed using allele-specific primers with FAM and HEX fluorophores, a
common primer and master mix. The fluorescence signal was then recorded at 520 nm (FAM)
and 556 nm (HEX) for 2 min at 25°C, at the end of the thermal cycles.

Using a modified rapid generation advance (RGA) protocol, crossed individuals were
advanced through the F2 and F3 generation and F4 seeds were sent to Madagascar for field
evaluations in on-farm trials.
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Statistical analysis. The effects of treatment, allele and their interaction on different traits
were estimated using a one or two-way ANOVA, and mean comparisons were performed
using Tukey’s honestly significant difference (HSD) post hoc test (Statistix 9.0 Software). Cor-
relation values were generated by “Hmisc” and visualized in scatter plots by “PerformanceAna-
lytics” R packages [29].

Results
On-farm field trials and GWAS analysis

A set of rice accessions of diverse origin but primarily belonging to the indica sub-species

(Fig 1) was imported and evaluated in two rice-growing areas in the central highlands of Mad-
agascar. Plant performance was evaluated by straw dry weight (STW), total panicle weight
(TPW), which is the average total weight of all panicles per one plant (rather than the weight
of an individual panicle) and total dry weight (TDW) (Fig 2). Biomass weights are given per
plant and grain yield is estimated by TPW. STW ranged from 7.1 to 97.4 g plant™ with a mean
of 29.5 g plant™, TPW from 3.0 to 41.5 g plant™" with a mean of 16.3 g plant™', and TDW from
10.1 to 121.1 g plant™ with a mean of 45.2 g plant™* (Fig 2, S2 Table). Traits STW and TPW
showed greatest variation with a coefficient of variation (CV) of 38.8 and 33.7%, respectively,
which indicates great accession variability in their adaptation to the new environment. The
distribution for TPW was near-normal with the exception of three outliers with high values.

TPW SDW TDW HD Ht HI
022 &0 100 6 100 10 10 20 50
TPW W % % A * %4 * **i_i
(Total panicle 039 | 0.70 wau 00% 045 (=
weight) [
SDW DW % %9 % % A % % 9 * kR
(Straw dry 092 0.46 0.40 -0.53
weight)
DW g
TDW Eps
(Total dry weight) iy
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(Heading date)
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(Plant height)
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o

HI
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Fig 2. Scatterplots showing the relationship among all evaluated agronomic traits. The distribution of each variable is
shown on the histogram, while the bivariate scatter plots with a fitted line, and correlation values and significance level are
shown on the left and right side, respectively. Significance level: p-values (p<0.001: ***, p<0.01: **, p<0.05: *, p>0.05: ).

https://doi.org/10.1371/journal.pone.0262707.9002
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The distribution for STW was slightly skewed towards smaller values with five accessions
showing high STW.

Correlation coefficients between traits measured ranged from as high as r = 0.92 between
TDW and STW, to as low as 0.06 between TPW and plant height (Fig 2). Straw and panicle
biomass had a moderately positive correlation and variation in STW contributed more to
TDW compared to TPW (r = 0.70). As expected, STW was positively correlated with plant
height (r = 0.40) but plant height did not affect TPW. Similarly, late heading was associated
with higher STW (r = 0.46) but not with TPW. Heading date (HD) was negatively correlated
with harvest index (HI), presumably because late heading accessions produced more straw
biomass (Fig 2).

Higher heritability values were found for SWT and HD with 0.54 and 0.40, respectively,
while TPW showed a value of 0.30 (S2 Table).

The association analysis using the Mixed Linear Model (MLM) in rrBLUP identified several
quantitative trait loci (QTL) associated with tolerance of low-fertility soils (gLFT) (Fig 3). Two
QTLs associated with TPW were detected on chromosomes 5 (qLFT-5) and 11 (qLFT-11).
These loci were represented by two significant Quantitative Trait Nucleotide (QTNs) at 14.496
and 14.827 Mbp on chromosome 5 and by 3 QTNs between 25.827-25.849 Mbp on chromo-
some 11 (S3 Table). For both loci the minor allele frequency (MAF) was below 10% and the
minor allele had a positive effect, increasing TPW from 15.9 to 22.7 g plant ' (+42.8%, chro-
mosome 5) and from 15.8t022.0 g plant'1 (+39.0%, chromosome 11) (Tables 1 and 2).

Four QTLs were detected for STW on chromosomes 1, 3,4 and 11 (Fig 3). The strongest
effect was seen on chromosome 1 where four consecutive QT Ns between 10.993 and 11.591
Mbp exceeded the significance threshold of 5 (S3 Table). This locus had a MAF of 5% and the
minor allele was estimated to increase STW from 28.5to 46.5 g plant’1 (+63.2%) (Tables 1 and
2). The second most significant QTL for STW was delineated by 3 QTN between 31,542 and
31,543 Mbp on chromosome 4 and the minor allele (MAF = 12%) increased STW by 42.7%
(Table 1). The remaining two QTL on chromosomes 3 and 11 had lower significance but esti-
mated phenotypic effects were large with 61% and 54% increase in STW due to the minor
allele, respectively (Table 1). Two QTLs associated with TDW were detected on chromosome
5and 11 but at different locations from QTL for TPW and STW and with lower significance
(Fig 3). Unlike for above loci, the MAF was not low but above 30%. For the locus on chromo-
some 11 the minor allele increased TDW by 20% but a negative effect was associated with the
minor allele on chromosome 5 (Table 1).

Additionally, QTLs for heading date (HD) were found in chromosome 1, 2, 3, 4, 6 and 7
(Table 1 and S3 Table) with the most significant association detected on chromosome 6 at
21,342 Mbp where the minor allele delayed heading by 30%. For plant height a highly signifi-
cant locus was detected between 37,876-39,548 Mbp on chromosome 1. This interval contains
the known semi-dwarf gene sd1 and the minor allele reduced plant height by 30%.

The result was then validated using the software TASSEL with the 3K-400K SNP dataset.
The resulting Manhattan and QQ plots for each evaluated trait are shown in Table 1, and S2
Fig.

The MAF values calculated for the studied panel were corroborated for the entire 3K data-
set. For the two QTL associated with TPW (5@14,496,649 and 11@25827214) the frequency of
minor alleles was below 10% in the entire 3K set (54 Table) and therefore very similar to the
subset phenotyped in Madagascar (Table 1). More than 90% of the accessions with the minor
allele belong to the indica sub-species (ind1, ind2, ind3, and indx). For loci associated with
STW (1@ 11039294, 3@ 20761847, and 4@31542322) a very similar situation was observed, the
minor allele predominantly being detected in the indica group.
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Fig 3. Manhattan plots derived from GWAS analysis for all evaluated traits. Y-axis shows the negative logarithm of
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Table 1. Summary of quantitative trait loci (QTL) associated with low fertility soil for several agronomic traits using a mixed linear model (MLM).

Trait Loci name Chr SNP denomination SNP position P value minor allele
(bp) rrBLUP TASSEL IMAF | Zeffect
Total panicle weight (TPW)
qLFT-5 5 5@14496649 14,496,649 3.5E-06 3.48E-05 0.04 41
qLFT-11 11 11@25827214 25,827,214 2.1E-06 4.23E-05 0.08 39
Straw dry weight (SDW)
qLFT-1 1 1@11039294 11,039,294 4.2E-08 4.32E-05 0.05 60
qLFT-3 3 3@20761847 20,761,847 1.0E-06 5.03E-05 0.06 60
qLFT-4 4 4@31542322 31,542,322 4.3E-07 1.44E-05 0.11 40
qLFT-11s 11 11@19334313 19,334,313 1.0E-06 3.95E-05 0.04 54
Total dry weight (TDW)
‘ LFT-11t 11 11@8850567 8,850,567 3.0E-06 8.2E-05 0.34 20
Heading date (HD)
qHD-1 1 1@28488608 28,488,608 1.2E-06 2.2E-05 0.10 30
qHD-2 2 2@27125471 27,125,471 3.5E-06 6.7E-05 0.08 23
qHD-3 3 3@31256576 31,256,576 3.6E-06 5.1E-05 0.30 21
qHD-4 4 4@25834920 25,834,920 5.4E-06 4.9E-05 0.05 30
qHD-6 6 6@21342504 21,342,504 1.6E-07 3.4E-05 0.07 30
qHD-7 7 7@22523621 22,523,621 6.2E-06 7.1E-05 0.32 21
Plant height (Ht)
‘ qHt-1 1 1@38730952 | 38,730,952 6.0E-08 1.6E-05 0.11 -30

! MAF: minor allele frequency.

2 allele effect: phenotypic value (((minor allele-major allele)/major allele)*100).

* values corrected by False discovery rate (FDR).

https://doi.org/10.1371/journal.pone.0262707.t001

For main QTL associated with TPW and STW, minor and major alleles were investigated
in detail in relation to effects on other traits (Table 2). Accessions belonging to the minor allele
group for TPW QTL qLFT-5 and qLFT-11 had similar HD and STW compared to the group
with the major allele. Accessions carrying minor alleles at both loci (n = 9) showed a further
improvement in TPW, being 82.1% superior to accessions lacking both loci. For STW QTL,
the minor and major allele groups did not differ significantly for TPW, but the minor allele
group showed significantly later heading (Table 2). We also calculated effects of having two of
these loci simultaneously and while this led to further increases in STW, it caused additional
delays in heading and several accessions were not yet mature at the end of the experimental
period (data not shown).

Selection of putative candidate genes. To determine to what distance linkage would
extend from the peak QTN, the relatedness of all SNP in the larger region surrounding the
peak QTN were investigated (S3 Fig). Very distinct linkage blocks could not be identified but
based on the decay in LOD between markers we identified likely regions to be considered for
candidate gene identification for gLFT-5 from 14.343 to 14.585 Mbp, and from 25.734 to
25.948 Mbp for gLFT-11. Potential candidate genes for TPW were selected based on their
expression pattern in different tissues and environmental conditions (RiceXpro, S4 Fig) and
their functional annotation is listed in S5 Table (excluding unknown genes and hypothetical
proteins). Estimating functional consequences of SNPs in candidate genes using the Variant
Effect Predictor (Ensembl) showed that most SNPs for TPW were located in the intergenic,
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Table 2. Distribution and interaction of minor and major alleles across the main identified QTLs.

minor allele major allele effect
mean SD mean SD %
Total panicle weight (TPW)

qLFT-5 TPW 22.7 8.3 15.9 5.1 42.8 e
HD 95.3 15.3 100.1 16.6 -4.8 ns
STW 314 10.7 28.4 10.4 10.6 ns

n 27 461
qLFT-11 TPW 22.0 7.7 15.8 5.2 39.2 o
HD 97.4 18.6 100.0 16.5 -2.6 ns
STW 29.3 10.8 28.5 10.4 2.8 ns

n 32 447
qLFT-5x 11 TPW 28.4 9.1 15.6 5.1 82.1 e
HD 94.1 22.2 100.3 16.7 -6.2 ns
STW 30.0 13.3 28.3 10.5 6.0 ns

n 9 430

Straw dry weight (STW)

qLFT-1 STW 46.5 17.9 28.5 10.2 63.2 e
HD 125.7 22.0 100.3 17.5 25.3 o
TPW 14.8 4.4 16.3 5.58 -9.2 ns

n 25 486
qLFT-3 STW 45.4 16.6 28.2 10.1 61.0 o
HD 124.5 22.4 99.9 17.3 24.6 e
TPW 12.9 4.3 16.5 5.6 -21.8 ns

n 30 466
qLFT-4 STW 40.1 15.5 28.1 10 42.7 e
HD 115.4 20.8 99.8 17.7 15.6 e
TPW 14.6 5.6 16.5 5.5 -11.5 ns

n 59 448

Significance levels (***, **, *, ns: p<0.001, 0.01, 0.05, non-significant, respectively).
SD: standard deviation.

TPW (total panicle weight), STW (straw total weight), HD (heading date).

https://doi.org/10.1371/journal.pone.0262707.t1002

and up/down stream region (more than 80%), while few existed in the intron or 5/3UTR
regions (S5 Fig). Two genes had either gained or lost a stop codon but none of these were con-
sidered functionally relevant.

Based on above criteria the following potential candidate genes for panicle weight at gLFT-
5and gLFT-11 were identified: 1-aminocyclopropane-1-carboxylic acid synthase
(0s05g0319200), protein kinase (0s05g0319700), WRKY transcription factor
(0s05g0322900), cytochrome P450 (Os05g0320700), and Zn finger protein (Os05g0316000),
and NB-ARC domain (Os11g0645886), oxidoreductase (Os11g0645200), E3 ubiquitin-protein
ligase EL5 (Os11g0649801), sugar transporter (Os11g0643800) (Table 3 and S5 Table). Candi-
dates for STW would be galactose oxidase (Os01g0300900), and Chitinase precursor
(0s01g0303100), while SAM dependent carboxyl methyltransferase family protein
(0Os11g0260100), polygalacturonase (Os05g0578600), and UDP-glucosyltransferase
(0s03g0757000, Os06g0271000) were considered candidate genes for total weight.
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Table 3. List of potential candidate genes in QTLs associated to total panicle weight (TPW), shoot dry weight (SDW) and total dry weight (TDW).

RAPdb MSU (LOC) Chr PosMb Annotation
Total panicle weight, TPW (qLFS-5, gLSF-11)
0s05g0316000 0s05g25180 5 14.588 Zinc finger RING/FYVE/PHD-type domain
0s05g0319200 0s05g25490 5 14.825 1-aminocyclopropane-1-carboxylic acid synthase
0s05g0319700 0505825540 5 14.844 Protein kinase-like protein
0s05g0320700 0505g25640 5 14.900 Similar to Cytochrome P450
Os11g0644800 Os11g42510 11 25.597 Tyrosine/nicotianamine aminotransferases family
Os11g0645200 Os11g42540 11 25.615 Oxidoreductase
0Os11g0645886 Os11g42590 11 25.635 NB-ARC domain containing protein
Os11g0648400 Os11g42850 11 25.806 Protein of unknown function DUF3615 domain
Os11g0649801 None 11 25.911 Similar to E3 ubiquitin-protein ligase EL5
Straw dry weight (SDW)
0s01g0300900 0s01g19480 1 11.059 Galactose oxidase
0s01g0301000 0s01g19490 1 11.065 Pentatricopeptide repeat domain
0s01g0301900 0s01g19610 1 11.110 Protein of unknown function DUF247
0s01g0302500 0s01g19694 1 11.167 Knotted1-type homeobox protein OSH6
0s01g0303100 0s01g19750 1 11.209 Chitinase precurso
0s01g0303600 0Os01g19800 1 11.232 RING/FYVE/PHD-type domain
0s04g0618700 0s04g52780 4 31.421 Protein kinase
0s04g0619400 0s04g52840 4 31.463 Protein kinase
050480620400 0504852940 4 31.532 SIT4 phosphatase-associated protein
Total dry weight (TDW)
0s05g0578600 0505850260 5 28.802 Similar to Polygalacturonase PG2
0s05g0578900 0505850270 5 28.818 GAGA-type zinc finger transcription factor
Os11g0260100 Os11g15340 11 8.677 SAM dependent carboxyl methyltransferase
0Os11g0260200 Os11g15370 11 8.702 Sulfotransferase domain containing protein

https://doi.org/10.1371/journal.pone.0262707.t003

Validation of the TPW QTL

A set of 75 accessions including 52 not previously phenotyped accessions was tested under
similar condition as for Experiment 1. Of these 52 new accessions, 21 harbored the positive
minor allele at 11_25827214 (qLFT-11). This group had significantly higher total panicle
weight compared to the group with the major but disadvantageous allele (Table 4). Although
both groups showed similar mean values for plant height and number of panicles.

A subset of rice accessions with contrasting alleles at gLFT-11 was grown in hydroponics
under low N (LN), low P (LP) or combined low N and P (LNP) conditions to simulate the low
fertility of soils in Madagascar. All nutrient deficient treatments increased root biomass and

Table 4. Total panicle weight from rice accessions selected from within and outside the GWAS panel.

Number of accessions (n) Plant height (Ht) Number of Panicles Total panicle weight (TPW)
Allele (A) ns ns *
Advantageous 23 84.61 a 9.69 a 35.65 a
Disadvantageous 52 82.22 a 9.61 a 32.49 b

Plants were grown on-farm field, in the next cropping season, under low input condition, Madagascar (Experiment 2-1). The accessions were divided into two groups:

harboring the advantageous or disadvantageous alleles for total panicle weight (TPW). Values are the mean of four independent replication. Statistical significance was

5

determined by one-way ANOVA and Tukey’s tests. Significance levels (***, **, *, ns: p<0.001, 0.01, 0.05, non-significant, respectively).

https:/doi.org/10.1371/journal.pone.0262707.1004
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this effect was more pronounced in the group harboring the positive minor allele at
11@25827214 (Fig 4, S6 Table). Both groups did not differ significantly for root biomass in the
nutrient-replete control treatment but root biomass more than doubled for the minor allele
group whereas it increased between 53-59% in the group with the major allele. Shoot biomass,
on the other hand, decreased in all nutrient deficient treatments relative to the control (Fig 4).
Differences between allelic groups were small and not specific to nutrient deficiency. However,
significant differences between groups were seen in the root to shoot ratio, which increased

A 012
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Fig 4. Root (A), shoot (B) and root to shoot ratio (C) from rice accessions harboring the advantageous or
disadvantageous alleles for total panicle weight (TPW). Plants were grown under hydroponic condition with low
Nitrogen and/or low Phosphorus (Experiment 2-2). Values are the mean of four independent biological replicates

(n = 4). Statistical significance was determined using two-way ANOVA and Tukey’s tests. Different letters represent
distinct means within groups at p < 0.05 (***, **, *, and ns refers to p<0.001, 0.01, 0.05, non-significant, respectively).
adv: advantageous allele (G-38, G-355, G-1103), disadv: disadvantageous allele (X265, IR64, G-61, G-97).

https://doi.org/10.1371/journal.pone.0262707.9004
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significantly in all nutrient deficient treatments and for which allelic differences were signifi-
cant in the two low-P treatments but not in the LN treatment.

Gene expression in shoot and root tissue of the allelic groups under LP, LN and LNP com-
pared to control conditions (base = 1) are represented in a heatmap graph (Fig 5). A gene
known to respond strongly to P deficiency (OsSPX) was included to corroborate and gauge
the typical P response. This gene showed the highest transcript abundance in low P tissue with
no difference between the allele group (Fig 5).

Candidate genes for gLFT-11 exhibited differential expression across treatments. The genes
encoding for oxidoreductase (Os11g0645200), and plant resistance (Os11g0645400) were
more responsive to N than to P deficiency and expression tended to be higher in the advanta-
geous allele group. The sugar transporter (Os11g0643800) was only differentially regulated in
roots where highest expression was detected in response to P deficiency in the advantageous
group (Fig 5). For Os11g0645800 (NB-ARC domain) patterns between groups were opposite
in shoot and root and again, highest expression was detected in response to P deficiency in
roots of the advantageous group. Similar strong responses to P deficiency in the advantageous
allele group was seen in shoot tissue for two candidates at gLFT-5, WRKY (0s05g0322900)
and Cytochrome P450 (Os05g0320700).

Development of a cross population

Rice accessions harboring both advantageous alleles for panicle weight at gLFT-5 and gLFT-11
were identified and accession GP-1103 (IRIS 313-11949) with high average total panicle
weight (30.0 g plant '), medium heading (92 days under P deficiency) and plant height (98 cm)
was selected as candidate donor. Recommended Malagasy variety X265 did not harbor either
advantageous allele for panicle weight (S7 Table) and was therefore selected as the recipient
parent. A set of 350 F4 lines was phenotyped on-farm under low-input conditions and wide
segregation for total panicle weight per plant was observed, ranging from 13 g plant™ to 50 g
plant™, which compares to 22.8 g plant™ for local parent X265 (Fig 6).

Discussion

In lowland rice fields of Madagascar, the deficiency for P is typically the most serious yield-
limiting factor [30], however, deficiencies for N and to a lesser extent for S and other nutrients
are also common [31]. We have conducted all our field experiments on small-holder farms in
fields that never received mineral fertilizer, and to which manure had not been applied at least
in the two seasons preceding our experiments. Fields were therefore characterized by low fer-
tility (Ferralsols containing very low available soil P) [7], and the average panicle weight of
16.3 g per hill, resulting in an estimated grain yield of about 3.6 t ha™', was just slightly above
the national average of 2.9 t ha™ [3]. Considering that yield estimated from single row mea-
surements tend to overestimate achievable grain yields on a field-scale, we may conclude that
our field experiments represented typical low-input field conditions for the country and that
genotypic differences in yield may reflect adaptations to low soil fertility. We therefore chose
to designate identified QTL as gLFT (Low Fertility Tolerance) to distinguish the present study
from field experiments conducted specifically under P deficiency (with other nutrients sup-
plied through fertilization) and, especially to distinguish from the many QTL identified in
studies conducted under controlled conditions in low-P nutrient solution.

Loci associated with tolerance to low soil fertility

The GWAS analysis identified a highly significant locus for plant height at 38.7 Mbp on chro-
mosome 1 (qHt-1 in Table 1), which is only 0.3 Mbp from the position of the semidwarf gene
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Fig 5. Relative expression pattern of potential candidate genes located within the total panicle weight (TPW)

QTLs. Heatmap displays the differentially expressed candidate genes in root and shoot tissue from genotypes

harboring advantageous/disadvantageous alleles, and under P, N, or both deficiency condition. Statistical significance
was determined by two-way ANOVA and Tukey’s tests. Asterisks indicates significance levels (***, **, *, ns: p<0.001,
0.01, 0.05, non-significant, respectively). Values were normalized to control treatment in accession with
disadvantageous allele, in each tissue (square). adv: advantageous allele (G-38, G-355, G-1103), disadv:

disadvantageous allele (X265, IR64, G-61, G-97).

https://doi.org/10.1371/journal.pone.0262707.9005
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Fig 6. Histogram showing the frequency distribution for total panicle weight among 340 lines of the X265 x

GP1103, F5 population. Plants were evaluated under low input condition in the central highland of Madagascar. The
mean of GP1103 and X265 are shown in callouts.

https://doi.org/10.1371/journal.pone.0262707.9006

sd1 (Os01g0883800). As expected for a panel consisting of gene bank accession mostly exhibit-
ing the plant habitus of traditional varieties, the minor allele (MAF = 0.11) reduced plant
height by 30%, which would be consistent with most traditional varieties carrying the func-
tional SD1I allele. A second known locus identified in our panel through GWAS (gHD-6 in
Table 1) was within 0.3 Mbp of the known heading date gene Hd1 (Os06g0275000) on chro-
mosome 6. Having detected two known major genes corroborated the general suitability of the
collected data for the purpose of identifying genetic determinants associated with traits of
interest.

We detected two novel QTL associated with total panicle weight (TPW) and three associ-
ated with straw weight (STW) and in all cases a rare minor allele with MAF between 4-11%
increased TPW and STW. These low MAF were not caused by some bias in the selection of the
accessions to be phenotyped in Madagascar but could be verified among the entire 3K SNP-
seek dataset (S4 Table), which showed that gLFT-5 was even less frequent in the entire set
(MAF = 3.6%) than in the phenotyped set (MAF = 5.5%). For gLFT-11 both frequencies were
around 7%. These results confirm the power of GWAS to identify rare but positive alleles in
gene banks and of donors carrying such rare alleles. For the phenotyped accessions we investi-
gated whether the origin of both rare alleles was linked to some country or region. For gLFT-5
all accessions belonged to the indica sub-species and overrepresented countries were India,
Lao, and Indonesia (data not shown). For gLFT-11 accessions also belonged to the indica sub-
species and overrepresented countries were China, the Philippines and Lao. Among accessions
were few modern varieties such as PSBRC18, BR11 and four breeding lines from IRRI (data
not shown).

Donors and their use in rice improvement

That gLFT-5 and qLFT-11 headed slightly earlier than the average whereas loci associated with
STW caused a delay in heading and a slight decrease in TPW indicated that the utility of STW
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loci identified here for rice breeding in our target environment (highlands of Madagascar) is
very limited. Late heading exposes a crop to cold spells at the end of the cropping season and
can severely reduce yields. Furthermore, late heading may increase vulnerability to climate
change as rainfall patterns become less predictable. Thus, we only consider the TPW loci iden-
tified here as being of interest for rice improvement.

Among the nine potential donors carrying both positive alleles, accession Liu He Xi He
from China (IRIS 313-11949; ind1A) combined high TPW with medium-early heading and
the medium plant height preferred in the highlands of Madagascar. A cross population
between this donor and the local cultivar X265 (lacking both positive alleles) is now being eval-
uated under P deficiency at several sites in Madagascar in order to select breeding lines com-
bining high grain yield with local adaptation. Since TPW was affected by environment
condition (H? = 0.3), breeding lines will be tested in multi-location trials characterized by mul-
tiple nutrient deficiencies. Selected elite breeding lines could thus contribute to achieve sus-
tainable rice production and improved food security in Madagascar.

Putative candidate genes

The objective of this study was to evaluate a diverse panel of gene bank accessions to identify
potential donors and markers to be used in rice breeding and a detailed analysis of candidate
genes is beyond the scope of this study. However, patterns observed in our gene expression
analysis provided some preliminary evidence suggestive of allelic differences, especially for the
WRKY transcription factor and the member of the cytochrome P450 gene family on chromo-
some 5. For gLFT-11 on chromosome 11 a higher proportion of differential regulation was
seen in root tissue. Os11g0645800 containing the AB-ARC domain more typically associated
with disease resistance [32] was strongly up-regulated by P deficiency in the advantageous
allele group. Disease is unlikely to have played a role in our nutrient solution experiment, how-
ever, disease resistance would be achieved through triggered cell death [32], and one may spec-
ulate whether this could play a role in aerenchyma formation as more rapid aerenchyma
formation in P efficient rice genotypes were previously reported [33].

The higher expression of sugar transporter Os11g0643800 under P deficiency in root but
not shoot tissue of the positive allele group may corroborate results from the nutrient solution
experiment that showed an increase root to shoot ratio of this group under P deficiency. To
what extent this may be related to a shift in resource allocation to roots is a potential topic for
further investigation.

Conclusions

Alleles absent from the modern rice breeding gene pool but present in traditional varieties
housed in crop gene banks have the potential to improve crop yields in less favorable environ-
ments, thereby closing the yield gap that is so persistent in Africa. However, gene banks remain
a largely untapped resource and here we have attempted to address this issue by testing 500
gene bank resources for which sequence information is available. With phenotyping done in
the target environment, smallholder farms under typically practice low-input conditions, our
results provide evidence of power of such a GWAS approach to identify rare positive alleles in
gene banks. With agronomically acceptable donors for such rare alleles identified, they may
(re)-enter the breeding gene pool and contribute to variety development that would specifi-
cally benefit resource-poor farmers that have not sufficiently profited from current main-
stream rice breeding.
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We tested whether root exudation confers high P acquisition efficiency (PAE) in rice by quantifying *>C allo-
cation and rhizosphere phosphatase activity for three contrasting genotypes. Phosphatase activity per root
surface was similar for all genotypes, indicating that it is not conferring PAE in rice. DJ123 allocated more *3C
from shoots to roots compared to Nerica4 and Chomrong Dhan in accordance to increased root biomass of this
genotype. The allocation of *>C from roots to the soil was similar between genotypes indicating no difference of
root exudation. However, DJ123 showed lower PAE compared to the other two genotypes. We conclude that in

the tested genotypes, root systems size rather than root exudation confers PAE.

Phosphorus uptake is in major parts governed by root architecture
and exploration potential of soil volume by the root system particularly
in highly P-deficient soils (Marschner and Rengel, 2012). Rice geno-
types tolerant to P deficiency are known to expand more roots and roots
hairs which are important traits for exploring greater soil volumes.
However, for rice genotypes adapted to upland conditions, high ex-
ploration of soil volume by increased root surface area and root hair
growth can only partly explain P acquisition efficiency (PAE: Total P
uptake/Root dry weight (TP/RDW)) (Mori et al., 2016; Nestler and
Wissuwa, 2016) and it can be assumed that root exudation partly ex-
plains high P uptake efficiency in the tested genotypes (Mori et al.,
2016). Particularly under P-starving condition, plant roots can release
diverse organic and inorganic products (root exudates) that can in-
crease the availability of P as a response (Louw-Gaume et al., 2017).
Phosphatases on one hand may mineralize organic P which is not
available to the plant (George et al., 2002). On the other hand, the
release of low molecular root exudates may enhance microbial turnover
and herby increase P mineralization (Gunina and Kuzyakov, 2015).
However, knowledge on root exudation related to PAE in upland rice is
scarce and this study aims to assess the effect of root exudation on P
uptake of rice genotypes tolerant and non-tolerant to P deficiency.

Rice plants (Nerica 4, Chomrong Dhan and DJ123) were grown in
rhizoboxes with an inner size of 28 x 28 x 1 cm. The rhizoboxes were
filled with upland soil from the central highlands of Madagascar (Olsen
extractable-P: 6.6 mg P kg™!, Organic C: 25.8 g kg~ !, CEC: 3.5 cmol,.
kg~ !, pH-CaCl,: 4.7, clay: 45.4%, loam: 28.7%, sand: 25.9%). The

* Corresponding author.

experiment comprised five replicates per treatment. Soil volumetric
water content was kept at 23-25% during plant growth. The tempera-
ture was 30 °C during the day and 25 °C during night, relative humidity
50%/80% day/night and the photoperiod was 12 h. During the growth
period, root elongation was traced by marking the root tips on the
transparent plexiglas surface each day. The elongation rate was calcu-
lated using the Smart Root plugin (Lobet et al., 2011) in ImageJ
(https://fiji.sc/). After 5 weeks, plants were labelled with '3C to trace
carbon allocation in plant and soil (Pausch and Kuzyakov, 2018). La-
belling was conducted as described in Holz et al.(2018). Each plant
received 0.167 g of 99 atom% NaHCOs. 24 h after *3C labelling, rhi-
zoboxes were opened and photos of the root system were taken. Root
surface area was segmented from these images, using the Roottracker
2D (Menon et al., 2007) and calculated in Matlab (The MathWorks). For
soil zymography measurements, polyamide membranes (Tao Yuan,
China) with a pore size of 0.45 pm were soaked in a solution containing
4-methylumbelliferyl-phosphate (MUF-P) and placed on the rhizobox
surface for 60 min. After removal of the membrane, zymographs were
taken at 360 nm wavelength. More details on the procedure can be
found in Razavi et al.(2019). For calibration of zymographs, solutions
with increasing pM 4-methylumbelliferone (MUF) were prepared and
imaged (Holz et al., 2019; Razavi et al., 2016). The obtained grey va-
lues from the images were related to the phosphatase activity and the
obtained calibration line was applied to the zymographs. To remove the
background signal, the signal of a control membrane was subtracted
from the image. Total phosphatase activity per rhizobox surface as well
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Table 1

Rhizosphere 14 (2020) 100198

Shoot/root dry weight, root elongation rate, shoot and root P concentration as well as total P uptake per plant and P acquisition efficiency (PAE). The values in the
brackets are standard errors. Letters behind the values indicate statistical differences, a = 0.05.

Genotype SDW (g) RDW (g) Root elongation (cm d 1) Shoot [P] (mg g~ 1) Root [P] (mg g~ 1) Total P (mg plant 1) PAE (mgP g™ 1)
Nerica4 0.98° (0.08) 0.92° (0.01) 2.60° (0.34) 1.46° (0.08) 1.06*" (0.03) 2.37% (0.19) 2.68°" (020)
Chomrong Dhan 1.31% (0.15) 0.92° (0.02) 2.00? (0.17) 1.34% (0.06) 1.21% (0.05) 2.81°% (0.32) 3.28% (0.30)
DJ 123 1.78 (0.09) 1.97° (0.07) 3.97" (0.23) 1.25% (0.10) 0.95" (0.03) 4.07" (0.21) 2.08" (0.13)
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Fig. 1. Top: Exemplary zymographs of phosphatase activity for the three genotypes Nerica 4, Chomrong Dhan and DJ123. Bottom: Total phosphatase activity as well
as phosphatase activity related to the root surface for the same genotypes. Error bars indicate standard error, n = 5. The letters above the bars indicate statistical

significances, a = 0.05.

as phosphatase activity per root surface area were then calculated in
Matlab. Plant harvest was done 24 h after *C pulse labelling.

Shoot and root biomass for DJ123 was 1.7- and 2-fold higher than
for Nerica 4 and Chomrong Dhan respectively (Table 1). Root biomass
was highest for DJ123 which is reflected in increased root elongation
rate being twice as high for this genotype compared to Nerica4 and
Chomrong Dhan. Subsequently, DJ123 took up at least 45% more P in
total than the two other genotypes. However, due to the even bigger
difference in root growth, DJ123 had the lowest root P acquisition ef-
ficiency (PAE: TP/RDW), while highest PAE was found for the genotype
Chomrong Dhan (Table 1). These results would indicate that root size is
the main driver for genotypic differences in P uptake. For DJ123, our
results on PAE contradict those by Mori et al. (2016) and Wissuwa et al.
(2020) who found that this genotype had a higher PAE than Nerica4
under P deficient conditions. However, these studies were conducted
under conditions where a larger root system would explore a larger soil
volume, which may not have been the case in the narrow root boxes
that severely restricted root growth (as seen by the dense roots growing
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along the glass plate in DJ123) and would disadvantage genotypes with
larger root systems more. Estimates of PAE therefore need to be treated
with caution in small rhizobox systems. Under non-limiting P avail-
ability in soil, Wissuwa et al. (2020) found no significant difference
between shoot biomass and P content between DJ123 and Nerica4. In
practice, a recent study conducted in Madagascar showed that DJ123 is
the most tolerant to P deficiency followed by Chomrong Dhan and then
Nerica4 with this latter as potentially the best under more fertile con-
dition (Ranaivo et al., unpublished data).

Phosphatase activity was highest in the rhizosphere (Fig. 1) and
relatively low in the bulk soil which corresponds to previous findings
(Holz et al., 2019; Ma et al., 2018; Razavi et al., 2016). Total phos-
phatase activity was higher for DJ123 than for the other two genotypes
but did not differ between genotypes when related to the root surface
area indicating that it is not conferring increased P uptake efficiency in
the tested rice genotypes (Fig. 1).

In contrast to phosphatase activity, allocation of '3C from shoots to
roots was higher for DJ123 than for Nerica4 and Chomrong Dhan
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Fig. 2. 13C allocation (% of added) to shoots, roots and soil for the three
genotypes Nerica 4, Chomrong Dahn and DJ123 and the proportion of '>C al-
located from shoot to root and from root to soil. Error bars indicate standard

error, n = 5. The letters above the bars indicate statistical significances,
a = 0.05.

(Fig. 2) after 5 weeks of plant growth which is in accordance with the
increased root biomass of this genotype. However, allocation of *3C
from roots to the soil did not differ between the genotypes which in-
dicates that the genotypes did not differ in their root exudation at the
time of measurement. Therefore, although increased rhizodeposition
can potentially increase nutrient availability (Herman et al., 2006;
Landi et al., 2006) it is unlikely that rhizodeposition affected P avail-
ability in our study. In contrast, our results indicate that increased P
uptake for DJ123 compared to Nerica4 and Chomrong Dhan can be
explained by increased root system size which may be the result of
preferential C allocation to roots in DJ123. In less P-deficient soil as a
difference to our soil used in our study, rice plants would have less root
exudation as a response and could change soil P release as a con-
sequence (Bhattacharyya et al., 2013).
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Shoot morphology in rice plants changes in response to P deficiency. However, how genotypic Revised 27 May 2020

variations in these morphological changes affect the canopy development and biomass produc- Accepted 28 July 2020

tion have hardly been explored. The study aimed to identify specific shoot morphological traits  yeyworps

that confer biomass production under P deficiency. Four rice genotypes, including AZ-97 (WAS Leaf elongation rate; leaf

63-22-5-9-10-1), which exhibits high performance under highly P-deficient fields in Madagascar, width; Oryza Sativa;

were grown for 56 days in flooded pots over several P application rates to simulate P-sufficient and P deficiency; projected leaf

moderately, severely, and extremely P-deficient conditions. AZ-97 had superior shoot P contents area; shoot morphology;

and biomass than Takanari, a high-yielding cultivar, and X265, a common high-yielding cultivar in tillering

Madagascar at severely to moderately P-deficient conditions. Shoot biomass was highly correlated

with projected leaf area (PLA) from the early growth stage, and tiller number, leaf width, and leaf

elongation rate explained the variations in PLA. These morphological traits reduced significantly

with decreased P application rates, while reduction in AZ-97 was small relative to the other

genotypes, even for equivalent shoot P contents. As the result, AZ-97 had greater PLA per unit

of shoot P content at equivalent shoot P contents. The result indicates that lower sensitivity and

degrees of change in shoot morphology when exposed to P deficiency stress could be a key trait

facilitating the maintenance of captured radiation and subsequently influencing genotypic differ-

ences in external P uptakes and biomass production. AZ-97 is a potential donor with such traits

that can offer an additional avenue for genetic improvement toward P-efficient rice production.

Abbreviations DAT: days after transplanting; LN: leaf number in the main stem; PLA: projected
green leaf area; PUE: phosphorus use efficiency; SSA: Sub-Saharan Africa.
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Introduction is declining with the increasing costs of extraction, pro-
cessing, and shipping (Cordell et al., 2009). Considering
the finite nature of P fertilizer resources, it is vital to
investigate potential sustainable crop production

Existing rock phosphate reserves could be exhausted
over the next 50-100 years and the quality of reserves
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strategies that involve the efficient utilization of the
supplied P and available P in soils. Such strategies are
obviously required in high-input systems in developed
countries where excess P fertilizer amounts applied in
agricultural systems cause environmental challenges
such as the eutrophication of lakes and marine estuaries
(Vance et al,, 2003). Moreover, efficient use of P is critical
in low-input systems such as in rice production by small-
holder farmers in Sub-Saharan Africa (SSA), where rice
yield - despite the increasing demand of rice for food
security — is restricted largely by P-deficient soils and
inadequate P fertilizer inputs (Nziguheba et al., 2015;
Saito et al., 2019; Tsujimoto et al., 2019).

Genetic improvement is one of the major strategies
for the efficient utilization of the supplied P and avail-
able P in soils. For instance, the identification of a P
starvation tolerance gene (PSTOL1), which enhances
early root growth and promotes P uptake (Gamuyao
et al., 2012), and the identification of certain genotypes
with high root efficiency (P uptake per root surface area)
(Mori et al., 2016) could facilitate the development of rice
cultivars that produce high yields even under highly
P-deficient soils with low rates of P fertilizer application.
Wissuwa and Ae (2001) demonstrated that genotypic
variations in P uptake in rice were largely explained by
their root sizes when cultivated under P-deficient condi-
tions. In addition, understanding root architectural traits,
such as steep root angle (Uga et al., 2013), deep rooting
(Obara et al, 2010), and shallow rooting (Uga et al.,
2012), and the use of such quantitative trait loci (QTL)
in breeding activities could also offer avenues for
improving P-use efficiencies by enabling the cultivation
of rice with root systems that are adapted to the
P availability conditions in local soil profiles or localized
P applications. Lynch and Brown (2001) reported the
development of more surface roots as a typical plant
response to P deficiency because most of the available
P are accumulated in the topsoil. As such, the root
system plays a primary role under P deficiency and has
been studied extensively for rice genetic improvement
to enhance P deficiency stress tolerance (Campos et al.,
2018; Wissuwa, 2005).

In contrast, hardly any studies have explored above-
ground morphological variations and adaptations of rice
genotypes in response to P deficiency. Rice plants exhi-
bit unique aboveground morphological changes under
P deficiency stress, including reduced tillering, narrow
leaves, erect leaves, and retarded leaf elongation rates
(Dobermann & Fairhurst, 2000; Luquet et al., 2005). Such
morphological changes are potentially linked to leaf area
expansion and captured radiation, and, therefore, influ-
ence photosynthetic assimilation and biomass produc-
tion under P-deficient conditions. The most well-

understood physiological mechanism in shoot morpho-
logical change in rice is an increase in strigolactones in
root exudates, which plays a dual role under
P deficiency; (i) inducing hyphal branching of arbuscular
mycorrhizal (AM) fungi for exploiting available P in soils
and (ii) inhibiting tiller bud outgrowth in rice seedlings
(Umehara et al.,, 2010). Then, it is considered that assim-
ilates that are no longer required for new tiller growth
are partitioned to maintain root growth, which results in
high root to shoot mass ratio as an initial plant response
to P deficiency (e.g., Mollier & Pellerin, 1999; Wissuwa
et al. 2005). However, none of the studies above
explored genotypic variations and how the inhibition
of tillering under P deficiency influence canopy develop-
ment and biomass production. Therefore, understand-
ing genotypic variations in the aboveground
morphological characteristics and their correlation with
biomass production under P-deficient conditions could
offer an additional avenue for genetic improvement that
could facilitate P-efficient rice production. We hypothe-
sized that canopy development is an important trait to
maintain the positive chain cycle among photosynthetic
carbon assimilation, allocation of assimilates to the root
system, and external P uptakes, which in turn lead to
high biomass under P deficiency.

In the current study, we targeted two rice accessions
that demonstrated the highest grain yields among 300
accessions tested under severely P-deficient fields in the
central highlands of Madagascar in our preliminary on-
farm trials. The two accessions were AZ-78 (FACAGRO
64::IRGC 82,059, indica type originating from India) and
AZ-97 (WAS 63-22-5-9-10-1, indica type originating from
Senegal). The set of 300 accessions were selected from
3000 rice accessions that cover a wide range of geno-
types and are available publicly at the Rice SNP-Seek
Database (http://snp-seek.irri.org) (Mansueto et al,
2017). We conducted pot experiments to 1) verify the
superior performance, and 2) identify specific above-
ground morphological changes/adaptations of the two
varieties and their relationship with biomass production
under various P-deficient conditions.

Materials and methods
Experiment design

Pot experiments were conducted in a screenhouse at the
National Center for Applied Research on Rural
Development (FOFIFA) at Antananarivo, Madagascar (18°
52'S, 47°33'E, 1310 m alt.). The screenhouse was approxi-
mately 4 m high and all sides were covered with mesh
nets that ensured more or less ambient temperature and
natural sunlight conditions. The daily mean temperature
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inside the screenhouse was recorded by Thermo Recorder
(TR-72 U, T&D Corporation, Nagano, Japan) and ranged
from 20.0°C to 25.3°C throughout the experimental period.

The experiment soil was collected from a farmer’s
field (0-20 ¢cm). The major physico-chemical properties
are summarized in Table 1. Briefly, the experimental soil
was clay loam with a pH of 5.4 and with extremely low
amounts of P and cations. The amount of oxalate-
extractable P - a suitable indicator of P availability for
lowland rice production in the region (Rabeharisoa et al.,
2012) - is merely 40.7 mg kg™, which is the lowest level
among many lowland and upland rice fields in
Madagascar (Kawamura et al., 2019).

After being air-dried and sieved, this extremely
P-deficient soil was put into 5-L plastic pots (20 cm in
height, 20 cm in diameter) with 4 kg of soil per pot.
Afterward, five P treatments were established by applying
NaH,PO, - 2H,0 at rates of 0, 32, 80, 200, and 500 mg
P pot™' (OP, 32P, 80P, 200P, and 500P, respectively, here-
after). The P application rates were determined based on
the result of preliminary pot experiments that revealed
a wide range of morphological changes in tiller number
and leaf width by growing X265, a popular high-yielding
variety in the region. The rates were approximately equiva-
lent to 0, 10, 25, 64, and 159 kg P ha™’, as estimated based
on pot size. Nitrogen (N) and Potassium (K) were supplied
adequately to all the pots using NH4NO; and KCl, respec-
tively, at the rates of 608 mg pot_1 for both N and K, to avoid
any potential influence of N and K deficiency on rice
growth. All the nutrients were mixed uniformly with soils
and puddled a day prior to transplantation.

Four genotypes were used - the aforementioned two
indica varieties (AZ-78 and AZ-97), X265, and Takanari,
a high-yield indica variety developed in Japan. Twenty-
day-old seedlings of the four varieties grown in P-free

Table 1. Soil properties of the pot experiments.

Parameter Unit

Clay® % 30.7
Silt? % 359
Sand® % 335
pH (1:5 H,0) - 5.4
Total N° gkg™' 15
Total C° g kg™ 18,5
Oxalate-P* mg kg™ 40.7
Available P¢ mg kg™ 8.0
CEC® ¢ mol kg™’ 7.4
Exchangeable Ca® cmol kg™’ 0.33
Exchangeable K® cmol kg™’ 0.17
Exchangeable Mg® cmol kg™’ 0.34
Exchangeable Na® ¢ mol kg™’ 0.05

a: Sieving and pipetting method.

b: NC analyzer, Sumigraph NC-220F (SCAS, Tokyo, Japan).

¢ Inductively coupled plasma mass spectrometer (ICPE-9000, Shimazu,
Japan) after oxalate extraction.

d: Bray-I extraction method.

e: Ammonium acetate extract method at pH 7.0.

198

PLANT PRODUCTION SCIENCE (&) 43

sand were transplanted one plant per hill and one hill per
pot. Five levels of P treatments factorially combined with
the four varieties were allocated in a randomized complete
block design with six replicates and grown under continu-
ously flooded conditions.

Measurements

Tiller number, leaf age or the number of leaves on the main
stem (LN), leaf width of the open-top leaf, and projected
green leaf area (PLA) in each pot were observed weekly
from 19 days after transplanting (DAT). PLA was estimated
using digital imagery analysis according to the method of
Tsujimoto et al. (2016). Briefly, each pot was sequentially
put into a 1.6 m-height carton box with a small lens hole on
the top and one side open (the opposite side of the side
illuminated by sun’s rays) to avoid reflectance from direct
sunlight, and then a digital photograph was taken virtually
from the lens hole. The PLAs on individual images were
determined using image processing software (Image J, NIH,
USA). LN was determined by counting the number of
leaves in the main stem starting from the incomplete
(prophyll) leaf. If the top leaf had not expanded fully, LN
was estimated based on the ratio of the length of the
elongating top leaf to that of the preceding leaf.

At 56 DAT, shoot biomass was determined by sampling
the whole plants at the soil surface and dried at 70°C for 3
days in a ventilated oven. Each shoot sample was ground to
fine powder using a high-speed vibrating sample mill (T1-
100, CMT Co. Ltd., Fukushima, Japan). Afterward, shoot
P concentrations were determined using the molybdate
blue method (Murphy & Riley, 1962) after dry-ashing at
550°C for 2 h and digesting with 0.5 M HCIl. Shoot
P content and internal PUE were determined as follows:

Shoot P content (mg P pot™')= shoot biomass
x shoot P
concentration

PUE (g biomass per mg P) = shoot biomass/shoot
P content

Based on the synchronous leaf and tiller development
theory - rice has the potential to produce one tiller on the
nth node when the new leaf on n + 3th node emerges
(Katayama, 1951) —, potential tiller number as a function of
LN was calculated at 41 DAT using the following equation:

Number of potential tiller = 0.5 x LN?> — 4.5 x LN
+ 13 LN>4 (1)

based on the assumptions that 1) the first tiller emerged
from the 1st node on the main stem and 2) only primary
and secondary tillers emerged.
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Table 2. F value and level of significance in the GLM test.

Shoot Biomass P uptake PUE PLA at 41 DAT Tiller No. at 41 DAT LN at 41 DAT Leaf width at 41 DAT
Genotype (G)  7.1%** 14.4%%% 5.6% 13.6%%* 63.8%** 83.9%%* 5.6%
P level (P) 437.6%%* 1792.9%%%  442.8%%%  534.7%%* 668.0%** 196.5%** 442.8%%*
GxP 3.6% 13.3%% 3.1% 3.8 3.7% ns. 3.1%
***P<0.001, **P<0.01, ¥*P<0.05, ns. not significant.
Further, we assessed the efficiency in canopy devel- 40
opment under P deficiency by dividing PLA by shoot ~  eAz97
P content. We used the PLA at 41 DAT before the start 2 30 82p AAZT8
ns.
of shoot elongation and leaf senescence. N g Xb Takanari
g 20 ia Y 3 X X265
2 éa ;ab
Statistical analysis g 30
4 & 10, 10 %
- X
JMP v14 software (SAS Institute Inc,, Tokyo, Japan) was used L
to perform the statistical analyses. A generalized linear 0
0 100 200 300 400 500

model (GLM) was used to determine the single and inter-
action effects of genotype (G) and P application rate (P) on
the measured variables. The replicate (n = 6) was treated as
a random factor. F-values from the GLM tests for each
variable are summarized in Table 3. Afterward, mean values
were compared separately for each P application rate using
Tukey's honestly significant difference test at a 5% signifi-
cance level. The linear regression coefficients of shoot
P content on biomass (A Shoot biomass/Ashoot
P content) or the P-response slope parameters with the
intercept at 0 were compared among genotypes by the
analysis of covariance. A stepwise regression analysis was
performed to identify significant explanatory factors of PLA
using LN, tiller number, leaf width, and total number of
leaves as candidate factors. In the stepwise process, the
‘selection’ and ‘removal’ of factors were controlled with an
F-value of P < 0.05. Thereafter, a multiple regression model
was developed using the selected parameters.

Results

Genotype differences in shoot biomass production,
shoot phosphorus content, and phosphorus-use
efficiency under various phosphorus deficiency
status

Shoot biomass ranged from 5.0 to 36.4 g pot™" at 56 DAT,
with significant effects of and interaction between geno-
type and P application rates (Figure 1, S1 Fig). The various

P application rate (mg P pot™')

Figure 1. Genotype comparison in shoot biomass at 56 DAT at
difference levels of P fertilizer applied.

P application rates in the present study produced diverse
P-deficiency statuses. Shoot biomass in the P-sufficient
condition (500P) more or less plateaued against increased
shoot P content (Figure 2). In the moderately P-deficient
condition (200P), biomass production was 63-79% of the
rate of production under 500P and curved against
increased shoot P content. Under the severely P-deficient
conditions at 80P and 32P, the biomass production was
26-43% (61% for AZ-97 at 80P) of the production at 500P,
and responded linearly to an increase in shoot P content. In
the extremely P-deficient condition at OP, biomass produc-
tion was <20% of the production under 500P. No significant
genotypic differences were observed at OP. However, AZ-97
produced significantly greater biomass than the other three
genotypes, by 41-83%, at 32P, and, significantly greater
biomass than X265 and Takanari, by 63-85%, at 80P.
Genotypic differences in biomass became less apparent at
200P, while AZ-97 retained slightly higher biomass than
Takanari and X265. At the P-sufficient condition of 500P,
AZ-78 produced the greatest biomass, which was signifi-
cantly greater than that of X265 by 35%.

The linear regression coefficients of shoot P content on
biomass (intercept = 0) at the low P application rates from

Table 3. Genotype comparison in shoot Phosphorus content at 56 DAT at different levels of P fertilizer applied.

P application rate

Genotype 0P 32P 80P 200P 500P

AZ-97 54 a 14.0 a 20.8 at 311 a 60.9 b
AZ-78 5.5 a 9.5 b 16.9 at 355 a 76.9 a
Takanari 4.1 a 7.7 b 120 b 27.8 a 54.6 b
X265 4.4 a 59 b 10.5 b 311 a 56.2 b

Within each column, the same alphabets indicate no significant mean differences at P<0.05.

tSignificant at P=0.10.
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Figure 2. Relationship between shoot P content and shoot biomass at 56 DAT.

OP to 80P were 0.93 g mg ' for AZ-97,0.93 g mg™" for AZ-
97, 0.99 g mg~"' for Takanari, and 1.04 g mg™' for AZ-97,
showing no significant genotypic differences (Figure 2). The
result indicates that greater biomass production of AZ-97 at
32P and 80P treatments was attributable primarily to the
greater shoot P contents. The shoot P content of AZ-97 was
significantly greater than the other three genotypes by
47-136% at 32P and by 73-99% than X265 and Takanari
at 80P (Table 2).

It should be noted, however, that AZ-97 had equivalent
PUE with the other genotypes despite its greater shoot
P content at 80P, and it retained relatively high PUE at
200P (tended to be greater than AZ-78 and greater than
X265 at P = 0.09), when shoot P content was not

e
o0

o
o

al ] P=0.09
a

*ab ns.
b

PUE (g mg! P)

e
o~

0.2

0 100 200 300 400 500
P application rate (mg P pot-!)

significantly different among the genotypes (Figure 3(a),
Table 2). Therefore, AZ-97 tended to have higher PUE
than the other varieties when PUE was compared at similar
shoot P contents, approximately 20-40 mg plant™, as esti-
mated from the PUE reduction curves plotted against shoot
P content (Figure 3(b)).

Genotype variations in morphological responses to
different phosphorus deficiency status

Projected green leaf area (PLA) and PLA per unit of
shoot P content

PLA was closely correlated with shoot biomass from the
early growth days at 19 DAT irrespective of genotype

(b)
1.4 ® AZ-97
}D‘( AAZ-T78
1.2 4l Takanari

X X265

PUE (g mg! P)
e
o0 e
s j
/
4

o
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0 20 40 60 80

Shoot P content (mg pot™!)

Figure 3. A comparison of PUE changes among genotypes against (a) P application rate (b) shoot P content.
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Figure 4. Changes in coefficient of determinations between PLA
(projected green leaf area) and shoot biomass at different grow-
ing days after transplanting.

(Figure 4). AZ-78 at 500P tended to have relatively low
PLA despite its high biomass production rate (potentially
because AZ-78 had erect leaves as illustrated in S1 Fig.).
When AZ-78 data at 500P were excluded, the correlation
coefficient (r) in the simple linear regression between
the PLA and shoot biomass ranged from 0.85 to 0.95 at
different DATs, with the peak value at 41 DAT.

AZ-97 had significantly greater PLA, by 57-169% at
32P, and 46-102% at 80P, than the other three geno-
types at 41 DAT (Figure 5). AZ-97 retained slightly
greater PLA than X265 and AZ-78, by 8-11%, at 200P.
In addition, AZ-97 had significantly greater PLA per unit
of shoot P content at 13.3 cm? mg™' than Takanari

500
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400 ga] P=0.09

& a a
E 300 é .
< a )
Z 200 - @ LE
X
100 ‘;'ﬁ*b
“b
0

0 100 200 300

(10.0 cm? mg™") and AZ-97 (10.8 cm?® mg™'), and than
X265 (11.9 cm? mg™") at the significance level of P = 0.70
when compared at equivalent shoot P contents at 200P.
The greater PLA of AZ-97 under low P application rates
from 32P and 200P were consistently observed from the
early stages of plant growth (S2 Fig). Genotype differ-
ences were less apparent at OP and 500P, excluding in
the case of Takanari, which had consistently lower PLA
than the other three genotypes.

Tiller number and leaf elongation rate
AZ-97 consistently produced higher tiller numbers than
the other three genotypes under all the P application
rates (Figure 6(a)). The maximum number of tillers in AZ-
97 was 32.5 at 500P, which was 46-60% higher than the
other genotypes. The number of tillers decreased gradu-
ally in all genotypes under lower P application rates
while this reduction rate was relatively small for AZ-97.
The proportion in the number of tillers relative to 500P
for AZ-97 vs. other genotypes were 75% vs. 64-72% at
200P, 61% vs. 35-46% at 80P, and 46% vs. 27-34% at 32P
(Figure 6(b)). Consequently, the differences in the num-
ber of tillers between AZ-97 and the other three geno-
types were particularly large at 200P (24.2 vs. 14.2-16.2),
at 80P (19.7 vs. 8.5-9.5), and at 32P (15.0 vs. 6.0-7.0).
Higher tiller numbers in AZ-97, particularly from 32P to
200P, were observed consistently from the early plant
growth stages (data not shown) Tiller number was highly
restricted even in AZ-97 at OP, and the differences
among genotypes became less significant.

AZ-97 also demonstrated significantly more rapid leaf
elongation rate or shorter phyllochrons than in the other
three genotypes under all the P application rates (Figure 7

a
é a ® AZ-97
ab

AAZ-78
b
= Takanari
X X265
400 500

P application rate (mg P pot™')

Figure 5. Genotype comparison in PLA (projected green leaf area) at 41 DAT at difference levels of P fertilizer applied.
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Figure 6. Genotype comparison in (a) the number of tillers at 41 DATP at difference levels of P fertilizer applied and (b) proportion in

the number of tilers to the values of 500P treatment.

(). The superior leaf elongation rate of AZ-97 was con-
sistently observed from the early stages of plant growth
(data not shown). More importantly, change in LN was
low in AZ-97 relative to the other genotypes, while leaf
elongation rate was gradually retarded with a decrease in
P application rates in all the genotypes. The reductions in
LN when compared with the case in the 500P treatment
were 0.06 leaves for AZ-97 vs. 0.13-0.55 leaves for the
other three genotypes at 200P, 0.37 vs. 0.93-1.00 leaves at
80P, 0.87 vs. 1.27-1.44 leaves at 32P, and 1.37 vs. 1.67—
1.93 leaves at OP (Figure 7(b)). Therefore, the differences
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in LN between AZ-97 and the other genotypes were
apparently large under P deficient conditions.

Figure 8 illustrates the relationship between LN and
number of tillers for each genotype based on different
P application rates, demonstrating that low P supply sup-
pressed the number of tillers through (1) reduced potential
tiller numbers as a result of slower leaf elongation rates
(Equation 1) and (2) reduced number of developed tillers in
comparison to the potential tiller number. For instance, the
tiller number decreased from 24.3 at 500P to 5.3 at OP, in the
case of X265, which was related to the reduction in

b
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Figure 7. Genotype comparison in (a) LN (the number of leaves on the main stem) at 41 DAT at difference levels of P fertilizer applied

and (b) the LN reduction against the 500P treatment.
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Figure 8. Relationship between the LN (number of leaves on the main stem) and the number of tillers at 41 DAT for each genotype by
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Figure 9. Genotype comparison in (a) the leaf width of the open-top leaf at the main stem at 41 DAT at difference levels of P fertilizer
applied and (b) proportion in the leaf width to the values of 500P treatment.

potential tiller number from 32.8 to 20.6 due to lower LN
and the concomitant reduction in the proportion of devel-
oped tillers against the potential numbers from 74% to
26%. The proportion of developed tillers against the poten-
tial tiller numbers reduced at lower P supply similarly for the
other genotypes. However, this proportion remained rela-
tively high for AZ-97 vs. the other genotypes for all the
P application rates excluding OP; 80% vs. 66-74% at 500P,
60% vs. 49-52% at 200P, 52% vs. 33-39% at 80P, and 45%
vs. 25-33% at 32P. At OP, the proportion was similarly
restricted to 20% across all the genotypes while the AZ-97

still had slightly higher tiller number due to the greater LN,
by 1.4-1.5 leaves, than the other three genotypes.

Leaf width

Contrary to the observed tiller number, AZ-97 had nar-
rower leaves as measured from the open-top leaf in the
main stem, while there was a significant interaction
between genotype and P application rate (Table 3). The
leaf width of AZ-97 was narrower than those of the other
three genotypes at 500P by 1.4-1.6 mm (Figure 9(a)). The
difference in leaf width became less considerable with
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a decrease in P application rates. In particular, the leaf
width in AZ-78 and X265 decreased sharply at the lower
P application rates. The leaf widths at OP and 32P were
70-72% and 75-77% relative to the leaf widths at 500P,
respectively, for both AZ-78 and X265, whereas these
values were retained at 86% and 88%, respectively, for
AZ-97 (Figure 9(b)). As a result, there were no significant
differences in leaf width among AZ-97, AZ-78, and X265 in
the OP and 32P treatments. Takanari had wide leaves
consistently relative to the other genotypes under all
the P rates.

A multiple regression model after a stepwise selection
confirmed that the number of tillers (P < 0.001), leaf
width (P < 0.001), and LN (P < 0.05) were closely and
positively correlated with PLA and, in turn, with shoot
biomass, irrespective of genotype or P application rate.
The standardized partial regression coefficients indi-
cated that the number of tillers, leaf width, and LN at
41 DAT explained 55%, 32%, and 13% of the variations in
PLA, respectively, with the determinant coefficient (R?
after being df adjusted) of the regression model at 0.91.

Discussion

Superior growth of AZ-97 on severe to moderate
P-deficiency stresses

AZ-97 had superior shoot biomass production relative to
the common high-yielding indica cultivars, i.e., Takanari
and X265, under severely to moderately P-stressed con-
ditions (32P, 80P, 200P). The varieties had equivalent
productivity when P was fully supplied (500P) (Figure
1), implying that the genotype variations in treatments
with lower P supply rates originated from their different
responses to P deficiency stress.

With regard to P uptake and PUE, the superior shoot
biomass production in AZ-97 was attributed primarily
to greater shoot P contents in response to the low
amounts of P applied (Figure 2) and secondly to the
maintenance of relatively high PUE even when the
shoot P contents increased (Figure 3). Such AZ-97 traits
with both high P acquisition capacity and high effi-
ciency in converting acquired P into shoot biomass
are highly relevant to rice breeding under
P deficiency stress (Wang et al, 2010). Rose et al.
(2015) highlighted the importance of comparing PUE
among genotypes at equal shoot P contents to avoid
the risk of screening false genotypes (or related QTLs)
whose PUE are apparently high but only because the
genotypes have low shoot P contents - see X265 at OP
and 32P in Figure 3(a). Similarly, excess allocation of
assimilates to root systems for P acquisition can be
a cost and a trade-off against efficient shoot biomass
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production (Wissuwa et al., 2009). AZ-97 may have
prospective traits to maintain a balance between exter-
nal P acquisition and shoot biomass production follow-
ing exposure to P deficiency stress. Notably, there were
significant genotypic differences neither in shoot
P contents nor in shoot biomass at OP, which could
be because the genetic traits related to P acquisition
capacity or PUE are hardly exerted not only when
available P is abundant but also when available P is
extremely low in soils.

Key morphological traits of AZ-97 facilitating
superior growth under phosphorus deficiency stress

PLA or canopy coverage are key parameters that influ-
ence the amount of radiation intercepted by a canopy,
and, in turn, biomass production (Monteith, 1977). The
present study confirmed a close correlation between
PLA from early growth stages and subsequent shoot
biomass production, irrespective of genotype or
P application rate (Figure 4). The result indicated that
rapid canopy development or the maintenance of high
leaf area following exposure to P deficiency conferred an
advantage to biomass production. In this regard, AZ-97
had a trait to retain the leaf expansion even when the
plants were exposed to the same level of P deficiency
status (superior PLA per unit of shoot P content at 200P).
In addition, shoot morphological observations revealed
that the variation in PLA can be mostly explained by the
tiller number, leaf width, and LN, which is anticipated
because tiller number and LN influence the number of
leaves per plant, and single leaf size is largely dependent
on the changes in leaf width while P deficiency does not
much influence leaf length of rice (Luquet et al., 2005).
At the P-sufficient condition (500P), no genotypic
differences in PLA were observed. This is probably
because an advantage of AZ-97 having a large number
of tillers and LN could be counteracted by its signifi-
cantly narrower leaves. However, AZ-97 gradually
achieved a major advantage in PLA relative to the
other genotypes under lower P application rates as AZ-
97 had less significant changes in all of the parameters.
The trends in morphological changes across the geno-
types under P deficiency - AZ-97 exhibited lower
degrees of change — were already observed at 200P, at
which the final shoot P contents were more or less
equivalent among genotypes. The result implied that
AZ-97 tended to retain shoot morphology, and in turn,
canopy coverage relative to the other genotypes even
when exposed to the same level of P deficiency status.
According to Umehara et al. (2010), the inhibition of
the production of new tillers is a potential adaptive
strategy in rice for saving the limited P resources for
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existing tillers. Conversely, our results implied that ‘too
sensitive shoot morphological changes’ may not be
advantageous for biomass production, at least under
moderate to severe P-deficient conditions.

Interrelationship among canopy development,
phosphorus uptake and biomass production

Less significant changes in shoot morphology of AZ-97
might be an advantageous trait to eventually produce
large biomass under P deficiency by retaining captured
radiation, consistent supply of carbon assimilates to the
root system, and external P uptake. It is generally under-
stood there is a close interaction among PLA or leaf area
expansion, root growth, and external P uptakes via
photosynthetic assimilation and allocation of assimilates
into the root system. Such interactions could gradually
amplify genotypic differences in P uptakes and biomass
production. For instance, Mollier and Pellerin (1999)
reported that P deficiency first reduces leaf expansion
to maintain root growth, and the morphological
response subsequently inhibits root production due to
smaller leaf area and inadequate carbohydrate supply.
This study indicates that excess allocation of assimilates
to roots at a cost of leaf expansion may eventually cause
a negative effect on biomass production under
P deficiency. Wissuwa (2005) demonstrated that
P deficiency-tolerant genotypes in rice maintained root
to shoot ratios even under P stress conditions, while
intolerant genotypes disproportionately increased root
to shoot ratio. Less sensitive shoot morphological
responses to P deficiency as observed in AZ-97 could
be partly linked to such genotypic variations in
P-deficiency tolerance.

In addition, Luquet et al. (2005) noted that rapid
canopy development should be advantageous in fields
by facilitating the acquisition of limited nutrient
resources in the presence of weed competitors. Saito
et al. (2015) also pointed out that rapid initial growth is
an important trait for rice breeding in P-deficient and
low-input production systems in SSA. Such aspects
could also be related to the results of our preliminary
field trial in which AZ-97 had the highest yield among
300 accessions under low-input and poor-nutrient soils
in Madagascar. In summary, since AZ-97 exhibited
superior shoot biomass production, it is a potential
donor for traits such as high P acquisition capacity
and high leaf expansion capacity from early growth
stages based on less significant morphological changes
in the number of tillers, leaf width, and leaf elongation
rate, even under limited P fertilizer input amounts
under severely P-deficient soils.
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Abstract

The majority of paddy fields in sub-Saharan Africa (SSA) are characterized by
nutrient-poor soils. In such fields, tillering in rice (Oryza sativa L.) plants is severely
restricted, which results in a reduced number of panicles and thus a decrease in grain
yield. In this study, we evaluated the effects of a quantitative trait locus (QTL), asso-
ciated with number of panicles and referred as MP3, on rice growth and grain yield
in nutrient-poor soils in Madagascar. We used a high-yielding rice cultivar, Taka-
nari, and its near-isogenic line bearing the MP3 allele (NIL-MP3). A pot experiment
with various P application rates demonstrated vigorous tillering in NIL-MP3 com-
pared to Takanari from the early vegetative stage even under low P levels. This led to
enlarged leaf area and thus increased biomass. We then conducted multiple field trials
with a total of 12 experimental conditions using the two varieties. The experiments
led to a range of grain yield from 1.3 to 4.1 t ha—! and a range in number of panicles
from 107 to 270 m~2. The results revealed that NIL-MP3 produced a greater number
of panicles and spikelets m~2 (19 and 12%, respectively) than Takanari across all
12 experiments. Grain yield increased in NIL-MP3 under some experimental condi-
tions. This study is the first of its kind to demonstrate that MP3 increased number of
panicles and spikelets and grain yield in the nutrient-poor and low-yielding soils of
SSA. Thus, we conclude that MP3 could become a prominent genetic resource for
the improvement of rice yields in SSA.

1 | INTRODUCTION

Abbreviations: CSSL, chromosome segment substitution line; DAT, days
after transplanting; FOFIFA, the National Center for Applied Research on
Rural Development; IRRI, International Rice Research Institute; MP3,
MORE PANICLES 3; NIL, near-isogenic line; NUE, nitrogen use
efficiency; PUE, phosphorus use efficiency; QTL, quantitative trait locus;

SSA, sub-Saharan Africa.

Rice (Oryza sativa L.) is increasingly becoming an impor-
tant food source in sub-Saharan Africa (SSA). Consump-
tion is steadily increasing due to population growth and
a shift in consumer preference for rice (Balasubramanian,
Sie, Hijmans, & Otsuka, 2007). This situation requires a
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further increase in rice production through both arable land
expansion and grain yield enhancement in SSA (AfricaRice,
2017).

It is generally recognized that poor soil fertility and nutri-
ent availability are major limiting factors in the production
of rice, as well as other crops, in SSA (Tittonell & Giller,
2013). Among the three major nutrients (N, P, and K) which
are essential for plant growth and development (Lines-Kelly,
1994), N is the least abundant in the soils of SSA, followed
by P (Saito et al., 2019). Although P is present in the soil, it
is predominantly fixed by active Al and Fe and is not read-
ily available for absorption by plants (Nishigaki et al., 2018,
2019). Rice plants deficient in N display stunted growth, small
and yellowish-green leaves, reduced tillering, and reduced
grain numbers (Dobermann & Fairhurst, 2000). Similarly, P
deficiency leads to stunted rice plants with greatly reduced
tillering, narrow and erect leaves, and retarded development
(Dobermann & Fairhurst, 2000; Ye et al., 2019). Under defi-
ciencies of N, P, or both, the simple solution is to apply
appropriate amounts of fertilizers to enhance nutrient-poor
soils. However, the majority of local SSA farmers lack the
finances to purchase sufficient fertilizer (Vanlauwe et al.,
2014). Therefore, it is necessary to develop effective fertil-
izer application techniques with the least amount of fertil-
izer (Tsujimoto, Rakotoson, Tanaka, & Saito, 2019), and to
genetically improve rice varieties in favor of high nutrient-
use efficiencies (Ismail, Heuer, Thomson, & Wissuwa,
2007).

Fertilizer management practices that entail localized forms
of application or dipping seedling roots into a P-soil slurry
are promising, cost-effective techniques to improve fertil-
izer profitability (De Datta, Biswas, & Charoenchamratcheep,
1990; Ros, White, & Bell, 2015). Promising genetic routes
to improved tolerance of N and P deficiencies are suggested
by many sources, including Hu et al. (2015), who identi-
fied the nitrate-transporter gene NRT1.1B as the causal gene
of the quantitative trait locus (QTL) that controls nitrate
uptake. The NRTI.1B-indica allele enhances nitrate uptake,
root—shoot transport, nitrogen-use efficiency (NUE), and final
grain yield compared to rice types without that allele. Zhang
et al. (2015) cloned QTL-TONDI as a single gene which con-
fers tolerance to N deficiency. The TONDI allele increased
total N uptake and biomass under N-deficient conditions.
The PISTOLI gene, which was identified as the causal
P-starvation-tolerance gene on the PUP] locus, is an enhancer
of early crown root development and root growth, which
enables plants to take up more P and other nutrients
under nutrient-deficient conditions (Gamuyao et al., 2012).
Recently discovered is the SPDT gene, which controls the
allocation of P to grains (Yamaji et al., 2017). This gene
may be useful in increasing phosphorus-use efficiency (PUE),
because the knockdown of SPDT could reduce the amount of
P in grains, and therefore the amount which is removed from
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Core Ideas

e NIL-MP3 promoted tillering from the early vege-
tative stage even under low P levels.

e NIL-MP3 produced a greater number of pani-
cles and spikelets m~2 than Takanari in field
tests.

* NIL-MP3 increased grain yield under some exper-
imental condtions.

the soil. Although these techniques are novel and promising,
more genetic resources and new techniques need to be identi-
fied in order to cost-effectively enhance rice production under
conditions of poor soil fertility (McCouch et al., 2013). It
should be noted that none of these genetic resources have been
tested in nutrient-poor fields.

While several studies have focused on nutrient uptake
and transport and root growth under nutrient deficiency
(Wissuwa, Kretzschmar, & Rose, 2016), only a few stud-
ies have assessed adaptive aboveground morphological vari-
ations to overcome nutrient deficiency (Luquet, Zhang,
Dingkuhn, Dexet, & Clément-Vidal, 2005; Tsujimoto, Sakata,
Raharinivo, Tanaka, & Takai, 2020). The variations can
directly influence rice productivity by changing the leaf area
expansion or radiation capture ability. As mentioned above,
nutrient deficiency, especially that of P, severely restricts
tillering. Because the number of panicles, which is one of
the yield components, is determined by the number of effec-
tive tillers, vigorous tillering may be an important trait in
poor-fertility soils. Recently, Takai et al. (2014) detected a
QTL associated with the number of panicles using chromo-
some segment substitution lines (CSSLs) under relatively fer-
tile lowland conditions in Japan. One of the CSSLs that carries
the QTL produced 19% more panicles without a decrease in
number of spikelets per panicle, and generated a brown rice
yield of 7 t ha~!. However, the effect of this QTL on tillering
has not been elucidated under nutrient-poor and low-yielding
environments such as in SSA. Here, we examined whether
the QTL contributes to increased rice productivity through
enhancement of tillering under nutrient-poor soil conditions
in SSA.

The objectives of this study were (a) to elucidate the effect
of the QTL on tillering and biomass at the vegetative stage
under various concentrations of P in a pot experiment, (b)
to evaluate the effect of the QTL on yield and yield compo-
nents in the irrigated lowland fields in the central highland
of Madagascar where nutrient-poor soils predominate (Nishi-
gaki et al., 2019; Tsujimoto et al., 2019), and (c) to deter-
mine under which conditions the QTL can be most useful in
enhancing rice productivity.
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FIGURE 1 Graphical genotype of Takanari and NIL-MP3. The bars show chromosomes. Chromosome numbers are indicated above each bar.

The white bars denote regions homozygous for Takanari and the black segment denotes a region homozygous for Koshihikari. MP3 is located within
a 1.8-Mb genomic region between DNA markers RM2614 and RM 15823 on chromosome 3

2 | MATERIALS AND METHODS

2.1 | Plant materials

A previous study developed reciprocal CSSLs between Taka-
nari and Koshihikari through four generations of backcross-
ing and marker-assisted selection (Takai et al., 2014). Taka-
nari is a high-yielding indica cultivar (Imbe et al., 2004)
and Koshihikari is a leading japonica cultivar with good
eating quality, but it is not high yielding (Kobayashi, Hori,
Yamamoto, & Yano, 2018); both were developed in Japan.
One of the CSSLs, SL1310, which carries the Koshihikari
genomic segment on chromosome 3 in the Takanari genetic
background, contained the QTL that increased the number
of panicles (Takai et al., 2014). Therefore, we named the
QTL MP3 (MORE PANICLES 3). To develop a near-isogenic
line carrying the MP3 (NIL-MP3), SL1310 was backcrossed
with Takanari. Subsequently, the F,—F, progenies contain-
ing as the small Koshihikari chromosome segment with
MP?3 as possible were selected using DNA markers. Conse-
quently, we developed NIL-MP3 that carries a 1.8-Mb Koshi-
hikari genomic segment between RM2614 and RM15823,
bearing MP3 on chromosome 3 (Figure 1). Takanari and
NIL-MP3 were used in the pot and field experiments.

2.2 | Pot experiments

A pot experiment was conducted in a screenhouse at the
National Center for Applied Research on Rural Develop-
ment (FOFIFA) at Antananarivo in Madagascar (18°52" S,
47°33" E, 1310 m altitude; Figure 1) from November 2018
to January 2019. We sampled extremely P-deficient soil with
no history of fertilization from an upland field in Antohobe

N (N J‘Mtwdf\\’/&
B \
®
s”t f
rs o )
- 3 TA) X
/ i o/ 4 “\Antananariv
= N
\ \:\*f “A} / R P
(S8 § L I e
b i)
£ ’ / /
\P L \K :'(
B
300 km
FIGURE 2 Maps of field experiment sites conducted in the central
highland of Madagascar

(19°46' S, 46°41’ E, 1260 m altitude; Figure 2). Major char-
acteristics of the soil are summarized in Table 1. After being
air-dried, 4 kg of soil was placed into a 5-L plastic pot. Five P
treatments were established, with NaH,PO,-2H,0O applied at
different concentrations: 0, 8, 20, 50, and 125 mg P per kg soil
(OP, 8P, 20P, 50P, and 125P, hereafter). All pots were supple-
mented with N and K (NH4;NO; and KCl, respectively) each
at a concentration of 152 mg kg™! soil, in order to avoid any
potential effects of N or K deficiencies. All nutrients were uni-
formly mixed with soil, and the soil was flooded 1 d before
transplanting. One 20-d-old seedling of either Takanari or
NIL-MP3, grown in P-free sand, was transplanted to each pot.
We employed a randomized block design with five levels of
P treatments, two varieties, and six replicates; the plants were
grown under continuously flooded conditions.

The number of tillers in each pot was counted weekly from
21 to 56 days after transplanting (DAT). At 56 DAT, leaf age
and the number of leaves were measured and the leaves were
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TABLE 1 Soil properties of each study site in Madagascar
Experimental site  pH* Total C" Total N° Oxalate P°
gCkg™' gNkg! mgPkg!
Pot experiments at 4.9 22.8 2.1 40.7
Antananarivo
Antohobe 52 13.2 1.1 44.7
Behenjy 5.1 154 1.3 116.3
Ankazomiriotra 52 17.5 1.6 48.3
site 1
Ankazomiriotra 5.9 15.7 1.6 45.5
site 2

2Soil pH was measured by a 1:2.5 ratio of soil/water.
bTotal C and N were measured by the combustion method.
¢Oxalate P was extracted following the method of Courchesne and Turmel (2008).

sampled for the picture-taking with a digital camera (SX610
HS, Canon). The total leaf area was measured for each pot
using image processing software (Image J, NIH). On the same
day, aboveground plant parts were harvested at the soil sur-
face and combined with the leaves to determine aboveground
biomass after drying at 70 °C for 3 d in an oven.

2.3 | Field experiments

A total of six field experiments were conducted in farmers’
paddy fields in the central highland of Madagascar during the
2017-2018 (hereafter, 2018) and 2018-2019 (hereafter, 2019)
growing seasons, respectively. In 2018, Antohobe (19°46’ S,
46°41' E, 1250 m altitude) and Behenjy (19°10" S, 47°29" E,
1370 m altitude) were chosen as experimental sites (Fig-
ure 2). In 2019, Ankazomiriotra Site 1 (19°41’ S, 46°35’ E;
1,100 m altitude) and Site 2 (19°40" S, 46°34" E; 1,110 m
altitude) were used as well as Antohobe and Behenjy (Fig-
ure 2). In all of the experimental fields, farmers had contin-
uously cultivated rice once a year without crop rotation and
with no mineral fertilizer inputs for at least 10 yr prior to
the start of the experiments. The major soil characteristics
of the four experimental fields are summarized in Table 1.
Levels of oxalate P were below 200 mg P kg~! in the four
sites, indicating the highly P-deficient character of the soils in
the central highland of Madagascar (Nishigaki et al., 2019).
Takanari and NIL-MP3 were used in the field experiments.
A local rice cultivar, X265, was also grown as a reference.
Seeds were sown in nursery beds constructed at the paddy
fields, and 20- to 30-d-old seedlings were transplanted into
the fields, with two seedlings per hill. The planting density
was 25 hills m~2, with 20 cm between hills and between rows.
The experimental plots (8—12 m?) were laid out in a split-
plot arrangement, with the main plot consisting of fertilizer
treatments (with and without fertilizer) and rice types in the
subplots, with four replications. Basal fertilizer was applied
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to the fertilizer application plot at transplanting at the rates of
20kgNha~!,17.5kgPha!, and 24.1 kg K ha~! as aN-P-K
compound fertilizer (11-22-16). Plots were top-dressed with
urea (20 kg N ha~!) at 30 and 60 DAT.

The number of tillers in each plot was counted weekly until
heading in 2019. Heading was defined as the date when half of
the panicles in each plot had emerged. Maturity was defined
as the date when 95% of the spikelets had turned from green
to yellow. Days to heading and days to maturity were defined
as the number of days from sowing to heading and maturity,
respectively.

At maturity, the number of panicles was counted for the
hills covering 2.8-4.0 m? (70-100 hills) in each plot. The hills
were then harvested to investigate yield and yield components.
After the panicles were threshed, the whole-grain weight was
measured, and the moisture content was measured with a grain
moisture tester (Riceter 512, Kett). Approximately three sets
of 40-g grains were selected as subsamples and counted with
an electronic seed counter (WAVER IC-VA, Aidex Co. Ltd.).
The number of spikelets m~2 was calculated by multiplying
the grain number per unit weight in subsamples by the total
grain weight m~2. Spikelet number per panicle was calcu-
lated as the number of spikelets m~2 divided by the number
of panicles m~2. The subsamples of grain were submerged
in tap water; grains that sank to the bottom were considered
filled. The filled grains were then oven-dried at 37 °C to con-
stant weight, counted, and weighed. Finally, the moisture con-
tent of the filled grains was measured. The filled spikelet
percentage was calculated as the number of filled spikelets
divided by the number of the whole spikelets in the subsam-
ples. Single-grain weight was calculated by dividing the filled
spikelet weight by the number of filled spikelets. Grain yield
was determined by multiplying each yield component. Grain
yield and single-grain weight were adjusted to 14% moisture
content. To determine aboveground biomass, 6—10 hills were
sampled at the soil surface from each plot, dried at 70 °C for
72 h, and weighed.

Weather data such as solar radiation and air temperature
were recorded by installing Watchdog 1525 micro station
(Spectrum Technologies Inc.) at each experimental site.

24 | Statistics

Statistical analysis was performed using a general lin-
ear model in SPSS 23.0 software (IBM). Plant variety,
P application rate, and their interaction were considered
fixed effects, and replication was considered a random
effect in the pot experiment. Two-way ANOVA was con-
ducted to test the effect of variety, P application rate, and
their interaction on measured variables. In field experi-
ments, two-way ANOVA was conducted to test the effects
of variety, environment, and their interaction on yield, its
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TABLE 2
P application rates

No. of tillers

P application rate Variety (pot™)
mg P kg soil™!
0 8.8
8 12.0
20 15.7
50 25.8
125 31.1
Takanari 15.2
NIL-MP3 222
ANOVA
P application rate Hkok
Variety wxx
Variety X P ns

application rate
Note. ns, Not significant. P values are based on ANOVA.
*Significant at P < .05.
“*Significant at P < .001.

components, and biomass across 12 conditions (6 experi-
ments X 2 fertilizer treatments). Variety, environment, and
their interaction were considered as fixed effects and repli-
cation was considered as a random effect.

3 | RESULTS
3.1 | Performance of Takanari and NIL-MP3
in pot experiment

A two-way ANOVA showed that application rate and variety
had statistically significant effects on the number of tillers at
56 DAT (Table 2). The interaction between P application rate
and variety was not significant. The mean number of tillers of
both Takanari and NIL-MP3 increased from 8.8 to 31.1 per
pot at 56 DAT under increasing P application rates from the
OP to 125P treatments (Table 2). From 30 DAT, the number of
tillers in NIL-MP3 plants was greater than in Takanari under
all P application rates (Figure 3). By 56 DAT, the number of
tillers produced by NIL-MP3 was significantly greater (33—
63%; average 46%) than Takanari under all P application rates
(Table 2).

With an increase in P application rate, leaf age also
increased from 11.9 to 13.6 (Table 2). However, leaf age
in NIL-MP3 at 56 DAT was significantly lower than that

Two-way ANOVA for plant growth-related traits at 56 d after transplanting in Takanari and NIL-MP3 grown in the pots with various

No. of leaves

Leaf age (pot™) Leaf area Biomass
cm? pot~! g pot™!
11.9 31.0 473 5.5
12.4 42.6 649 8.0
12.8 56.8 917 13.7
132 91.1 1,341 21.8
13.6 114.8 1,944 30.9
13.0 59.6 808 14.9
12.6 74.9 1,322 17.0
sk sk sk
sk Hkk sokok *
ns ns e ns

of Takanari. The number of leaves, leaf area, and biomass
increased from 31 to 114.8 per pot; 473-1,944 cm? per pot;
and 5.5-30.9 g per pot, respectively, under increasing P appli-
cation rates. By 56 DAT, NIL-MP3 had produced 26% more
leaves, 64% greater leaf area, and 14% greater biomass than
Takanari; all differences are significant.

3.2 | Climate conditions and phenology in
field experiments

The solar radiation and the daily mean temperature during the
rice growing period ranged from 17.2 to 21.4 MJ m~2 d~!
and from 20.3 to 22.6 °C, respectively, among the six exper-
iments (Table 3). Solar radiation and daily mean temperature
at Ankazomiriotra Site 2 were the highest in 2019, while those
at Behenjy were the lowest in 2018.

Days to heading and days to maturity were similar between
Takanari and NIL-MP3 across all 12 experimental conditions
(Table 4). Days to heading and days to maturity were the low-
estin the Ankazomiriotra Site 2 plot with fertilizer in 2019 (97
and 134 d, respectively), while those in the Behenjy plot with-
out fertilizer were the highest in 2019 (133-134 and 187 d,
respectively). The treatment without fertilizer delayed days to
heading and days to maturity by 4-23 d, respectively, com-
pared with the fertilizer treatment.
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TABLE 3
experimental site during rice growing period

Solar radiation and daily mean temperature of each

Solar Daily mean
Experimental site Year radiation temperature
MJm2d! °C
Antohobe 2018 20.1 21.7
2019 20.8 22.1
Behenjy 2018 16.4 20.3
2019 18.9 20.7
Ankazomiriotra 2019 17.2 22.5
site 1
Ankazomiriotra 2019 21.4 22.6
site 2
3.3 | Yield, yield components, and biomass in

field experiments

A two-way ANOVA showed that the environment had a statis-
tically significant effect on grain yield (Table 5). Mean grain
yield in both Takanari and NIL-MP3 widely varied across
the 12 experimental conditions, ranging from 1.3 t ha~! at
Antohobe without fertilizer in 2018 and 2019, to 4.1 t ha™!
at Behenjy and Ankazomiriotra Site 2 with fertilizer in 2019.
The two-way ANOVA also revealed that interaction between
variety and environment significantly affected grain yield,
although the effect of variety was not significant by itself
(Table 5). A comparison between Takanari and NIL-MP3 in
each of the 12 conditions revealed a higher grain yield in
NIL-MP3 at Behenjy under both fertilizer treatments in 2018
and 2019 (Table 6). However, this trend was not observed in
other environments.

212

Days after transplanting (d)

Changes in tiller number after transplanting in Takanari and NIL-MP3 at various P application rates in a pot experiment. Error bars

Each yield component was significantly affected by envi-
ronment and variety (Table 5). The mean number of pan-
icles in both Takanari and NIL-MP3 varied from 107 to
270 m~2 across the 12 experimental conditions (Table 5).
Overall panicle production of NIL-MP3 (221 panicles m~2)
was 19% higher than that of Takanari (186 panicles m~?).
The mean number of spikelets m~2 in both Takanari and
NIL-MP3 ranged from 8,295 to 26,348 across the 12 exper-
imental conditions. Overall spikelet production of NIL-MP3
(19,067 spikelets m~%) was 12% higher than that of Takanari
(16,962 spikelets m~2).

Just as for grain yield, the interaction between variety and
environment had a significant effect on the percentage of
filled spikelets (Table 5). A comparison between Takanari and
NIL-MP3 in each of the 12 experimental conditions showed a
higher percentage of filled spikelets in NIL-MP3 at Behenjy
in 2018 and a small difference at Behenjy in 2019 (Table 6).
The percentage of filled spikelets was reduced in NIL-MP3
compared to Takanari in most of the other experimental con-
ditions.

The effect of environment on biomass at maturity was sta-
tistically significant (Table 5). The mean biomass at maturity
ranged from 2.3 t ha~! at Antohobe without fertilizer in 2019
to 8.8 tha~! at Ankazomiriotra Site 1 in 2019. Neither variety
nor interaction between variety and environment had signifi-
cant effects on biomass at maturity.

4 | DISCUSSION
The field trials employing various nutrient regimes in this
study clearly demonstrated that MP3 can increase the num-

ber of panicles and the number of spikelets m~2, even under
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TABLE 4 Days to heading and days to maturity for Takanari and NIL-MP3 grown at each experimental site

Environment Days to heading Days to maturity
Experimental site Year Fertilizer Takanari NIL-MP3 Takanari NIL-MP3
d
Antohobe 2018 + 106 106 147 147
0 114 110 159 162
2019 + 111 112 148 149
0 133 134 187 187
Behenjy 2018 + 109 109 164 164
0 117 117 164 164
2019 + 117 117 165 165
0 130 129 180 180
Ankazomiriotra site 1 2019 + 114 112 148 148
0 114 112 149 149
Ankazomiriotra site 2 2019 + 97 97 134 134
0 101 113 147 156

TABLE 5 Two-way ANOVA for grain yield, its components, and biomass at maturity in Takanari and near-isogenic line (NIL)-MP3 grown at
each experimental site

Environment No. of No. of No. of
Experimental Grain  panicles spikelets spikelets Filled Single-grain
site Year Fertilizer Variety yield m™2) (Panicle™!) (m™2) spikelets weight Biomass
tha™! % mg tha!
Antohobe 2018 + 39 267 100 26,348 63.4 23.6 8.2
0 1.3 108 81 8,828 63.2 22.5 4.0
2019 + 3.4 254 91 23,177 65.1 23.0 6.8
0 1.3 107 76 8,295 71.8 21.8 2.3
Behenjy 2018 + 3.3 212 98 20,768 65.5 24.5 7.5
0 2.0 175 83 14,597 54.7 24.4 5.4
2019 + 4.1 236 92 21,610 78.1 24.3 7.5
0 3.1 206 78 15,801 82.5 242 52
Ankazomiriotra 2019 + 3.2 270 81 21,836 67.8 21.9 8.8
site 1
0 2.3 195 80 15,507 67.4 21.8 52
Ankazomiriotra 2019 + 4.1 232 106 24,709 71.2 23.6 7.7
site 2
0 22 175 78 13,610 73.0 227 39
Takanari 2.9 186 90 16,962 70.0 24.0 6.0
NIL-MP3 29 221 84 19,067 67.3 22.4 6.1
ANOVA
Environment e ek e ok ok ekl
Variety ns S TG S g FOESES ns
Variety X g ns ns ns ns
Environment

Note. ns, not significant. P values are based on ANOVA.
“Significant at P < .05.

*Significant at P < .01.

“**Significant at P < .001.
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TABLE 6 Comparisons of grain yield and filled spikelets for Takanari and near-isogenic line (NIL)-MP3 at each experimental site
Environment Grain yield Filled spikelets
Benefit of Benefit of
Experimental Takanari NIL-MP3 NIL-MP3 Takanari NIL-MP3 NIL-MP3
site Year  Fertilizer (a) (b) (b) — (a) (a) (b) (b) — (a)
tha™! %
Antohobe 2018  + 4.27 3.58 —0.69 67.1 59.8 =73
0 1.38 1.15 -0.23 62.3 64.1 1.7
2019  + 3.45 3.43 —0.02 68.1 62.0 —6.0
0 1.50 1.16 -0.35 75.3 69.1 —6.2
Behenjy 2018  + 3.08 3.56 0.48 61.9 69.1 7.1
0 1.56 2.35 0.79 47.2 62.2 15.0
2019  + 3.80 4.35 0.55 79.6 76.6 -3.0
0 3.01 3.25 0.24 84.1 80.9 -32
Ankazomiriotra 2019 + 3.21 3.24 0.03 69.0 66.6 -2.4
site 1
0 2.27 2.28 0.00 68.0 66.7 -13
Ankazomiriotra 2019 + 4.16 4.00 —0.17 79.1 63.3 -15.8
site 2
0 233 2.15 -0.18 79.1 66.9 -12.2

nutrient-poor conditions, to achieve yield levels ranging from
1.3 to 4.1 t ha~!. This yield range is consistent with most
of the average yields typically found in the lowland rice pro-
duction systems in SSA (Saito et al., 2019; Tsujimoto et al.,
2019). The present study is one of only a few to demonstrate
the effect of QTLs and its interaction with field environments
on important yield components in farmers’ fields. To the best
of our knowledge, this study is the first of its kind to explore
breeding-based options to improve rice yields under nutrient-
poor conditions in the tropics.

The Koshihikari MP3 allele increased the number of pani-
cles m~2 by 19% on average and the number of spikelets m~>
by 12% on average across the 12 experimental conditions
(Table 5). These results are comparable to a previous report
by Takai et al. (2014), which showed that one of the CSSLs
(SL1310) carrying the Koshihikari MP3 allele in the Taka-
nari genetic background produced a greater number of pan-
icles m~2 and spikelets m™2 (19 and 20%, respectively) than
Takanari under fertile soil conditions, yielding 7 tha~!. These
results suggest that MP3 may enhance the number of pani-
cles by approximately 20% and thus produce 10-20% more
spikelets m~2 irrespective of soil nutrient conditions. How-
ever, it should be noted that differences in the numbers of pan-
icles and spikelets m~2 between Takanari and NIL-MP3 tend
to be small under extremely low-yielding environments (at the
level of 1.3 t ha™!; Supplemental Figure S1). At the yield
level, Takanari produced approximately 100 panicles m~>
which was equal to 4 panicles per hill at a planting density of
25 hills m~2. Because a 20% increase for four panicles per hill
would increase by only 0.8 panicle per hill, the contribution of
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MP3 may be small under such extremely low-yielding envi-
ronments. Nevertheless, MP3 could be useful when applied
to a large number of fields in SSA, as demonstrated by the
wide range in yield we obtained in this study (1.3—4.1 tha™!),
which may represent an improvement over the current aver-
age rice yield of approximately 2.1 t ha~!' (Tsujimoto et al.,
2019). Further studies are necessary to clarify the interaction
between planting density and the effect of MP3, as planting
density typically affects the number of panicles (tillers) per
hill (Nakano, Morita, Kitagawa, Wada, & Takahashi, 2012).
Although MP3 had the effect of increasing the number of
panicles and spikelets m~ in this study, it did not lead to a
yield increase under all 12 experimental conditions (Table 6).
While the increase in grain yield was observed at Behenjy,
there was no increase in grain yield at other sites. No increase
in grain yield could be primarily associated with a reduction
in the percentage of filled spikelets in NIL-MP3 compared to
Takanari (Table 6). Solar radiation and daily mean temper-
ature at Behenjy were the lowest among experimental sites
during the rice-growing period (Table 3). Because NIL-MP3
was developed in a temperate region in Japan, it may not be
well adapted to environments with high solar radiation and air
temperature, such as in Madagascar. At present, however, we
are unable to fully explain all of the factors that affect the per-
centage of filled spikelets in NIL-MP3. In general, we expect
that local rice varieties bred or selected in Madagascar should
exhibit better performance than Takanari and NIL-MP3. In
this study, we grew one of the promising local cultivars,
X265 (Diagne, Kinkingninhoun-Medagbe, Amovin-Assagba,
Nakelse, & Toure, 2015), as a reference. Grain yield in X265
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was higher than that of Takanari and NIL-MP3 under most of
12 experimental conditions (Supplemental Figure S2). This
cultivar was bred by the International Rice Research Institute
(IRRI) and was selected by FOFIFA in Madagascar (Diagne
et al., 2015), suggesting that X265 is an indica cultivar and
does not carry the positive MP3 allele. Therefore, introducing
the Koshihikari MP3 allele into the X265 genome may lead
to a further increase of the number of panicles and thus grain
yield. We are currently breeding X265 with the Koshihikari
MP3 allele by backcrossing and marker-assisted selection.

The results of the pot experiment are similar to those of the
field experiments; the Koshihikari MP3 allele increased the
number of tillers by 46% on average across all P application
rates at 56 DAT (Table 2). In addition, we observed vigorous
tillering in NIL-MP3 compared to Takanari from 30 DAT
under all P application rates (Figure 3). Similar tillering
patterns were observed in most of the field experiments in
this study (Supplemental Figure S3). The correspondence
between the pot and field experiment results corroborates
that the Koshihikari MP3 allele can promote tillering from
the early vegetative stage, sustain a greater number of tillers
until heading, and thus produce more panicles than the
Takanari MP3 allele, even in low-P soils. The pot experiment
also demonstrates greater biomass in NIL-MP3 than in
Takanari (Table 2). This can be explained by the fact that
the Koshihikari MP3 allele led to enlarged leaf area due to
a greater number of leaves. The latter trait derives from a
greater number of tillers rather than faster leaf emergence
rate. Large biomass production in rice was reported as the
pleiotropic effect of QTLs controlling culm length, such as
SD1 and GW6a (Okuno et al., 2014; Song et al., 2015). To our
knowledge, this is the first study using genetically sophisti-
cated materials, such as NILs in rice, to demonstrate biomass
increase via QTL-induced tillering enhancement. We are
currently cloning a causal gene of MP3, which would clarify
its molecular function and thus extend its utility in breeding
programs designed to improve rice yields under nutrient-poor
conditions in the tropics as well as under fertile conditions.

In summary, this study demonstrated that MP3 enhances
the number of panicles and spikelets m™ by 19 and 12%,
respectively, across 12 nutrient conditions. The enhanced pan-
icle number resulted from vigorous tillering from the early
vegetative stage. This also led to enlarged leaf area and thus
increased biomass. The increase in grain yield in plants carry-
ing the MP3 allele could be achieved in environments where
the percentage filled spikelets was not affected. We conclude
that MP3 can improve rice yield by increasing the number of
panicles in nutrient-poor soils in SSA.
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1 | INTRODUCTION

| Hiroshi Nakano | Satoshi Yoshinaga | Motohiko Kondo

Abstract

Yield is a complex trait. To improve it, the accumulation of the favourable alleles of
valuable genes is required for each yield-related trait. In this study, we used two
high-yielding rice cultivars developed in Japan, indica-type ‘Takanari’ and japonica-
type ‘Momiroman’, for a genetic analysis of the sink capacity-related traits. An F,
population showed transgressive segregation for the number of spikelets per pani-
cle. Quantitative trait locus (QTL) analysis detected four QTLs for the trait. Two of
the QTLs were most likely identical to previously cloned GN1a and APO1, and their
Takanari alleles had positive effects. The Momiroman alleles of the other two QTLs
had positive effects, and one of these QTLs was most likely identical to SPIKE/GPS.
The QTL on the long arm of chromosome 3 appeared to be novel; it clustered with
QTLs for grain length and days-to-heading. Substitution mapping revealed that the
close linkage of QTLs caused the clustering. These results suggest that the combina-
tion of the favourable alleles of detected QTLs could lead to greater sink capacity
than that of the parental cultivars.

KEYWORDS
QTL linkage, quantitative trait locus, rice, sink capacity, transgressive segregation

the yield potential, a wide diversity of germplasms must be used to

accumulate favourable alleles of valuable genes for each yield-related

Yield is the most important agronomic trait in various crops. Because
of the continuous population increase worldwide and the unpromis-
ing prospects for the expansion of arable land area, crop production
must be boosted through further increases in the maximum attain-
able yield per unit land area, namely, yield potential (Long, Marshall-
Colon, & Zhu, 2015). Yield potential is defined as the maximum vyield
that a crop cultivar can achieve in a given environment in the
absence of biotic or abiotic stresses with non-limiting nutrients

(Evans & Fischer, 1999). Because yield is a complex trait, to improve

trait in breeding programs (McCouch et al., 2013).

Rice is a staple food in Asia. Asian rice (Oryza sativa L.) is grouped
into indica, temperate japonica, tropical japonica, aus and aromatic
(Huang et al., 2012). In Japan, temperate japonica was likely introduced
from China 2200-3000 years ago and has been primarily cultivated as
a staple food (Matsuo, 1997). In Japan, indica and tropical japonica have
also been used to develop high-yielding cultivars (Horie et al., 2005).

An indica-type high-yielding cultivar, ‘Takanari’, was developed in

1990 (Imbe et al., 2004). Takanari originates from high-yielding indica

Plant Breeding. 2018;137:109-117.
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cultivars including ‘IR8’; it has the sd1 gene and is shorter in plant sta-
ture than normal temperate japonica cultivars in Japan (Takai et al.,
2014). Recent yield trials reported that Takanari produced the highest
brown rice yield (11.7 t ha™%) on record in Japan (Nagata, Sasaki,
Ohdaira, & Yoshinaga, 2009; Takai et al., 2014). The high yield was
achieved because of large panicles, a high leaf photosynthetic ability,
the high accumulation of non-structural carbohydrates in the culm and
leaf sheath at the full heading stage, and the translocation of many of
these carbohydrates into panicles during grain filling (Kanemura,
Homma, Ohsumi, Shiraiwa, & Horie, 2007; Ohsumi et al., 2007; Takai
et al., 2006). At least two quantitative trait loci (QTLs), GN1a and
APO1, contribute to the large panicles (Takai et al., 2014), and another
QTL, GPS, underlies the high chlorophyll content and, therefore, the
high leaf photosynthetic ability in Takanari (Takai et al., 2013). The
causal gene of GPS is identical to that of SPIKE, which controls the
number of spikelets per panicle, which indicates an allelic relationship
between GPS and SPIKE (Fujita et al., 2013; Takai et al., 2013, 2017).

A japonica-type high-yielding cultivar, ‘Momiroman’, was developed in
2008 from the New Plant Type (NPT) line IR65598-112-2 as the donor
parent (Hirabayashi et al., 2010). NPT lines, which descended from tropical
japonica, were developed in 2008 on the basis of a newly designed plant
type characterized by a small number of large panicles (200-250 spikelets
per panicle), thick and sturdy stems, and dark green erected leaves (Peng,
Khush, Virk, Tang, & Zou, 2008). The NPT allele of SPIKE/GPS increases
the number of spikelets per panicle in the genetic backgrounds of indica
cultivars (Fujita et al., 2013). Momiroman produces large panicles with
large grains, which lead to a larger sink capacity than that in Takanari,
although the grain filling in Momiroman is inferior (Yoshinaga, Takai, Arai-
Sanoh, Ishimaru, & Kondo, 2013). Sink capacity is defined as the product
of single grain weight and the number of spikelets per unit land area
(Horie et al., 2003). Although whether SPIKE/GPS causes large panicles or
large sink capacity in Momiroman remains unclear, identifying the genetic
factors underlying sink capacity in Momiroman and combining these fac-
tors with high leaf photosynthesis rate and good grain filling in Takanari
may be a promising strategy to increase rice yield potential in Japan.

In this study, we conducted genetic analysis of traits related to
sink capacity using materials derived from a cross between Takanari
and Momiroman. Because promising QTLs were clustered in a speci-
fic genomic region, we next developed backcross progeny with
recombination close to the QTL cluster. Using this progeny, we
assessed whether QTL clustering was due to the pleiotropic effect

of a single QTL or linkage of several QTLs.

2 | MATERIALS AND METHODS

2.1 | Plant materials and cultivation

Two high-yielding cultivars, ‘Takanari’ and ‘Momiroman’, and a lead-
ing cultivar, ‘Koshihikari’, from Japan, were used. Takanari is indica-
type (Imbe et al., 2004), whereas Momiroman is japonica-type (Hira-
bayashi et al., 2010) (Figure 1a). Koshihikari is a temperate japonica.
Takanari was crossed with Momiroman, and 200 self-pollinated F,

progeny and the parents were grown for QTL analysis in a paddy
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field at the NARO Institute of Crop Science, Tsukubamirai (36°02'N,
140°04'E), Ibaraki, Japan, in 2010. Twenty-day-old seedlings were
transplanted (one seedling per hilll on June 1. F, progeny were
planted in 10 rows of 20 hills, with a spacing of 15 cm between hills
and 30 cm between rows. The parents were planted in three rows
with the same plant density. Basal fertilizer was applied at a rate of
6 g N/m? as controlled-release fertilizer (2 g of LP40, 2 g of LPS100
and 2 g of LP140), 5.2 g P/m? and 7.5 g K/m? LP40 and LP140
release 80% of their total nitrogen content at a uniform rate for up
to 40 and 140 days after application, respectively, at 20-30°C.
LPS100 releases 80% of its total nitrogen content at a sigmoid rate
for up to 100 days after application at 20-30°C.

On the basis of initial analysis of F, progeny, an F; plant was
backcrossed to Takanari for two generations to obtain a BC,F4 plant
with heterozygous parts of chromosomes 3, 7 and 11 in the Takanari
background. To confirm QTLs, 174 self-pollinated BC,F, progeny
and the parents were grown in a paddy field at NARO in 2012; 23-
day-old seedlings were transplanted into the field on June 8. Plant
density and fertilizer treatment were as in 2010. For substitution
mapping of the candidate QTLs, three of the 174 BC,F, plants with
recombination near the QTLs were selected, and BC,F; seeds were
harvested. From each of the BC,F5 lines, we selected one plant that
was homozygous for the Takanari allele and one that was homozy-
gous for the Momiroman allele of the recombinant chromosome seg-
ment near the QTLs. The BC,F3 plants were self-pollinated, BC,F,4
seeds were harvested, and three pairs of BC,F, lines were grown in
the paddy field at NARO in 2015; 22-day-old seedlings were trans-
planted into the field on June 4 in three rows with the same plant

density as in 2010. Fertilizer treatment was also as in 2010.

2.2 | Phenotyping

Days-to-heading from sowing was recorded when the first panicle
headed on each plant. At full heading stage, the soil-plant analysis
development (SPAD) value, an index of leaf chlorophyll content, of
the fully extended flag leaf on the main stem was measured with a
SPAD meter (SPAD-502; Konica-Minolta, Tokyo, Japan). At maturity,
a panicle on the main stem was harvested, and the number of spike-
lets on the panicle was counted. Seeds were threshed and their
images were taken with a digital camera (D7000; Nikon, Tokyo,
Japan). Seed length and width were measured with the SmartGrain
grain shape analysis software (Tanabata, Shibaya, Hori, Ebana, &
Yano, 2012). Phenotyping was performed for 153 of the 200 F,
plants and 102 of the 174 BC,F, plants (border plants were
excluded). Five plants were measured for each parent. For substitu-
tion mapping using three pairs of BC,F4 lines, 10 plants in the mid-

dle of each line were phenotyped.

2.3 | QTL mapping in F, and BC,F, populations

For QTL analysis of the F, population, 105 genomewide SSR mark-
ers (International Rice Genome Sequencing Project 2005; McCouch
et al., 2002) and one InDel marker for GNla (Takai et al., 2014)
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FIGURE 1 Characteristics of the high-
yielding rice cultivars Takanari and
Momiroman. (a) Plant morphology, (b)
panicle and (c) grains

were used. An additional eight SSR markers on the long arm of chro-
mosome 3 were used for QTL analysis of the BC,F, population and
the development of BC,F,; lines. Total DNA of each plant was
extracted from a small piece of young leaf by the simple DNA
extraction method according to Takeuchi et al. (2008). Linkage maps
were constructed in MAPMAKER/EXP 3.0 software (Lander et al.,
1987). The chromosomal positions and effects of putative QTLs
were determined by composite interval mapping in QTL Cartogra-
pher 2.0 software (Basten, Weir, & Zeng, 2002). The threshold of
QTL detection was based on 1,000 permutation tests at the 5% level
of significance. The additive and dominant effects and phenotypic
variance (R?) explained by each QTL were estimated from the peak
LOD score. To address the effect of QTL combinations on the num-
ber of spikelets per panicle in the F, population, plants that were
homozygous for the ‘Takanari' allele or the Momiroman allele for all
of the detected QTLs were selected, and the mean values of the
number of spikelets per panicle in each combination were calculated.
To investigate DNA polymorphisms in GN1a, APO1 and SPIKE/GPS
among ‘Takanari’, Momiroman and Koshihikari, the forward and
reverse primers in Table S1 were used.

2.4 | Substitution mapping in BC;F, chromosomal
substitution lines

For substitution mapping, the significance of the differences in traits
within a pair of BC,F, lines was determined by Student’s t test (JMP
6.0.3 software; SAS Institute, USA).

3 | RESULTS

3.1 | QTL detection in the F, population

Both parental cultivars, ‘Takanari’ and ‘Momiroman’, produced
approximately 250 spikelets per panicle (Figures 1b and 2), whereas
grain length and width values were significantly higher (p <.001) in
Momiroman (8.2 mm and 3.6 mm, respectively) than in ‘Takanari’
(7.6 mm and 3.3 mm, respectively) (Figures 1c and 2). Takanari
headed 6 days earlier (86 days-to-heading) than Momiroman
(92 days-to-heading), and at full heading, Takanari had a significantly

Takanari

Momiroman Takanari

{©

higher (p < .001) SPAD value of the flag leaves (40.8) than that for
Momiroman (32.9) (Figure 2). In the F, population, each trait showed
continuous distribution with transgressive segregation (Figure 2). In
particular, the transgressive segregation was remarkable for the num-
ber of spikelets per panicle, which ranged from 166 to 488 (Figure 2).

Quantitative trait locus analysis of the F, population detected
four QTLs for the number of spikelets per panicle on the short arm of
chromosome 1 and on the long arms of chromosomes 3, 4 and 6 (Fig-
ure 3). Each QTL explained 6.9% to 17% of R2. The Takanari alleles of
the QTLs on chromosomes 1 and 6 and the Momiroman alleles of the
QTLs on chromosomes 3 and 4 increased the number of spikelets per
panicle (Table 1). Combination analysis showed that plants with posi-
tive alleles for the four QTLs produced the highest number of spike-
lets per panicle (397) (Table 2). The number of spikelets per panicle
decreased as the number of positive alleles decreased (322-236), and
plants with negative alleles for the four QTLs produced the fewest
spikelets per panicle (212). Three QTLs were detected for grain length
on the long arms of chromosomes 3, 6 and 7; each of them explained
from 8.8% to 17.9% of R2. The Momiroman alleles of QTLs on chro-
mosomes 3 and 6 and the Takanari allele of the QTL on chromosome
7 increased grain length. For grain width, one QTL was detected on
the long arm of chromosome 2, which explained 17.4% of R? and the
Momiroman allele increased grain width. For SPAD value, two QTLs
were detected on the long arms of chromosomes 4 and 6; they
explained 33% and 10.3% of R?, respectively. The Takanari allele of
the QTL on chromosome 4 and the Momiroman allele of the QTL on
chromosome 6 increased the SPAD value. For days-to-heading, four
QTLs were detected on the short arms of chromosomes 1 and 6 and
on the long arms of chromosomes 3 and 10; each of these QTLs
explained 5.9-33.9% of R2. The Takanari alleles of QTLs on chromo-
somes 3 and 6 and the Momiroman alleles of QTLs on chromosomes
1 and 10 increased days-to-heading.

Three of the four QTLs for the number of spikelets per panicle
were detected near GN1a, APO1 and SPIKE/GPS (Figure 3), each of
which was previously cloned and found to be a single gene control-
ling the number of spikelets per panicle or chlorophyll content (Ashi-
kari et al., 2005; Fujita et al., 2013; Takai et al., 2013; Terao,
Nagata, Morino, & Hirose, 2010). The QTL for SPAD value on chro-

mosome 4 was also near SPIKE/GPS. To reveal whether the detected

219



50

40 |

No. of plants

10 +

1

112 " TAKAI ET AL
22 | wiLev- I L Plantossin
50 60
_I_Takanari Takanari  Momiroman Takanari | Momiroman
—+ 40 _—t 50
Momiroman “ 40
30
20
20
10 10
0 0
50 270 390 510 6.8 7.4 8.0 86 27 3.1 35 3.9
No. of Spikelets per panicle Grain length (mm) Grain width (mm)
50

50

40

No. of plants

30

20 +

Momiroman

28 34

Takanari

40

SPAD value

0

40

30

20

10

46 84

Takanari
—|— Momiroman

920

96 102
Days-to-heading (d)

108 1"

4

FIGURE 2 Frequency distribution of three sink capacity-related traits (number of spikelets per panicle, grain length and grain width), soil-
plant analysis development (SPAD) values of flag leaves at full heading, and days-to-heading in 153 F, plants derived from a cross between
Takanari and Momiroman. Vertical lines denote mean parental values; horizontal lines denote SD [Colour figure can be viewed at
wileyonlinelibrary.com]

40

180 ~
(cM)

1 2
RM8068 —— RMB842 ——

RMS62 _
RM7075 |

RM1196 - |
RM7124 -1 RM1378 |
RM3688 ——
— RM3515
RME648 1|
GS2
/GL2
RMB8933 —
RM7594 1|
RM3316
RM1339 |
RM250
RM5794
Rue321 L |

RM5897 -

T RM1234 ——

RM5521 ——
RM1211 ——

RM5442 —

RMS5748 —

RM3204

RM1334
RM5488 -~

RM1350

RM7389

RM16260 —i

RM5414

RM1305 ——
RMS633 ——

RM16828 ——

RM1359 ——

RM3524 ——|

RM3839 ——

RM1354 ——

RM3916 ——

5
RM1248 ——

RM17836 ——

RM6034 ——
RM18222 ——

RM430 —1—

RM1388

RM3295 ——
RM3476 |

RM3288 -

RM489 —

RM3408

RM5855 -

RM2228 —

RM7193 ——

RM5483 -

RMﬁB"—T

RM8697

RM5752

RM3583 —

RMB394

RM3826

RMB420

i RM1330 —

RM7601 -

RME369 8

RM1148

RM5432

Rw23002 2, awssz 10 mizss 1 raizes 12
RM7481 .
bty | RM7203 ||
RM1328 -
RM5589 ——
rms7os 1| Rmisses ||
RMS657 - R FMbG0E—
RMBTST aclin g
RMS824 ||
Amzs7 || RM1385
RM1341 ||
RM3808 |
RMBBT3
RMEITT |
Ruers7 L
RMm2084 L
RMS809 —
RM1300 |

RM2197 L

B No. of spikelets per panicle
[] Grain length

| Grain width

[ SPAD value at heading
Days-to-heading

FIGURE 3 Chromosomal locations of quantitative trait locus (QTLs) for three sink capacity-related traits (number of spikelets per panicle,
grain length and grain width), soil-plant analysis development (SPAD) value of flag leaves at full heading, and days-to-heading in 153 F, plants.
Chromosome numbers are indicated above each linkage map. Marker names and QTLs previously identified as single genes are indicated to
the left of each linkage map. Logarithm of odds (LOD) peaks of putative QTLs (triangles) and their 1-LOD support intervals (boxes; van Ooijen,
1992) are shown to the right of each linkage map. Trait values increased by Takanari alleles (upward triangles) and by Momiroman alleles
(downward triangles) are shown [Colour figure can be viewed at wileyonlinelibrary.com]

220



TAKAI €T AL JIJ'.’H" i, P|an grecding— W1 LEYJ;:B

TABLE 1 Putative QTLs

- ) . Trait Chr. Flanking markers LoD? AP D° R*
controlling three sink capacity-

related traits, SPAD value of flag No. of spikelets per panicle 1 RM8068-GN1la 5.9 29.5 -9.0 11.7
leaves at full heading stage, and 3 RM3199-RM7389 4.5 -36.1 -19.6 16.6
days-to-heading in 153 F; plants 4 RM3916-RM6748 8.6 ~387 ~167 17.0
i‘;:;’:jrif;ﬁ:z :Azrni?:okf::ee” 6 RM7193 RM5957 31 202 176 69
Grain length 8 RM3199-RM7389 9.4 -0.21 —-0.03 21.9

6 RM7193-RM5957 6.5 -0.16 —0.09 17.9

7 RM1330-RM7601 3.7 0.08 —0.12 8.8

Grain width 2 RM3361-RM250 6.0 -0.07 —0.04 17.4

SPAD value at heading 4 RM3534-RM5608 13.7 2.2 1.6 33.0

6 RM6395 4.1 -1.3 0.2 10.3

Days-to-heading 1 RM8068-Gn1 3.1 -14 1.6 5.9

3 RM3199-RM7389 3.1 2.2 -04 7.9

6 RM3408-RM5855 8.7 2.8 -11 15.1

10 RM6737-RM6673 13.5 -4.1 1.2 33.9

LOD, logarithm of odds; QTL, quantitative trait locus; SPAD, soil-plant analysis development.
®Logarithm of odds.

bAdditive effect of the Takanari allele compared with the Momiroman allele.

“Dominance effect of the Takanari allele compared with the Momiroman allele.

dpercentage of phenotypic variance explained by each QTL.

TABLE 2 The effect of four

TL binati h Chr.3 Chr.4 Chr.6

QTLs combinations on the Chrl(GN1a)  (RM3199) (RM6748)  (RM5957)  No. of spikelets per panicle  No. of F, plants

number of spikelets per panicle in b

the F, population derived from a + + + + 397 2

cross between Takanari and 4 + + - 322 1

Momiroman + _ + + 311 2
+ + = — 311 1
+ - + - 352 1
— - + + 228 1
— + - - 257 1
— — — + 236 2
- — - - 212 2
+ - — + 251 (Takanari)
— + + — 257 (Momiroman)

®Nearest markers of QTLs for the number of spikelets per panicle.
b+ and — indicate homozygous genotype of QTLs increasing and decreasing the number of spikelets per panicle,
respectively.

GN1a APO1 SPIKE/GPS

QTLs were GN1a, APO1 and SPIKE/GPS, we tested DNA polymor-
phisms in these QTLs with PCR-based gene markers and found that
Momiroman differed from Takanari, but not from Koshihikari, at all
three QTLs (Figure 4).

3.2 | Substitution mapping of the QTL on the long
arm of chromosome 3

. ) FIGURE 4 DNA polymorphisms in GN1a, APO1 and SPIKE/GPS
One QTL for the number of spikelets per panicle on the long arm of detected with PCR-based gene markers. K, Koshihikari; M,

chromosome 3 was not detected near any previously cloned QTL Momiroman; T, Takanari
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TABLE 3 Putative QTLs controlling two sink capacity-related
traits and days-to-heading in 102 BC,F, plants in the Takanari
genetic background

Flanking
Trait Chr. markers LoD® AP D RS
No. of spikelets 3 RM1350-1- 28 113 -169 137
per panicle RM3199
Grain length 3 RM6135 19.7 -0.3 0.03 57.9
Days-to- 3 RM7389 3.6 0.7 0.6 132
heading

LOD, logarithm of odds; QTL, quantitative trait locus.

?Logarithm of odds.

bAdditive effect of the Takanari allele compared with the Momiroman
allele.

“Dominance effect of the Takanari allele compared with the Momiroman
allele.

dpercentage of phenotypic variance explained by each QTL.

but was clustered with QTLs for grain length and days-to-heading
(Figure 3). To confirm the QTLs and to verify the position of each
QTL, we selected a BC,F4 plant with heterozygous parts of chromo-
somes 3, 7 and 11 in the Takanari background (Figure 5a) and used
self-pollinated BC,F, progeny for genetic analysis. The number of
spikelets in the BC,F, population was 198-345, grain length was
7.4-8.3 mm, and days-to-heading was 88-94 (Figure 5b). The BC,F,
population headed earlier than the parental cultivars. For each trait,
a QTL on the long arm of chromosome 3 was confirmed (Figure 5c).
The peak of LOD score for the number of spikelets per panicle was
near RM1350-1, that for grain length was near RM6135 and that for
days-to-heading was near RM7389. The QTL for the number of spi-
kelets per panicle explained 13.7% of R?, and the Momiroman allele
increased the number of spikelets per panicle (Table 3). The QTL for
grain length explained 57.9% of R? and the Momiroman allele
increased grain length. The QTL for days-to-heading explained

(a) (e) LOD score
12 3 4 5 6 7 8 9 10 11 12 0 5 10 15 20
( 0 — RM1350-1 —pm
— No. of spikelets
per panicle
//_’,— 10 L Grain length
gl Days-to-heading
LT LU RM3199
20 |-
RN - RM15994 —
RM1352-1 —H
30 —  Rwmsas
= RM7000 —1
RME876 —|
40 | RM8987-1 —H
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RM1221
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50 L
(cM)
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50 50 50
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40} 40 ¢ ) 40 | i i
3 _|_| - ) } } Takanari Momiroman
é 30} omiroman 30 b 30 |
©
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Z
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FIGURE 5 QTL analysis for the number of spikelets per panicle, grain width and days-to-heading using 102 BC,F, plants. (a) Graphical
genotype of the selected BC,F, plant. White bars, regions from Takanari; black bars, regions from Momiroman. (b) Frequency distribution of
the traits. Vertical lines denote mean parental values; horizontal lines denote SD. (c) Logarithm of odds (LOD) scores of QTLs for the number
of spikelets per panicle (red line), grain length (orange line) and days-to-heading (light blue line) on the long arm of chromosome 3. LOD,
logarithm of odds; QTL, quantitative trait locus [Colour figure can be viewed at wileyonlinelibrary.com]
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13.2% of R?, and the Takanari allele increased the number of days-
to-heading.

To further delimit the candidate genomic regions of the QTLs,
we selected three BC,F, plants with recombination close to the
detected QTLs and obtained pairs of BC,F4 recombinant lines (one
line homozygous for Takanari and the other one for Momiroman) for
each plant through self-pollination (Figure 6). Significant differences
were observed for all three traits in pair No. 130, for days-to-head-
ing in pair No. 159 and for the number of spikelets per panicle in
pair No. 29 (Figure 6). Based on the phenotype and genotype data,
we mapped the QTLs for the number of spikelets per panicle
between RM5488 and RM3199, for grain length between RM6897-
1 and RM7389, and for days-to-heading between RM1350-1 and
RM6135 (Figure 6).

4 | DISCUSSION

The balance among sink capacity, source strength and carbohydrate
translocation determines rice yield. One of the strategies to improve
yield potential in rice is to reveal the genetic factors underlying
these components and to pyramid the favourable alleles in the cur-
rent high-yielding cultivar backgrounds. In this study, we focused on
the traits related to sink capacity and conducted genetic analysis
using two high-yielding cultivars, Takanari (indica-type) and Momiro-
man (japonica-type).

We detected four QTLs for the number of spikelets per panicle
by QTL analysis of the F, population. The Takanari alleles of QTLs
on chromosomes 1 and 6 and the Momiroman alleles of the QTLs
on chromosomes 3 and 4 increased the number of spikelets per pan-
icle (Figure 3, Table 1). The F, plants with positive alleles for the
four QTLs produced the highest number of spikelets per panicle
(397) in the QTL combination analysis (Table 2). These results

JJ“‘W Jika P|an Breeding—WI LEYH

suggest that larger panicles (more spikelets per panicle) than those
of the parental cultivars can be achieved by combining the favour-
able alleles of these QTLs. Three of these four QTLs were detected
near GN1a, APO1 and SPIKE/GPS (Figure 3). Takanari has positive
alleles of GN1a and APO1 for the number of spikelets per panicle in
comparison with those of Koshihikari (Takai et al., 2014). However,
GPS/SPIKE has pleiotropic effects, namely, the allele from Takanari
increases chlorophyll content but decreases the number of spikelets
per panicle compared with that from Koshihikari (Takai et al., 2013).
Because the effects of the three QTLs detected between Takanari
and Momiroman in this study were similar to the effects of QTLs
detected between Takanari and Koshihikari, we tested DNA poly-
morphisms in these genes among Takanari, Momiroman and Koshi-
hikari. The test showed that Momiroman had the same DNA
polymorphisms as Koshihikari in all three genes (Figure 4). These
results suggest that three of the four QTLs detected in this study
are identical to GN1a, APO1 and SPIKE/GPS.

Because another QTL for the number of spikelets per panicle on
the long arm of chromosome 3 was not close to any previously
cloned QTLs and was clustered with QTLs for grain length and days-
to-heading, we focused on this genomic region. QTL clustering may
be caused by the pleiotropy of a single gene or close linkage of sev-
eral genes (Cai & Morishima, 2002). The days-to-heading often
pleiotropically affects agronomic traits (Keurentjes et al., 2007; Takai
et al., 2009). To investigate whether pleiotropic effects or multifac-
torial linkage caused the QTL cluster, we conducted substitution
mapping using recombinant homozygous lines with recombination
within the QTL regions. We found that the three QTLs were located
in different regions of the long arm of chromosome 3 (Figure 6),
indicating that QTL clustering was caused by the linkage of the three
QTLs. The QTL for the number of spikelets per panicle was mapped
within 9 Mb between RM5488 and RM3199. To our knowledge, no

QTL for the number of spikelets per panicle has been cloned as a
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FIGURE 6 Substitution mapping of QTLs for the number of spikelets per panicle, grain length and days-to-heading on the long arm of
chromosome 3 based on three pairs of BC,F, lines. White bars, regions from Takanari; black bars, regions from Momiroman. Each bluish bar in
the trait graphs represents the mean =+ SD of the genotype shown on the left (n = 10). *p < .001; n.s., not significant within pairs of
recombinant lines (Student’s t test) [Colour figure can be viewed at wileyonlinelibrary.com]
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single gene or fine-mapped in this region; therefore, this QTL is
likely to be novel and we named the QTL gSNP3 (Spikelet Number
per Panicle 3). The days-to-heading QTL was mapped within 6.6 Mb
between RM1350-1 and RMé6135. Previously, Hdé was identified in
this region between indica and japonica cultivars, and Hd16 was
identified between japonica cultivars (Hori et al., 2013; Takahashi,
Shomura, Sasaki, & Yano, 2001). Further study is necessary to reveal
whether the QTL detected in this study is Hd6, Hd1é or neither of
them. The QTL for grain length was narrowed down to the 1.4-Mb
region between RM6987-1 and RM7389. The region partly over-
lapped with that of GL3b, a QTL for grain length recently mapped
within a 1.2-Mb region on the long arm of chromosome 3 (Segami
et al., 2016). Further study is also required to confirm whether our
QTL is identical to GL3b.

In addition to the four QTLs for the number of spikelets per pan-
icle and the QTL for grain length on the long arm of chromosome 3,
we detected two QTLs for grain length on the long arms of chromo-
somes 6 and 7 and a QTL for grain width on the long arm of chro-
mosome 2 (Figure 3). The position of each QTL slightly differed
from those of QTLs previously cloned as single genes, namely,
TGWé6 and GWéa on chromosome 6 (Ishimaru et al,, 2013; Song
et al., 2015), GL7 and GW7 on chromosome 7 (Wang, Li et al., 2015;
Wang, Xionget al., 2015), and GS2/GL2 on chromosome 2 (Che
et al., 2015; Duan et al., 2015). Although we did not confirm these
QTLs by substitution mapping, the positive effects of Momiroman
alleles of the QTLs on the long arms of chromosomes 2 and 6 sug-
gest their utility for enlarging grains in the Takanari genetic back-
ground.

Our study detected four QTLs for the number of spikelets per
panicle of which three were most likely identical to GN1a, APO1 and
SPIKE/GPS. The fourth QTL-gSNP3 was linked to QTLs for grain
length and days-to-heading but was mapped in a different region on
the long arm of chromosome 3. Although the trade-off effect of the
QTLs on the number of panicles per m? must be examined, which is
a component of sink capacity, our results suggest that larger panicles
might be possible with the combination of the favourable alleles of
these QTLs, thereby increasing the sink capacity above that of the
current high-yielding cultivars. We are also conducting genetic analy-
sis of grain filling using the materials derived from the same cross
between Takanari and Momiroman. Combining improved sink capac-
ity with good grain filling in the Takanari genetic background can
shed light on the possible ways to increase rice yield potential in

future breeding programs.
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The heading date is an important trait for determining regional and climatic adaptability in rice. To expand
the adaptability of the indica rice cultivar ‘IR64°, we pyramided multiple early or late heading quantitative
trait locus (QTLs) in the ‘IR64° genetic background by crossing previously developed near-isogenic lines
(NILs) with a single QTL for early or late heading. The effects of pyramiding QTLs were observed in three
different climatic zones of the Philippines, Madagascar, and Japan. The early heading pyramiding lines
(PYLs) headed 6.2 to 12.8 days earlier than ‘IR64” while the late heading PYLs headed 18.8 to 27.1 days
later than ‘IR64°. The PYLs tended to produce low grain yield compared to ‘IR64’. The low yield was not
improved by combining SPIKE, which is a QTL that increases the number of spikelets per panicle. Con-
versely, ‘IR64-PYL(7+10)’ carrying Hd5 and Hdl headed earlier, produced more tillers, and more panicles
per m? than ‘IR64’, and mitigated the yield decrease in early heading. These results suggest that the effects of
pyramided QTLs on heading date were consistent across various environments and PYLs could be used to

enhance the adaptation of ‘IR64’ in other rice growing environments.

Key Words: adaptability, heading date, pyramiding lines, quantitative trait loci (QTL), rice.

Introduction

Crop adaptation in an environment is crucial for maximum
growth and productivity in the environmental conditions
(Chloupek and Hrstkova 2005). Flowering time is an
important determinant of regional and climatic adaptability
in crops (Izawa 2007). An appropriate flowering time enables
crops to fully utilize light and temperature resources in the
given environment (Zhang et al. 2015).

Rice is a short-day plant that is grown widely in Asia and
Africa as a staple food. The indica high-yielding variety
‘IR64” was developed by the International Rice Research
Institute (IRRI) in the 1980s. This variety has a wide adapt-
ability and has been distributed in Southeast Asia, South
Asia, and West Africa, and was grown in over 10 million
hectares of paddy fields by the end of last century (Mackill
and Khush 2018). The diverse success was partly due to
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early maturation (approximately 116 days in the tropics)
compared with traditional varieties, which enabled double
rice cropping in the tropics (Khush and Virk 2005, Peng
and Khush 2003). However, increased versatility is neces-
sary in IR64 to keep up with demand in growing and
diverse markets and with producers’ demands in changing
climatic conditions. With further earlier heading, three rice
crops a year is possible and producers can escape the risks
of drought or low temperature stresses at the end of the
growing period (Farooq et al. 2009, Shavrukov et al. 2017).
Alternatively, a longer growing period may improve the
one-time grain yield and reduce labor costs compared with
multiple rice cropping. In general, a longer growth duration
contributes to a yield increase through high biomass pro-
duction when grown in adequate climatic conditions
(Zhang et al. 2009) and higher temperature regions of the
future, where late-season low temperatures are problematic
(van Oort and Dingkuhn 2021).

The flowering time (heading date) in rice is controlled by
multiple genes that respond to photoperiod and temperature
(Yano et al. 2001). The progress in rice genomics over the
past two decades has elucidated the genetic and molecular
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mechanisms underlying heading date (Hori et al. 2016,
Matsubara et al. 2014). Recently, Wei ef al. (2016) revealed
that ‘IR64’ obtained early maturity with an insensitivity to
photoperiod due to the loss of functional alleles of the
quantitative trait loci (QTLs), HdI (Yano et al. 2000) and
Ehdl (Doi et al. 2004). Using new plant type (NPT) rice
varieties as donors, Fujita et al. (2009) detected QTLs for
heading date in the ‘IR64’ genetic background. Fujita ef al.
(2011) developed five near-isogenic lines (NILs) carrying
the QTLs in the ‘IR64’ genetic background. Three NILs
showed a three to five day earlier heading than ‘IR64’
while two NILs showed an eight to ten day later heading
than ‘IR64’ in the tropics. Therefore, we hypothesized that
a wider variation in heading date is possible by pyramiding
the QTLs in the ‘IR64’ genetic background to expand the
adaptability in other rice-growing environments and con-
tribute to an increase in rice production.

The objectives of this study were to develop breeding
materials using ‘IR64° with modified days to heading. The
experiment will be undertaken by pyramiding QTLs for
heading date using the NILs in the ‘IR64’ genetic back-
ground. The effects of the pyramided QTLs on heading
date and productivity will be evaluated in three different
climatic zones. A short growth duration generally decreases
grain yield, therefore, we also use SPIKE, a QTL that
increases the number of spikelets per panicle (Fujita et al.
2013), to the QTLs for heading date to evaluate whether
SPIKE can compensate for the yield decrease.

Materials and Methods

Development of pyramiding lines (PYLs)

Six NILs for heading date and spikelet number per pani-
cle were previously developed by Fujita et al. (2011) as
‘IR64-NIL7” to ‘IR64-NIL11’ and ‘NIL-SP/KE’ in the
‘IR64’ genetic background using more than 200 genome-
IR64-NIL9
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wide SSR markers (Fig.1). The six NILs were used to
develop PYLs according to the procedure summarized in
Supplemental Fig.1. ‘IR64-NIL7’, ‘IR64-NIL10’, and
‘IR64-NIL11" are early heading NILs carrying Hd5, Hdl,
and ¢gDTH1I[yp7] from each NPT or femperate japonica
donor variety, respectively. The NILs, ‘IR64-NIL8’ and
‘IR64-NIL9’* are late heading NILs carrying Hd3a and
qgDTHI1I[YP6] from each NPT donor variety (Fig.1)
(Fujita et al. 2011). We first conducted crossings using
‘IR64-NIL7’, ‘IR64-NIL10’, and ‘IR64-NIL11" as well as
between ‘IR64-NIL8’ and ‘IR64-NIL9’. Using DNA mark-
ers for the target regions, we selected F, or F; progenies
with the two target segments homozygous for the donor
varieties as PYLs; ‘IR64-PYL(7+10)’, ‘IR64-PYL(7+11)’,
‘IR64-PYL(10+11)’, and ‘IR64-PYL(8+9)’. In the same way,
we then crossed ‘IR64-PYL(10+11)* with ‘IR64-NIL7’ as
well as ‘NIL-SPIKE’. We selected the PYLs with the three
target segments homozygous for the donor varieties; ‘IR64-
PYL(7+10+11)" and ‘IR64-PYL(10+11+SPIKE)’. Finally,
we crossed ‘IR64-PYL(7+10+11)” with ‘IR64-PYL(10+11
+SPIKE)’, and selected the ‘IR64-PYL(7+10+11+SPIKE)’
that were homozygous with the donor varieties containing
the four target segments.

Filed experiments

Field experiments were conducted in the tropical regions
in the International Rice Research Institute, Los Bafios,
Philippines (14°17N, 121°26E), in the wet seasons (WS)
of 2018, in farmers’ paddy fields in Ankazomiriotra,
Madagascar (19°40S, 46°34E) in the rice growing season
of 2019-2020, and in the temperate region in the Japan
International Research Center for Agricultural Sciences,
Tsukuba, Japan (36°05N, 140°08E) in 2020. Rice was
grown conventionally in each environment. Seeds were
sown in seedling nurseries. The 3- to 4-week-old seedlings
were transplanted into the experimental paddy fields with

IR64-NIL10 IR64-NIL11 IR64-SPIKE

456789100110 1234567890112 ‘Y!mﬂ]”ﬂ
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Graphical genotypes of the near-isogenic lines (NILs) for heading quantitative trait locus (QTLs) and SP/IKE and also the pyramiding

lines (PYLs). The bars represent chromosomes. Chromosome numbers are provided above each bar. The white bars denote regions homozygous
for ‘IR64’ and the black segment denotes a region homozygous for the donors. Mega-base (Mb) in the parentheses shows the size of the intro-
gression segment.
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one or two seedlings per hill. The planting densities were:
in Los Bafios, 20 hills m™ in plots of 7 rows with 21 hills;
In Ankazomiriotra, 25 hills m in 4 rows with 20 hills; and
in Tsukuba, 18.5 hills m™ with a plot size of 4 rows with 13
hills. To evaluate the yield, the experimental plots were
arranged in a randomized complete block design with four
and three replicates in Ankazomiriotra and Tsukuba,
respectively. Chemical fertilizers were applied at a rate of:
In Los Bafios, 150 kg N ha™!, 45kg P,0O5 ha™!, and 45kg
K,O ha™!; in Ankazomiriotra, 60 kg N ha™', 40 kg P,Os ha™!,
and 29 kg K,O ha™'; and in Tsukuba, 48 kg N ha™!, 64 kg
P,Os ha™!, and 32 kg K,O ha™'. A total of 14 lines were
grown in Tsukuba and 12 lines were grown in Los Bafios
and Ankazomiriotra. In Los Bafios and Ankazomiriotra the
excluded lines were ‘IR64-PYL(7+10+11+SPIKE)’ and
‘NIL-SPIKE’.

Evaluation of days to heading, aboveground biomass, and
grain yield

Days to heading was defined as the number of days from
sowing to the first panicle heading in each plant. Ten to
twenty plants were evaluated for each line in each experi-
ment. In Ankazomiriotra and Tsukuba, six hills were sam-
pled from each plot at the soil surface. The samples were
dried at 70°C for 72h, and weighed to determine the
aboveground biomass at heading. At maturity, the number
of panicles was counted for 14 hills in Ankazomiriotra and
10 hills in Tsukuba. The hills were then harvested, and
the yield and yield components were determined accord-
ing to the methods described by Takai et al. (2021). In
Ankazomiriotra, the yield and yield components were not
obtained for the late heading lines of ‘IR64-NILS’, ‘IR64-
NIL9’, and ‘IR64-PYL(8+9)’ because farmers accidentally
harvested and consumed them. In Tsukuba, the number of
tillers was counted using nine hills of ‘IR64’ and ‘IR64-
PYL(7+10)’ for the periods from transplanting to heading.

Statistics

Statistical analysis was performed using SPSS 23.0 soft-
ware (IBM). In all analyses a probability value less than
0.05 was considered statistically significant (P < 0.05).

Genotypes of PYLs

A total of seven PYLs were developed, and the genotype
of each PYL is provided in Fig. 1. Using DNA markers for
the target segments, we confirmed that ‘IR64-PYL(7+10)’,
‘IR64-PYL(7+11)’, and °‘IR64-PYL(10+11)’ carried the
donor alleles for two of the three QTLs (Hd5, Hdl, and
gDTHI11[yp7]) that accelerate heading, respectively. We
also confirmed ‘IR64-PYL(7+10+11)’ carried the donor
alleles for the three QTLs. Both ‘IR64-PYL(10+11+
SPIKE)’ and ‘IR64-PYL(7+10+11+SPIKE)’ carried SPIKE
as well as the two and three early heading QTLs from the
donor varieties, respectively. Similarly, ‘IR64-PYL(8+9)
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carried the donor alleles for Hd3a and gDTH11[YP6] that
delayed heading.

Climate conditions at experimental fields

Daylength from sowing to heading was the shortest in
Los Baiios (13.0 to 12.0 h), intermediate in Ankazomiriotra
(13.5 to 12.2 h), and the longest in Tsukuba (14.6 to 12.8 h)
(Supplemental Fig.2). The mean temperature during the
growing period was the highest in Los Bafios at around
28°C, intermediate in Ankazomiriotra with a constant
temperature of approximately 23.3°C, and the lowest in
Tsukuba at approximately 21.8°C with a gradual increase
until heading in mid-August (13.2°C to 29.5°C) followed
by a gradual decrease during grain filling until maturity
(29.5°C to 14.3°C). The average solar radiation during the
growing period in Ankazomiriotra was 21.3 and in Tsukuba
was 15.1 MJ m=2 d!. Solar radiation records were not avail-
able in Los Bafios.

Variation in heading date among NILs and PYLs

The ‘IR64’ headed 82.1, 86.1, and 99.3 days after sowing
in Los Bafios, Ankazomiriotra, and Tsukuba, respectively
(Fig. 2). Wide variations were observed for days to heading
among NILs and PYLs. The days to heading ranged
from 69.3 to 100.9 in Los Bafios, from 75.7 to 106.7 in
Ankazomiriotra, and 93.1 to 126.4 in Tsukuba (Fig.2).
Thus, the earliest PYL headed 12.8, 10.4, and 6.2 days ear-
lier than ‘IR64’ while the latest PYL headed 18.8, 20.6, and
27.1 days later than ‘IR64” in Los Bafos, Ankazomiriotra,
and Tsukuba, respectively. The differences were based on
the effects of pyramiding the two heading QTLs. The
‘IR64-PYL(7+10)’, ‘IR64-PYL(7+11)’, and ‘IR64-PYL
(10+11)* headed earlier than the parental NILs, whereas
‘IR64-PYL(8+9)’ headed later than the parental NILs.
However, additional variations by the three QTLs was not
observed; ‘IR64-PYL(7+10+11)" did not head earlier than
‘IR64-PYL(7+10)’, ‘IR64-PYL(7+11)’, and ‘IR64-PYL
(10+11)’ in any experimental field.

Biomass, yield, and yield components among NILs and
PYLs

Days to heading was closely correlated with above-
ground biomass at heading in both Ankazomiriotra
(r=0.88) and Tsukuba (»=0.95) (Fig.3). In contrast, no
significant correlation was observed between days to head-
ing and grain yield in either experimental field (Fig.4).
‘IR64> produced 3.5 and 5.0tha™ of grain yield in
Ankazomiriotra and Tsukuba, respectively (Table 1). NILs
and PYLs with early heading tended to produce low grain
yield compared to ‘IR64” at both experimental fields. Simi-
larly, the late heading lines showed significantly lower
grain yield than ‘IR64’ in Tsukuba. This result is probably
due to the low temperature during the grain filling period.
SPIKE did not improve the grain yield in the PYLs for
early heading in either experimental field. Despite the low
yield tendency compared to ‘IR64’, in Ankazomiriotra,
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‘IR64-PYL(7+10)’ headed earliest and did not decrease in
grain yield among NILs and PYLs (Fig.4). To elucidate
why ‘IR64-PYL(7+10)’ maintained the yield levels, we
investigated the yield components and identified the great-
est number of panicles in ‘IR64-PYL(7+10)’. The higher
number of panicles resulted in a similar number of spikelets
m2 to the other NILs and PYLs (Table1). The high
number of panicles were derived from vigorous tillering.
‘IR64-PYL(7+10)’ had already produced more tillers than
‘IR64’ at 12 days after transplanting and maintained this
difference until the heading stage (Fig. 5).

Using the PYLs developed in this study, we demonstrated
that pyramiding two heading QTLs expanded the variation
in days to heading in the ‘IR64’ genetic background in
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three different experimental fields. The results suggest that
PYLs could be used to expand the adaptation of ‘IR64’ into
new rice-growing environments.

Many genetic and molecular studies have elucidated the
mechanisms underlying rice heading date and revealed that
the combination of Ghd7, Hd5/Ghd8, and Hdl resulted in
high natural variation in rice (Zhang et al. 2015, 2019). We
also identified that pyramiding two QTLs among Hd5,
Hdl, gDTHII[yp7] accelerated heading in the ‘IR64’
genetic background. However, pyramiding the three QTLs
did not accelerate heading. Previous studies reported that
flowering time was not always determined by additive
effects of multiple genetic factors (Lin et al. 2000, Reeves
and Coupland 2001). The results, therefore, imply an inter-
action among Hd5, Hdl, and ¢gDTHI11[yp7], although the
mechanisms involved remains unclear. Or there may be
other masked QTLs or genes on heading date in the donor
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Table 1.

Grain yield and yield components for the near-isogenic lines (NILs) and pyramiding lines (PYLs) for days to heading in the ‘IR64’

genetic backgrounds grown in Ankazomiriotra, Madagascar and Tsukuba, Japan

Lines Grain yield”  No. of panicles No. of spikelets No. of spikelets Filled spikelets  Single-grain
(tha™) (m?) (panicle™) (m?) (%) weight (mg)

Ankazomiriotra, Madagascar in 2019-2020
IR64 3.5a 215b 60 a 13,046 a 85.5 ab 31.7a
IR64-NIL7 2.6 ab 207 b 53 ab 10,820 a 78.7b 30.2b
IR64-NIL10 2.5ab 267 ab 39¢ 10,450 a 82.4 ab 29.6 be
IR64-NIL11 3.0ab 227 ab 51 ab 11,551 a 84.7 ab 30.2b
IR64-PYL(7+10) 2.7 ab 289 a 37¢ 10,752 a 90.0 a 283 ¢
IR64-PYL(7+11) 2.1b 201b 46 be 9,099 a 76.0b 30.3 ab
IR64-PYL(10+11) 2.7 ab 234 ab 47 be 11,095 a 83.4 ab 29.4 be
IR64-PYL(7+10+11) 25b 270 ab 38¢ 10,240 a 82.3 ab 29.5 be
IR64-PYL(10+11+SPIKE) 25b 222 ab 46 be 10,308 a 83.7 ab 28.6¢

Tsukuba, Japan in 2020
IR64 50a 254 ef 106 abc 26,934 be 69.2 abc 26.8 abc
IR64-NIL7 3.8ab 270 de 83 defgh 22,510 cde 66.0 abed 25.6 cdef
IR64-NIL10 4.0 ab 312 bed 69 gh 21,554 cde 68.5 abc 26.8 abc
IR64-NIL11 4.1 ab 273 ¢ 87 defg 23,735 cde 66.8 abc 26.0 bedef
IR64-PYL(7+10) 4.5 ab 344 ab 67h 23,268 cde 72.0 ab 26.9 ab
IR64-PYL(7+11) 48a 354 a 74 fgh 26,226 bed 71.9 ab 26.2 bede
IR64-PYL(10+11) 4.5 ab 306 cd 74 fgh 22,689 cde 73.2 ab 27.1a
IR64-PYL(7+10+11) 4.0 ab 278 cde 76 efgh 21,111 de 70.3 ab 27.1a
IR64-PYL(10+11+SPIKE) 4.1 ab 226 f 90 cdef 20,248 ¢ 78.4 a 25.9 cdef
IR64-PYL(7+10+11+SPIKE) 4.0 ab 227 f 93 cde 21,087 de 73.2 ab 26.2 abed
NIL-SPIKE 3.7 ab 220 f 119a 26,280 bed 56.4 bede 25.2 efg
IR64-NIL8 4.0 ab 285 cde 120 a 34,058 a 48.2 cde 245¢g
IR64-NIL9 2.1c¢ 231 f 98 bed 22,748 ce 36.6¢ 252 fg
IR64-PYL(8+9) 340 269 de 116 ab 31,373 ab 45.3 de 244 ¢

“ Data represented by means; n= 3 to 4 replications. ® Different letters indicate significant differences (P < 0.05, Tukey’s HSD test) in each envi-

ronment.

segments or in the IR64 genetic background.

Our study also observed that the absolute differences in
days to heading between the earliest PYLs and ‘IR64’
reduced (12.8>10.4> 6.2 days) in the order of Los Baiios,
Ankazomiriotra, and Tsukuba. In contrast, the differences
between the latest PYL and ‘IR64” increased (18.8 <20.6 <
27.1 days) in the order of Los Bafios, Ankazomiriotra, and
Tsukuba. These results suggest that shorter day lengths and
higher air temperatures in the tropical region can enhance
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the effects of the pyramided QTLs on early heading, while
longer daylengths and lower air temperatures of the temper-
ate region can enhance the effects on late heading.

Contrary to our expectation, SPIKE did not improve
grain yield in the pyramiding lines with early heading.
While SPIKE increased the number of spikelets per panicle
(Fujita et al. 2013), it also decreased the number of panicles
per plant, depending on soil fertility (Takai et al. 2017,
2019). In this study, ‘IR64-PYL(10+11+SPIKE)’ and
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‘IR64(7+10+11+SPIKE)’ decreased the number of panicles
m~2 compared with ‘IR64-PYL(10+11)" and ‘IR64-PYL(7+
10+11)’, respectively. This decrease caused no increase in
the number of spikelets m™ (Table 1). These results suggest
that SPIKE may not be useful in combination with early
heading QTLs. Conversely, ‘IR64-PYL (7+10)’ headed ear-
lier, produced more tillers, and thus more panicles m™ than
‘IR64°. This result indicates the pleiotropic effect of head-
ing QTLs on rice tillering. Previous studies have reported
pleiotropic effects with some flowering genes (Tsuji et al.
2015, Wang et al. 2020). It should be noted that pyramiding
Hd5 and Hdl promoted tillering greater than single HdS5 or
Hdl. Although further studies are necessary, an enhance-
ment of the flowering signal by the two QTLs may further
induce the outgrowth of tiller buds. Consequently, pyramid-
ing Hd5 and Hdl could be useful in mitigating yield
decreases due to early heading.
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Abstract

Key message Despite phenotyping the training set under unfavorable conditions on smallholder farms in Madagascar,
we were able to successfully apply genomic prediction to select donors among gene bank accessions.

Abstract Poor soil fertility and low fertilizer application rates are main reasons for the large yield gap observed for rice pro-
duced in sub-Saharan Africa. Traditional varieties that are preserved in gene banks were shown to possess traits and alleles
that would improve the performance of modern variety under such low-input conditions. How to accelerate the utilization
of gene bank resources in crop improvement is an unresolved question and here our objective was to test whether genomic
prediction could aid in the selection of promising donors. A subset of the 3,024 sequenced accessions from the IRRI rice
gene bank was phenotyped for yield and agronomic traits for two years in unfertilized farmers’ fields in Madagascar, and
based on these data, a genomic prediction model was developed. This model was applied to predict the performance of
the entire set of 3024 accessions, and the top predicted performers were sent to Madagascar for confirmatory trials. The
prediction accuracies ranged from 0.10 to 0.30 for grain yield, from 0.25 to 0.63 for straw biomass, to 0.71 for heading
date. Two accessions have subsequently been utilized as donors in rice breeding programs in Madagascar. Despite having
conducted phenotypic evaluations under challenging conditions on smallholder farms, our results are encouraging as the
prediction accuracy realized in on-farm experiments was in the range of accuracies achieved in on-station studies. Thus, we
could provide clear empirical evidence on the value of genomic selection in identifying suitable genetic resources for crop
improvement, if genotypic data are available.

Introduction

The demand for rice in sub-Saharan Africa (SSA) is increas-
ing steadily, outpacing local supply, and forcing many Africa
countries to import increasing amounts of rice from Asia
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SSA would be the development of varieties with improved
P acquisition and utilization efficiencies.

The abovementioned general trends for rice production
and consumption also apply to Madagascar, the second
biggest rice producer in SSA. Fertilizer applications have
remained very low (Tsujimoto et al. 2019) despite stand-
ard recommendations for NPK fertilizers being in existence
for decades. As a result, the national average yield remains
below 3 t ha™', whereas achievable on-farm yields can
exceed 7 t ha™! (Saito et al. 2017) and are therefore com-
parable to tropical regions elsewhere. This large yield gap
highlights that conventional on-station breeding approaches
that seek to select breeding lines with high yield poten-
tial under “ideal” high-input conditions may not produce
desired results. The prevalence of traditional rice varieties
throughout Madagascar (Minten and Barrett 2008) is a fur-
ther sign that plant breeding has not properly addressed the
needs of the mostly resource-poor smallholder farmers. It is
furthermore indicative of specific adaptations to lower soil
fertility being present in such traditional varieties, which
were found to be more efficient in P acquisition (Mori et al.
2016) and internal P utilization (Wissuwa et al. 2015) or
may even show a combination of both desirable traits (Rose
et al. 2015). A future breeding program targeting to close
this yield gap may move the selection process from highly
fertilized breeding stations to fields representing conditions
a crop may experience in farmers’ fields and should attempt
to utilize any adaptive traits of traditional varieties.

That traditional varieties may contain useful genes and
alleles for certain traits and may therefore serve as donors to
improve such traits in modern breeding populations which
have been a chief reason to collect and preserve such varie-
ties in crop gene banks. The largest collection of rice genetic
resources with more than 130,000 accessions is stored in
the gene bank of the International Rice Research Institute
(IRRI). One potential problem of exploiting this resource is
its sheer size. Phenotyping thousands of lines will require
resources in terms of land and labor that few projects and
institutes can manage. It is therefore of importance for the
utility of such resources to have enough information asso-
ciated with accessions to allow for targeted selections of
smaller sub-sets of accessions for more detailed phenotypic
evaluations. One invaluable step in this regard was the
establishment of the publicly available SNP-Seek database
(https://snp-seek.irri.org) providing sequence variants and
passport data of more than 3000 rice accessions (3 K acces-
sions) of diverse origin and genetic background (Mansueto
et al. 2017).

Such genotyping efforts allow for the implementation of
genomic selection (Meuwissen et al. 2001) as a tool to iden-
tify promising accession from gene banks. Based on phe-
notypic values available for a subset of the 3 K accessions,
their genotypic values can be predicted applying a statistical
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model that establishes relations between SNP genotype and
phenotype. Using this genomic selection model to predict
genotypic values of the untested accessions would allow for
the identification of potentially promising donor accessions
among the entire 3 K set without the need for testing all
accessions in the field. This concept was first proposed by
Pace et al. (2015) and demonstrated in a large-scale experi-
ment using more than 1,000 sorghum accessions (Yu et al.
2016) and is becoming one of the important applications of
genomic selection (Crossa et al. 2017). In a typical genomic
selection, genotypes are selected based on having higher pre-
dicted genotypic values (PGVs). Tanaka and Iwata (2018)
recently proposed an alternative selection criterion termed
"expected improvement” (EI). Using simulations based on a
diversity panel of rice, they demonstrated that the proposed
El-based selection can identify superior accessions more
efficiently compared to the standard PGV-based selection.

Genomic selection has been evaluated in rice (e.g., Onogi
et al. 2015; Spindel et al. 2015) and in other crops such as
wheat (e.g., Crossa et al. 2010; Heffner et al. 2011) or maize
(e.g., Zhao et al. 2012; Cui et al. 2020). Typically, pheno-
typic evaluations were conducted in well-managed breeding
stations under high-input conditions where efforts had been
made to maximize heritability by minimizing the environ-
mental variation, as was the case in the proof-of-concept
study of Yu et al. (2016). To what extent genomic prediction
would be capable of reliably identifying superior accessions
under less uniform conditions and in the presence of abiotic
stresses, as one may encounter in farmers’ fields, has not
been investigated.

The logistics of conducting experiments in smallholder
farmer fields can be challenging and typically place a size
limit on experiments as a result of factors such a field size,
presence of gradients, absence of machinery for precise land
leveling, distance from laboratories or even electricity. While
the entire 3 K set has been phenotyped on the IRRI research
farm, such a task would be daunting on a smallholder rice
farm in Madagascar. The potential of using a small subset
from the 3 K accessions to build a genomic selection model
in order to predict the performance of the entire 3 K set
would therefore be a game-changer as the genotypic vari-
ation present in much larger sets of gene bank accessions
would become accessible to applied breeding programs. The
present study tests to what extent this approach would be
feasible under the low-input conditions in smallholder rice
farms in Madagascar where typically no fertilizers other than
organic manures or composts are applied. Specifically, our
objectives were: (1) to develop a GS model based on field
data obtained in farmer’s fields in Madagascar, (2) to use the
model to predict best accessions among the 3 K set and to
import them from IRRI for confirmatory tests in the field,
(3) compare the selection based on the "expected improve-
ment" (EI) criterion to the standard PGV-based selection,
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and (4) to investigate whether a second cycle of improving
the model and prediction accession performance increases
the precision of this approach.

Materials and methods
Field experiments and selection methods

Field experiments were conducted in the central highlands
of Madagascar over a 3-year period from 2016 to 2019.
Experimental field sites used were at elevations between
950 and 1350 m, and experiments were conducted during
the rainy season with sowing in November, transplanting
in late November—December and harvests in April-May. A
common characteristic of all experimental sites was that they
were located in farmers’ fields, that no fertilizer was applied,
which is the predominant farmer’s practice in the region,
and that no supplementary irrigation was provided beyond
what was available from rainfall and rainfed small creeks.
Briefly, the flow of experiments was as follows: In the
2016-17 season (year 1), a diversity panel (set 1, n=359)
was selected from the set of 3,024 sequenced rice acces-
sions (3 K panel; https://snp-seek.irri.org) publicly available
at IRRI and phenotyped at two sites (Anjiro and Behenjy).
Based on the phenotypic data, a genomic prediction model
was developed and utilized to predict the performance of all
3 K panel accessions. Accessions predicted to perform well
were selected together with a random control group, and
both (n=234) were imported from the IRRI gene bank and
grown together with the original panel at two sites (Anjiro
and Ankazo) in the 2017-18 season (year 2). Phenotypic
data from these trials were used to update the prediction
model, and best-performing accessions not already used pre-
viously were selected (n=52) and imported from IRRI for
year 3 confirmatory trials in the 2018-19 season.
Genotypes used were selected from the 3 K panel that
is publicly available at IRRI. We targeted accessions of
the indica subpopulation and first selected based on geo-
graphical origin. All available accessions from the following
countries were selected: Madagascar (57), Sri Lanka (44),
Nepal (37), Bhutan (18). The reason why we focused on the
latter two countries was to include accessions with possi-
ble adaptation to highland environments, while Sri Lankan
accessions may contribute some adaptation to problems of
soils (e.g., iron toxicity). The remaining 203 accessions were
selected to obtain a representative sample of the indica gene
pool, avoiding closely related accessions using phylogenetic
analyses tools provided in SNP-Seek website. From the total
359 accessions imported from IRRI into Madagascar in year
1, 22 belonged to the japonica subspecies (from Madagascar
and Bhutan), 15 or 12 accessions belonged to the aus and
aromatic subpopulations (from Nepal, Madagascar, Bhutan,

respectively), and 2 were classified as admix. The remaining
298 accessions belonged to the indica group, and in total 29
countries were represented. Hereinafter, experimental details
will be provided year by year and a diagram depicting the
flow of materials used in evaluations and predictions in dif-
ferent years is given in supplementary Figure S1.
Experiments in year 1 were conducted with 359 acces-
sions at two locations, Anjiro (elevation 950 m, 18°54'01.7"S
47°58'12.4"E) and Behenjy (elevation 1350 m, 19°10'48.3"S
47°29'46.3"E). In addition to low soil fertility and especially
P deficiency, growth at the Behenjy site was limited by low
temperatures and mild iron toxicity. At both sites, acces-
sions were transplanted in 2-row micro-plots of 2 m length
with spacing of 20 cm between and within rows (22 single
plant hills per plot). Heading date (HD) was recorded at
50% heading rate for each accession. During harvest, five
representative plants per plot were cut, and tiller number
and plant height (in cm from the base to the tip of the flag
leaf) were recorded. Panicles were separated from straw and
straw weight (STW) determined. Panicles were taken to the
laboratory and air-dried for a week before total panicle dry
weight (TPW) was determined. Straw and panicle weights
are given in grams per plant for all experiments.
Experiments in year 2 were conducted in Anjiro, and
instead of the cold-affected Behenjy, the warmer site Ankazo
at elevation 1150 m (19°40'07.9"S 46°33'53.9"E) was cho-
sen. Plot size was as in year 1, but each site had a second
replication in a randomized complete block design. Proce-
dures were similar as in year 1, with the exception that straw
of one of the 5 representative plants sampled was taken to
the laboratory to determine straw dry weight. The measured
moisture content in the straw of this plant was then used to
estimate STW of the entire 5-plant sample. The new set of
234 accessions was selected using the predicted genotypic
values (PGV) and expected improvement (EI) values from
the GBLUP genomic prediction model (Eqgs. 5-7) built on
the phenotypic record obtained in the year 1. Out of the
234 accessions, 79 were selected for screening of superior
accessions for STW or TPW. For this screening, the top 20
accessions were independently listed for each trait (STW and
TPW) by using each criterium (PGV and EI) for each envi-
ronment (Anjiro and Behenjy) and then merged into one list.
Details of the selection result, including the overlap between
the two criteria, are described in the Result section. Of the
remaining 155 new accessions, 68 were chosen randomly
as a control group and the remaining 87 were included to
enhance the training data for genomic selection, consider-
ing the predicted STW and HD (supplementary Figure S2).
In short, accessions were selected for early/middle/late pre-
dicted HD, and high/middle/low predicted STW. Further-
more, 289 out of the initial 359 accessions were evaluated
again in the second year (the remaining 70 accessions were
removed due to low adaptation in Madagascar in the year 1
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experiment). In total, 523 accessions were evaluated in the
field in year 2.

The experiment in year 3 was conducted on a smaller
number of accessions, mainly aiming at screening accessions
predicted to be superior for TPW. A genomic prediction
model for TPW was built on the observed phenotypic values
from Anjiro (year 1) and Ankazo (year 2) (Eq. 3). The obser-
vations from year 2 of Anjiro were not used for the selection
because that field was flooded after a cyclone, and thereafter,
the plants were no longer under P-limited condition. Using
PGV or EI from the model, 42 accessions were selected by
PGV and 45 accessions by EI from the untested subset of
the 3 K panel (i.e., non-tested in our previous two years of
experiment). Due to an overlap of 35 accessions between
the 42 and 45 selected sets, a total of 52 accessions were
selected in year 3. In addition to those 52 newly selected
accessions, 23 accessions were evaluated as a control group.
These 23 were chosen from accessions evaluated in both two
previous years. In order to ensure a wide phenotypic (and
genetic) variation, these check accessions were selected at
equally spaced intervals (every 22nd-23rd accession) from
the distribution of estimated genotypic values for TPW (i.e.,
fitted genotypic values calculated in Eq. 3). Predicted HD
was taken into account to avoid selecting very late maturing
accessions (not suitable during very dry or cool years). Thus,
in total 75 accessions were evaluated in year 3 in Anjiro and
Ankazo.

For replicated experiments in year 2 and 3, broad-sense
heritability of each trait was estimated based on the model:

Vi =8itItey (D

where y;; is the phenotypic value of the ith genotype in the

Jjth replication, g; is the genotypic value of the ith genotype

(modeled as a random effect), r; is the effect of the jth rep-

lication (modeled as a fixed effect), and ¢;; is the residual.
Heritability was estimated using

H? = — @

where V, is the estimated genotypic variance, V, the esti-
mated residual variance, and R the number of replications
(therefore R = 2 in our case).

Genomic prediction

For each trait, the GBLUP model (VanRaden 2008) was used
for predicting or estimating the genotypic values of untested
or tested accessions:

y=XP + Zu+e,u ~ MVN(0,Go2),e ~ MVN(0,102) (3)
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where y is a vector of phenotypic values, X is a design
matrix for the fixed effect, § is a vector of fixed effects, Z
is a design matrix for the random effect, u is a vector of
genotypic values, e is a vector of residuals, G is a genomic
relationship matrix, aﬁ is a genotypic variance, and ag is
a residual variance. A zero vector and an identity matrix
were denoted as 0 and I, respectively. Note that the fixed
effect-related terms varied in cases. When applied to the year
1 phenotype data (remember that genomic prediction was
separately performed for each location) to select accessions
for the year 2 experiment, only an intercept y was modeled
as a fixed effect in the equation. Therefore, the following
equation was used:

y=1lu+Zu+e 4)

where 1 represents vector of ones. On the other hand, when
applied to the year 1 Anjiro and year 2 Ankazo phenotypes
to select accessions for the year 3 experiment, we had two
fixed effects, and therefore, Eq. (3) with g7 = [ﬁl b ] was
used, where f, is the intercept for year 1 Anjiro and f, is the
intercept for year 2 in Ankazo. The predictions of the geno-
typic values (u) were then used for the PGV-based genomic
selection.

When there were more than two environments, the
observed phenotypic values were scaled with mean zero
and variance one for each environment, before applying
the model. This is because the raw observations were dis-
tributed in largely different ranges even for the same trait,
and therefore, single variance component should not be
assigned. This procedure might imply that the two location
has similar heritability, which is unlikely but acceptable
assumption for keeping our model simple.

A genomic relationship matrix (G matrix) was calcu-
lated by using the A.mat function implemented in rrBLUP
package, without using the shrinkage option (Endelman
2011). The 404 K core SNPs dataset was downloaded from
the IRRI SNP-Seek website (https://snp-seek.irri.org/_
download.zul). SNP having more than 5% missing data
or a minor allele frequency below 2.5% was removed, and
finally 186,229 SNPs for 3,024 accessions were extracted.
The remaining missing states were imputed by using Bea-
gle v.4.1 (21Jan17.6 cc; Browning and Browning 2016).

Prediction accuracy was evaluated by tenfold cross-
validation (i.e., validation based on 90% of randomly
chosen accessions as training data and 10% of remaining
accessions as test data) within each year and location, and
results are shown as the Pearson’s correlation coefficient
between predicted and observed values. Each tenfold vali-
dation was repeated 10 times, and the average prediction
accuracy and its standard deviation were estimated. Note
that this validation was not performed for year 3 phenotype
data because the number of accessions was too small.
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In addition to the cross-validation, the prediction accu-
racy for year 1 and year 2 experiments was also evaluated.
For this validation, year 1 phenotype data were used to pre-
dict year 2 phenotypes. Accuracies were evaluated separately
for overlapping accessions (i.e., 289 accessions planted in
both years) and non-overlapping accessions (i.e., 234 newly
added accessions in year 2).

Expected improvement (El)

In the previous study by Tanaka and Iwata (2018), EI of the
ith accession was defined on the GBLUP model as follows:

ElL; = (m; = M)®(z;) +5,6(z,) ®

(6)

where m; is the mean predicted genotypic value (i.e., PGV),
s;1s the standard deviation of the predicted genotypic value,
and M is the maximum estimated genotypic value among
the observed genotypes. Further, ¢ and ® are the probability
density function and the cumulative density function of the
standard normal distribution, respectively.

As its definition, this EI criterion becomes larger when
PGV or its standard deviation (i.e., prediction uncertainty) is
larger, as higher standard deviation increases the chance of
large genetic gain from the current best accession. Because
El is proportional to PGV given a prediction uncertainty, EI
and PGV are highly related and top accessions in terms of
EI or PGV may overlap.

There would be a few different ways to approximate or
estimate the standard deviation of the predicted genotypic
values. In this study, Eq. (4) used in the year 1 to year 2
selection was implemented using the BGLR package with
6000 iterations and 1200 burn-in period by sampling once
per five iterations (Perez and de los Campos 2014). When
using the Bayesian inference via the BGLR package, poste-
rior standard deviation was returned in the summary object,
calculated by using the MCMC samples after the burn-in
period. Meanwhile, when Eq. (3) is used for the selection
from year 2 to year 3, the mixed.solve function in the rrB-
LUP package was executed for solving the model via the
restricted likelihood-based approach. By considering a con-
ditional distribution of genotypic values given phenotypic
values ignoring the fixed effects, standard deviations of the
genotypic values were approximated as follows (Bishop
2006):

u

-1
T . 1 1
s=[s1 = 53004 “dlagKZTZg"'G 1;) ] @)
e

where 85 and 862 are the estimated genetic and residual
variance, respectively, and the diag operator takes diagonal
elements and makes a vector whose ith element is the (i,
i)-element of the matrix inside the bracket. The above two
methods are mathematically not equivalent (since the former
is defined from a Bayesian perspective and the latter is from
a frequentist perspective) but having a similar meaning, and
therefore they will result in very close values. The former
MCMC-based method is theoretically straightforward, as EI
had been inspired by the Bayesian optimization algorithm.
However, the latter was used when there were more than two
fixed effects (i.e., when using year 14 year 2 data) because
calculation was faster when using rrBLUP.

Phenotypic and genetic correlation analysis

As the objective of our study was to select accessions show-
ing better performance across low-fertility fields in Mada-
gascar, the GBLUP model was applied to predict genotypic
values across sites. Thus, the genotype-by-site (GxS) inter-
action was not explicitly accounted for in the model (i.e., it
is included in the residuals). Nonetheless, it is of interest
to evaluate the strength of GxS and genotype x year (GxY)
observed in our experiment and for that purpose phenotypic
and genetic correlations were calculated for every pair of
year-site combination in year 1 and 2. Data from year 3 were
excluded from this analysis because only 23 accessions over-
lapped between year 3 and other datasets.

Phenotypic correlations were calculated using Pearson’s
correlation coefficients, by using the accessions whose phe-
notypic observations are available in both year-site com-
binations. For the genetic correlation, the GBLUP model
was fitted in each year-site combination by using Eq. 4, to
calculate estimated genotypic values of the 3 K accessions.
For the subset of accessions tested in each year-site combi-
nation, we then calculated genetic correlations as Pearson’s
correlations.

Results
Selection result for each trait

For the selection from year 1 to year 2, the GBLUP model
(Eq. 4) was applied to each site (Anjiro and Behenjy) and
for each trait (STW and TPW) independently, and PGV
and EI were calculated for all untested accessions to select
top 20 accessions for each criterion-site-trait combination.
As there was a large overlap in the top accessions between
the two criteria, in total 98 accessions was listed as final
selection candidates. However, due to unavailability of
seeds and other technical issues, the final number of newly
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selected and phenotyped accessions were 41 for TPW and
40 for STW. Similarly, the selection based on PGV and EI
from year 2 to year 3 showed a large overlap, and in total
52 accessions were selected for TPW. We did not consider
STW at that time. In this section, results are shown by
merging the two criteria and the two sites of the training
data. Overlap and difference among criteria and sites will
be described later.

The selected group had a predicted average STW that
was 78% (Anjiro) and 45% (Behenjy) higher compared to
the average 3 K predicted values (Fig. 1a). For TPW, the
predicted differences were smaller, about 21% and 19%
higher in Anjiro and Behenjy, respectively. The control
group (“Control” in Fig. 1a) medians were slightly higher
compared to the 3 K average, but the overall distribution
was similar (Fig. 1a; supplementary Figure S2). The group
of accessions repeated in year 2 (“Repeated” in Fig. 1a) had
similar predicted STW compared to the control and 3 K
average, while their predicted TPW were slightly higher,
particularly in Anjiro.

Figure 1b shows the actual performance in year 2 of the
selected group versus the control and repeated groups. At
both sites, TPW and STW were significantly higher in the
selected (“Selected” in Fig. 1b) compared to the control
group (“Control” in Fig. 1b) and this difference was more
pronounced for STW. The repeated group of accessions
(“Repeated” in Fig. 1b) performed similarly to the random
control group for STW, while for TPW it contained a high
number of well-performing accessions. In Anjiro, this led

(a) Prediction result in year 1

Anjiro Behenjy
12 T s
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Fig.1 Selection result from year 1 to year 2. a Predicted genotypic
values based on year 1 phenotypic values. b Observed phenotypic
values in year 2. Selected accessions (n=40 for total straw weight,
STW; n=41 for panicle dry weight, TPW) includes all accessions
selected by predicted genotypic values (PGV) and expected improve-
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to significantly higher TPW compared to the control group
(Fig. 1b).

Selections from year 2 to year 3 were made for superior
TPW using an updated prediction model that took year2 data
from Ankazo (n=523) into consideration in addition to year
1 data in Anjiro (n=359) (supplementary Figure S1). The
selected group (“Selected” in Fig. 2a) significantly outper-
formed the control group (“Control” in Fig. 2a) in Ankazo
showing 22% higher observed TPW (Fig. 2a). In Anjiro,
the average TPW was 14% higher, but due to large variation
observed within selected and control groups this difference
was not significant.

Difference between selection criteria and sites
to train the model

Results from prediction in year 1 validated in year 2, in
which two sites (Anjiro and Behenjy) of training data were
separately considered, were used to explain the difference
among the selection criteria and sites. PGV and EI calcu-
lated from our model were positively correlated within a
site and trait (supplementary Figure S3), and therefore the
top accessions selected by these criteria largely overlapped.
From year 1 to year 2, we listed the top 20 accessions for
each trait and site predicted by the two criteria. If no overlap
existed between the two criteria, 40 accessions would have
been listed in each site for each trait. However, the over-
lap between criteria reduced accessions to 24 for STW in
Anjiro (i.e., 16 overlaps between PGV and EI) and to 28 in

(b) Observed values in year 2
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ment (EI), based on both Anjiro and Behenjy phenotypic values. For
the observed values, Tukey HSD was applied for each combination
of trait and site. Group with label “a” has significantly larger average
than the group with label “b”



Theoretical and Applied Genetics (2021) 134:3397-3410 3403
(a) Boxplot of observed values in year 3 (b) Validation in Anjiro
30-
Anjiro Ankazo 9 M o
£ °© &
T i a < o
c ® o 0 ﬁ. [ ]
S 20- oiﬂ;’oo Group
30- & Oo o é. ?O O Control (r=0.74)
it 2 o 0 0°S ® Selected (r = 0.13)
2 s |® |@ .,
® b § 10- o . oo.°
@®© (@] o
o o
> o o
£ ' ' . .
= 2- -0.5 0.0 0.5 1.0
& ‘ Predicted TPW (scaled)
3 (©) validation in Ankazo
c
o) o °
n N
2 g
(@) g 25- 5
° £ ®e 0
10- = $ Group
A 20- O og® 0 e0
= o O V' . O Control (r=0.76)
kel
] ® o0L® o ® Selected (r=0.11)
c & O (’ ..
2 15- o o 00°
8 o6 o LY
[ 1 1 1 [ )
Control Selected Control Selected o OO
(23) (52) (23) (52) 10- o ® °
Group -0.5 0.0 0.5 1.0

Fig.2 Selection result for total panicle dry weight (TPW) in year 3.
Selection was based on TPW phenotype data in Anjiro year 1 and
Ankazo year 2. a Boxplot of the observed TPW grouped by check

Behenjy (12 overlaps between PGV and EI), giving a total
of 49 accessions across sites (3 overlaps between locations).
Similarly, for TPW, 25 accessions were selected in Anjiro
(15 overlaps between PGV and EI) while 26 accessions
in Behenjy (14 overlaps), giving a total of 51 accessions
(i.e., no overlap between locations). There were 2 overlaps
between the 49 and 51 accessions for STW and TPW.
Because some of those 98 accessions were not available
for distribution at IRRI, the final number of accessions tested
was 41 for TPW and 40 for STW. Figure 3 summarizes the
overlap of those 40 and 41 accessions. For example, there
were 15 accessions newly evaluated according to the selec-
tion by PGV based on the Anjiro phenotype in year 1, while
9 accessions out of the 15 were also selected by EI based on
the same phenotype data. Different accessions were selected
when a different site was used as a training data. For the
above example, only 1 common accession was selected
based on Anjiro and Behenjy phenotype data, even though
the same criterium (PGV) was used for the selection. Note
that the total number of newly selected accessions based on
PGV or El in year 2 was 79, because there were 2 overlaps
between the 41 and 40 accessions for TPW and STW.
Figure 4 shows observed phenotypic values in year
2, grouped by selection criteria and sites of the training

Predicted TPW (scaled)

(n=23) and selected (n=52) accessions. b Predicted and observed
values in Anjiro. ¢ Predicted and observed values in Ankazo

phenotypic data. Significant differences were not detected
for any trait and testing environment (Tukey’s HSD at
P <0.05). However, there was a consistent trend suggest-
ing selection based on Behenjy TPW and STW phenotype
data resulted in better performance in Ankazo (Fig. 4b, d).
For the second site (Anjiro), this trend was not consistent:
Higher TPW was realized when the Anjiro phenotype was
used for the selection, while higher STW was realized from
selections based on Behenjy phenotype data (Fig. 4a, c).

The PGV and EI for year 2-3 selection for TPW were
compared as well. As described in the Materials and Meth-
ods section, 42 and 45 accessions had been selected based on
PGV and EI, respectively, with 35 accessions overlapping.
Due to this large overlap, no difference between the two
criteria was identified (supplementary Figure S4).

Prediction accuracy

Prediction accuracy is an important factor for the success
of genomic selection. Table 1 shows prediction accuracies
estimated using tenfold cross-validation on year 1 or 2 phe-
notype data. Accuracy ranged from 0.29 for TPW in year 1
Anjiro to 0.75 for HD in year 2 Anjiro. The average accu-
racy for each trait across four year-by-site combinations was
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Selection for STW in from year 1 to 2 Selection for TPW in from year 1 to 2

PGV-Behenjy El-Behenjy PGV-Behenjy El-Behenjy

PGV-Anjiro El-Anjiro PGV-Anjiro El-Anjiro

Fig.3 Overlap among the combination of selection methods and sites of the training data for total panicle dry weight (TPW) and PGV weight
(STW), respectively. There was a large overlap between the two selection methods when applied to the same site
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Fig.4 Observed phenotypic values grouped by selection criteria and site of the training phenotype data. There was no significant difference
among the four groups in any figure
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Table 1 Estimated accuracy using tenfold cross-validations. Numbers
in brackets are standard deviations based on 10 replications

Trait  Year 1 Year 2

Anjiro Behenjy Anjiro Ankazo
STW  0.61(0.011) 0.47(0.016) 0.57 (0.005)  0.50 (0.045)
TPW  0.29(0.018) 0.43(0.016) 0.37 (0.006)  0.45 (0.008)
HD 0.67 (0.011)  0.62 (0.008)  0.75 (0.005)  0.75 (0.003)

lowest for TPW (r=0.38), intermediate for STW (r=0.53),
and highest for HD (»=0.70). It is interesting that the accu-
racies for STW did not show a clear improvement from year
1 to 2, although the size of the dataset changed from n =359
to n=>523 as new accessions had been added in year 2.

Although cross-validation is a common way to estimate
the accuracy, it is more interesting and important to validate
the prediction result from year 1 using the phenotypic val-
ues in year 2. Table 2 summarizes the prediction accuracies
using year 1 phenotype as training data and year 2 phenotype
as test data. The accuracies for accessions not included in the
training dataset were as high or even higher than for repeat-
edly phenotyped accessions. For example, accuracy for STW
in year 2 Anjiro based on the Anjiro phenotype in year 1 was
0.46 for accessions having been repeatedly phenotyped in
year 1 and year 2 compared to 0.63 for newly included acces-
sions. This is a surprising but promising result, because it
indicates that predictions were accurate even for accessions
lacking phenotypic data in a training dataset. The ranking
of the prediction accuracy for different traits was identical
(HD > STW > TPW) to the cross-validation result.

The prediction accuracy of TPW realized in year 3 based
on year 1 and year 2 phenotype data (Eq. 3) was also tested
even though the number of accessions evaluated in year 3
was small. It was found that the accuracy for the control
group was high (r=0.74 in Anjiro, r=0.76 in Ankazo),
while for the newly selected accessions it was low (r=0.13

in Anjiro, r=0.11 in Ankazo) (Fig. 2b, c). This may be
because newly selected accessions were genetically less
diverse compared to the control group, which was selected
(from the training set) to contain a wide range of predicted
performance. In fact, the accession with the highest pre-
dicted TPW was from the control set and it performed well
in Anjiro but was surpassed by many newly selected acces-
sions in Ankazo.

Phenotypic and genetic correlation

Phenotypic correlations for TPW ranged from r=0.10 (year
1 at Anjiro with year 2 at Ankazo) to r=0.31 (year 1 at
Behenjy with year 2 at Ankazo) and on average r=0.21
(supplementary Table S 2). Correlation within sites (r=0.23
between year 1 and 2 at Anjiro) were generally not higher
than between sites (e.g., ¥=0.30 between Anjiro and Ankazo
in year 2), possibly indicating that GxS effects were not
stronger than GxY (genotype-by-year) effects. Similarly,
phenotypic correlations for STW within sites between years
and between sites within years appeared to be similar (e.g.,
r=0.42 between years 1 and 2 at Anjiro compared to r=0.42
between Anjiro and Behenjy at yearl or r=0.43 between
Anjiro and Ankazo in year 2). Phenotypic correlations for
HD were moderate to high ranging from »=0.64-0.92, con-
firming that HD is a highly heritable trait for which site and
year effects are expected to be low.

As expected, genetic correlations were higher than phe-
notypic correlations. Genetic correlations ranged from
r=0.22-0.64 for TPW, from r=0.44-0.69 for STW, and
from r=0.67-0.93 for HD (supplementary Table S 2). Inter-
estingly, for all three traits, the lowest genetic correlation
was observed between Anjiro year 1 and year 2 at Ankazo,
and the highest genetic correlation was observed between
Anjiro and Ankazo in year 2. This coheres with phenotypic
correlations, suggesting that GxS may have been weak and
that some GxY interaction affected outcomes.

Table 2 Prediction accuracy of

Trait Test set From Anjiro to  From Anjiro to  From Behenjy to From
year .2 .performzfmce frorr.l year Anjiro Ankazo Anjiro Behenjy to
1 training d‘ata in accessions Ankazo
that were either present in both
years (repeated) or newly added STW Repeated (1n=289) 0.46 0.25 0.40 0.26
(new.) in year 2‘based on their New (n=234) 0.63 0.46 0.63 0.49
predicted superior performance
TPW Repeated (n=289) 0.20 0.13 0.24 0.30
new (n=234) 0.22 0.10 0.24 0.24
HD Repeated (n=289) 0.73 0.65 0.73 0.72
New (n=234) 0.68 0.69 0.74 0.76
Best combination of training and testing site was highlighted by underbars
&) Springer
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Discussion

Gene banks are considered a reservoir of untapped allelic
variants that could improve the adaptation of crops
to biotic and abiotic stresses (Brar and Khush 2018;
McCouch et al. 2012). One of the biggest single crop gene
banks is housed by IRRI, containing 132,000 accessions
of cultivated Oryza sativa, Oryza glaberrima, and their
wild relatives (https://www.irri.org/international-rice-
genebank). Possibly the largest obstacle in exploiting these
genetic resources in crop improvement is the lack of a
systematic approach in evaluating this resource (McCouch
et al. 2012). For most applications, it is simply not feasi-
ble to test all stored accessions, and sufficient information
allowing for the selection of a representative subset typi-
cally does not exist. To overcome this limitation, IRRI and
partners have selectively sequenced a cross section of 3024
of their O. sativa resources and made sequence data and
seed publicly available (Mansueto et al. 2017).

Our general objective is to utilize this resource in
breeding for adaptation to low soil fertility as one would
encounter in small holder farmers’ fields in Madagascar
and sub-Saharan Africa, where low soil fertility is com-
pounded by insufficient fertilizer inputs (Tsujimoto et al.
2019; Saito et al. 2019). Most breeding programs are con-
ducted on-station under high-fertility conditions, and this
difference between target and selection environment is
a potential obstacle in identifying new donors, loci, and
alleles improving on-farm grain yield. Screening for new
donors should therefore be conducted under target envi-
ronment conditions; however, phenotyping all 3 K acces-
sions in farmer’s fields in several locations is a formida-
ble task that may not be an ideal use of resources, given
the inherent variability in unfertilized farmer’s fields.
Instead, one may test a subset of accessions and develop
a genomic prediction model to predict the performance
of the untested accessions, then only further test the best
predicted accessions in the field. To what extent such an
approach is feasible in selection for superior performance
in off-station trials conducted in farmer’s fields was the
specific objective of this study.

Predicting and selecting superior gene bank
accessions

The prediction accuracy of year 2 performance from
year 1 training data differed considerably between traits
with HD having the highest accuracy with an average of
around 0.71 (Table 2) which was followed by the accuracy
for shoot weight (ranging from 0.25 to 0.63) and TPW
(0.10-0.30). This order matched the order for estimated
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broad-sense heritability, which was H?*=0.95-0.98 for
HD, H*=0.62-0.73 for STW and H>=0.56-0.61 for TPW
(data not shown). Such a positive effect of increasing herit-
ability on prediction accuracy is to be expected (Daetwyler
et al. 2008) and has indeed been reported for rice in an
empirical study (Spindel et al. 2015).

Compared to the difference in prediction accuracy
between traits, the effect of sites was minor. Generally train-
ing data from the central Behenjy location was better able
to predict TPW in Anjiro (East) and Ankazo (mid-West)
compared to data from Anjiro, but for shoot weight and HD,
differences between sites were small and inconsistent. The
poor predictability of Ankazo TPW from year 1 Anjiro train-
ing data could have been due to high GxS or GxY effects.
Although the low phenotypic and genetic correlations sug-
gested the presence of GxS interactions for TPW, correla-
tions between sites were in a similar range compared to cor-
relations between years within sites. This implies that the
performance of the accessions was under a shared genetic
control among sites, particularly at Anjiro and Ankazo and
that year effects may have been strong in same cases as for
Anjiro yearl, which was an untypically dry year during the
early part of the season. Consistent GxS effects on the other
hand appear to have been weak and this was expected con-
sidering all three sites in this study were P deficient low-
input sites. Behenjy in year 1 was additionally limited by
low temperatures, especially during the grain filling phase of
late-maturing accessions. This known effect was purposely
eliminated in year 2 by a) omitting very late maturing acces-
sions as not adapted to Malagasy conditions, and b) selecting
screening sites (Anjiro and Ankazo) for years 2 and 3 that do
not experience this low temperature limitation.

Prediction accuracies were estimated for the set of acces-
sions repeated in both years in comparison with the newly
evaluated set (selected based on predictions). It may be
expected that prediction accuracies would be higher for
the repeated set as these accessions made up the training
set; however, for HD and panicle weight no difference was
observed, while the newly evaluated set had higher accura-
cies for shoot weight (Table 2). This may reflect a slightly
narrower phenotypic variation within the repeated set com-
pared to the newly evaluated set (supplementary Figure S5),
which could have resulted from having omitted accessions
having shown poor adaptation to local conditions in the first
year.

Realized prediction accuracies for total PWT were in the
range of 0.24-0.30 for training data from Behenjy and of
0.20-0.22 for Anjiro (in Anjiro). Comparable accuracies of
r=0.29 for panicle weight were reported from on-station
trials conducted with a similar size training set at CIAT,
Colombia, by Grenier et al. (2015). Similarly, on-station
evaluations done at IRRI, Philippines, reported accuracies of
up to r=0.31 for grain yield (Spindel et al. 2015), whereas
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higher accuracies of r=0.54 and 0.63 were detected for days
to flowering in the wet and dry seasons, respectively. Con-
ducting the phenotypic evaluations in farmers’ fields without
fertilizer addition, mechanic land leveling, nor reliable irri-
gation therefore was able to provide a training dataset that
could be used to predict field performance.

Prediction criteria El versus PGV

A simulation study showed that EI-based selection can dis-
cover superior accessions more efficiently than the usual
PGV-based selection (Tanaka and Iwata 2018). We intended
to test whether this proved correct in this study; however,
no significant difference between EI and PGV in the abil-
ity to identify superior accessions was detected. One pos-
sible reason was the large training dataset (n =359 in year
1, increasing to n =523 in year 2) used here. Tanaka and
Iwata (2018) argued that the difference between EI and PGV
may decrease as the size of the training dataset increases,
although their simulation did not show that trend. Since
minimizing the training set size was not an objective of the
current study, one likely outcome of employing a sizable
training set was that prediction uncertainties were rather
low, and as a result, EI and PGV selected a very similar set
of accessions. Given our experimental/selection pipeline, it
was difficult to make inference regarding the power of EI to
provide an efficient genomic selection based on uncertain
prediction result generated from smaller field phenotyping
experiments.

A similar question related to maximizing selection gain
given a limited budget is related to benefits of replicated
phenotyping experiments. In year 1, field phenotyping was
done without replication while year 2 experiments were rep-
licated once at each site. Estimating the accuracy in both
years through tenfold cross-validations indicated improve-
ments of accuracies for TPW and HD in the year 2 dataset
but these were minor, while the standard deviations of the
accuracies were wider in year 1. Thus, predictions based on
a non-replicated experiment in year 1 were not markedly
inferior to those from the repeated year 2 experiments. This
observation would match simulations of the benefits of rep-
licated experiment versus increasing the size of the training
set which concluded that adding replications may not be as
effective as increasing training set size (Lorenz 2013).

Optimization of the training set and the field
experiment

In this study, we selected 359 initial accessions based on
their origin, assuming a focus on accessions whose origins
are in potentially similar environments to low-input medium
elevation lowland paddy fields in Madagascar may increase
chances of identifying superior performing one. To what

extent this may have materialized is summarized in the
form of group means by country of origin in supplementary
Table S1. For TPW in Behenjy, the Madagascar group was
superior followed by the group from Lao, whereas Indo-
nesian and Sri Lankan accessions performed rather poorly.
This is likely attributable to sensitivity to lower tempera-
tures at the higher elevation site of the latter groups, which
was also evident from the delayed heading of between 14.1
and 18.8 days in Behenjy relative to Anjiro. At the warmer
Anjiro site, the country of origin did not have an effect on
TPW. At both sites, the groups from Indonesia and Lao had
highest straw weights, which could indicate that Indonesian
accessions may have some adaptation to low soil fertility
despite their low TPW.

A different approach in assembling the initial training
set would be to aim for maximizing the prediction accuracy
based on statistical methods such as PEV (prediction error
variance) or CD (coefficient of determination) (Rincent et al.
2012; Akdemir et al. 2015; Akdemir and Isidro-Sanchez
2019). Further, recent studies empirically showed that acces-
sions having higher U-value (upper bound of reliability) tend
to show an extreme predicted value which can improve pre-
diction accuracy (Yu et al. 2016, 2020) and contribute to
selection of superior genotypes.

This optimization of the training set becomes a more
complex but important problem when planning field experi-
ments in multiple locations (i.e., multi-environmental trial).
We tested the same set of accessions in multiple locations.
This is a straightforward experimental design which allows
us to calculate phenotypic correlations among sites to evalu-
ate the strength of GxS interaction. However, when genomic
selection is used, it is no longer necessary to evaluate the
same set of accessions across sites. Even though no acces-
sion is shared among environments, both GBLUP model
and multi-environment genomic prediction models can be
applied. Previous studies showed that multi-environment
genomic prediction models can significantly improve
the prediction accuracy from one environment to another
(Burguerfio et al. 2012; Cuevas et al. 2017; Guo et al. 2013;
Lopez-Cruz et al. 2015; Mageto et al. 2020). This implies
that it might be better to evaluate different sets of accessions
in different environments, which is suggested as a “sparce
test” in Jarquin et al. (2020).

In practice, accuracy in predicting the overall population
(in our case, all 3 K accessions) is not necessarily the most
important criterion for choosing an approach in genomic
selection. For example, little is gained by a model predict-
ing poorly performing accessions with high accuracy if
this accuracy is not equally matched at the desired end of
the distribution. The accuracy of predicting best perform-
ers has been assessed by a few studies (Ornella et al. 2014;
Blondel et al. 2015), but the approach considered by these
studies has not been commonly employed. It is therefore
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not resolved whether assembling a training set to maximize
prediction accuracy is a better approach compared to assem-
bling a training set based on anticipated adaptation due to
geographical similarity.

While our study was not designed to answer above ques-
tion, one may consider the evidence based on progress made
in selecting superior performing accessions over the 2-year
selection period. In predictions of the performance of 3 K
accessions based on the model developed from year 1 data,
a very high proportion of accessions from the year 1 training
set were among the top accessions. Of the 60 top accessions
(2% of the 3 K set) for STW in Anjiro, 29 had been part of
the training set (8.1% of the training set). This increased
to 42 accessions (11.7% of the training set) for predicted
total panicle weight at Behenjy. This higher than expected
proportion of top predicted accession in the training set
may be caused by a shrinkage of the genomic prediction
(i.e., predicted values of the untested accessions tend to be
biased toward the population mean), however, Fig. 1b indi-
cates that many of the best-performing accessions in year
2 were from the repeat set. The performance of accessions
in year 3 (Fig. 2b, c) further indicated that we were able to
successfully predict and select superior accessions despite
having a low prediction accuracy overall. It is interesting
to note that two accessions have been chosen as donors in
the Malagasy lowland rice breeding program. Donor IRIS
313-11949 (subpopulation: ind1A, origin: China) was part
of the accessions newly selected in year 2. It showed 6th
highest predicted TPW based on the Behenjy site data in
year 1, and it was recommended by both EI and PGV. This
accession subsequently proved to be among the top 3%
performers for TPW across both sites in year 2, while hav-
ing average STW and medium-early maturity. The second
donor (IRIS 313-7832) was included in the initial set of 359
accessions (subpopulation: ind1B, origin: unknown) and was
among the top 3 accessions at Ankazo but performed less
well in Anjiro.

Conclusions

How to accelerate the utilization of gene bank resources in
crop improvement is an unresolved question and here we
empirically tested whether a genomic prediction approach
could aid in the selection of promising donors. Despite hav-
ing conducted phenotypic evaluations under challenging
conditions on smallholder farms, our results are encouraging
as the prediction accuracy realized in these on-farm stud-
ies was in the range of accuracies achieved in on-station
or even pure simulation studies. Thus, we could provide
clear empirical evidence on the value of genomic selection
in identifying suitable genetic resources for crop improve-
ment, if genotypic data are available. The approach taken
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by IRRI and partners of making such data publicly available
for at least 3,024 of their gene bank accessions represents
an important step toward more efficient utilization of these
gene bank resources.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00122-021-03909-9.
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Abstract

Key message A genomic prediction model successfully predicted grain Zn concentrations in 3000 gene bank accessions
and this was verified experimentally with selected potential donors having high on-farm grain-Zn in Madagascar.
Abstract Increasing zinc (Zn) concentrations in edible parts of food crops, an approach termed Zn-biofortification, is a global
breeding objective to alleviate micro-nutrient malnutrition. In particular, infants in countries like Madagascar are at risk of
Zn deficiency because their dominant food source, rice, contains insufficient Zn. Biofortified rice varieties with increased
grain Zn concentrations would offer a solution and our objective is to explore the genotypic variation present among rice
gene bank accessions and to possibly identify underlying genetic factors through genomic prediction and genome-wide
association studies (GWAS). A training set of 253 rice accessions was grown at two field sites in Madagascar to determine
grain Zn concentrations and grain yield. A multi-locus GWAS analysis identified eight loci. Among these, QTN_11.3 had
the largest effect and a rare allele increased grain Zn concentrations by 15%. A genomic prediction model was developed
from the above training set to predict Zn concentrations of 3000 sequenced rice accessions. Predicted concentrations ranged
from 17.1 to 40.2 ppm with a prediction accuracy of 0.51. An independent confirmation with 61 gene bank seed samples
provided high correlations (r=0.74) between measured and predicted values. Accessions from the aus sub-species had
the highest predicted grain Zn concentrations and these were confirmed in additional field experiments, with one potential
donor having more than twice the grain Zn compared to a local check variety. We conclude utilizing donors from the aus
sub-species and employing genomic selection during the breeding process is the most promising approach to raise grain Zn
concentrations in rice.

Introduction

Communicated by Huihui Li. . . .
Y Zinc (Zn) is an essential element for plants and humans

alike, because Zn is a component of thousands of enzymes
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and a key regulator of gene expression and protein synthesis
(Broadley et al. 2007; Galetti 2018). Zinc malnutrition is a
global health problem that is particularly serious in infants
where it impairs immune system function and delays infant
development, causing stunting as the most visible symptom
(Roohani et al. 2013; Galetti 2018). Alleviating human mal-
nutrition for Zn has been included as one of the top priori-
ties in the Sustainable Development Goals (SDG 2.2: End
all forms of malnutrition). In 2003 the Consultative Group
on International Agricultural Research (CGIAR) initiated a
program to breed crops with higher concentrations of Zn, Fe
and Pro-vitamin A carotenoids in the edible parts of a crop,
an approach termed biofortification (Bouis and Saltzman
2017). Biofortification of crops represents an alternative to
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food fortification and while both approaches are important in
alleviating malnutrition, it is believed that crop biofortifica-
tion is a very efficient tool to reach rural communities that
are largely food self-sufficient (Virk et al. 2021). Programs
to develop Zn biofortified rice varieties have been success-
ful in Asia (Swamy et al. 2016; Rao et al. 2020) and Latin
America (Harvest Plus 2021) but concerted efforts to do so
in Africa are still non-existing.

Madagascar remains a low-income country with a high
level of malnutrition (The World Bank 2016; WFP 2010).
In rural areas, 50% of children suffer from stunting and are
underweight (Stewart et al. 2020), one of the highest rates
in the world (UNICEF 2019). In the central highlands, the
highest levels of stunting (60%) are found and recent surveys
by JIRCAS and partners estimated that 80% of the popu-
lation consume inadequate amounts of Zn (Shiratori et al.
2018). Rice is essential in Malagasy diets; it is eaten three
times a day and represents 50 percent of the daily caloric
intake with per capita consumption being above 120 kg
annually. Rice, having such a pre-eminent position for food
supply, is naturally a target for intervention. Consequently,
Madagascar has the 3rd highest Biofortification Prioritiza-
tion Index (BPI) for Zn in rice for Africa and the 13th high-
est globally (Harvest Plus 2021).

Zn concentrations in polished rice are typically too low
to supply a sufficiently high proportion of the daily required
intake of Zn (Bouis and Welch 2010), thus where rice is the
main staple and households cannot afford to diversify their
meal by adding mineral-rich fruits, vegetables and meat, Zn
deficiency is prevalent (Harvest Plus 2021). To overcome
this deficiency, grain Zn concentration in rice needs to be
increased by 50% or more to significantly alleviate Zn mal-
nutrition (Bouis and Welch 2010). Developing rice varieties
with increased grain Zn concentrations therefore remains
an important global objective (Rao et al. 2020) that offers a
low-cost and long-lasting solution to the persisting problem
of Zn malnutrition (Bouis et al. 2011).

Rice grain Zn concentrations are strongly affected by fac-
tors such as genotype and environment, with soil proper-
ties being the main source of environmental variation. For
a given genotype, grain Zn concentrations may vary by a
factor 2-3 depending on soil type and related Zn bio-avail-
ability for plant uptake (Wissuwa et al. 2008; Goloran et al.
2019; Rao et al. 2020). Low Zn bio-availability in paddy
soils is commonly associated with alkalinity (high soil pH
and excess bicarbonate) and very low soil redox potentials
(Johnson-Beebout et al. 2016). Both factors trigger the for-
mation of Zn-complexes with soil constituents and in conse-
quence the soluble Zn fraction that is removed by the plant
will be replenished too slowly to assure high Zn uptake rates
(Broadley et al. 2007). The effect of a decreasing soil redox
potential after flooding tends to cause Zn bio-availability to
be lowest toward the end of the cropping season and thus
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reduces Zn uptake during the reproductive phase when Zn
taken up may be directly transported to reproductive organs.
For this reason, basal Zn fertilizer application has often very
limited effects on increasing grain Zn concentrations (John-
son-Beebout et al. 2016) and it would explain the observa-
tion that grain Zn concentrations tend to be lower during
the rainy season compared to the dry season (Goloran et al.
2019).

The genotypic variation in grain Zn concentrations is
similar in magnitude to the environmental variation with
2-3 fold differences having been detected repeatedly (Nor-
ton et al. 2014; Swamy et al. 2018; Zhang et al. 2018). Since
grain Zn concentrations are influenced at many levels, start-
ing with Zn uptake by the root, followed by transport and
reallocation of Zn within the plant, to Zn loading into the
grain (Swamy et al. 2016), it is likely the genotypic differ-
ences at each of these levels exist. Which of these factors
contribute most to genotypic differences in grain Zn concen-
trations remains uncertain. Some high-Zn genotypes appear
to rely mostly on Zn remobilization, whereas others maintain
high Zn uptake rates during grain filling (Johnson-Beebout
et al. 2016). At the same time, increased root uptake does
not necessarily result in enhanced Zn accumulation in rice
grains, suggesting Zn loading into the endosperm to be the
main limiting step for which genotypic differences fortu-
nately exist (Jiang et al. 2008).

Nicotianamine (NA) is a ubiquitous chelator of metal
cations, such as Fe*™ and Zn*. Biosynthetic precursor of
phytosiderophore secretion from roots, NA is responsible
for Fe internal metal transport and maintenance of metal
homeostasis. In rice, three NA synthase genes were identi-
fied (OsNAS1, OsNAS2 and OsNAS3) that have been largely
studied to demonstrate their role in increased bioavailable Fe
levels in rice grains (Higuchi et al. 2001; Inoue et al. 2003).
Through transgenic approaches overexpressing the OsNAS
gene, it has been possible to significantly increase both grain
Fe and Zn concentration, indicating Zn transport processes
to be of additional importance (Johnson et al. 2011).

The genetic control of grain Zn concentration in rice has
been widely studied, using bi-parental mapping populations
(reviewed in Swamy et al. 2016), diversity panels (Norton
et al. 2014; Zhang et al. 2018) or double-haploid (DH)
derived biparental populations (Swamy et al. 2018). Con-
sistently, these studies reported a large number of genetic
regions controlling Zn concentration, each with relatively
minor effects. This may be expected given that grain Zn
concentrations are likely the result of multiple interacting
physiological processes. For Zn uptake alone, it has been
shown that at least two distinct processes, root proliferation
and rhizosphere Zn mobilization, are causative of genotypic
differences in plant Zn uptake (Mori et al. 2016). While none
of the identified loci appear to be currently used in marker-
assisted breeding, loci on chromosomes 7, 11 and 12 have
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been identified consistently (Swamy et al. 2016). Of these,
the QTL on chromosome 7 co-localizes with OsNAS3 and
may therefore be of particular interest (Cu et al. 2021).

The complex nature of a trait like grain Zn concentration,
which depends on multiple physiological mechanisms, each
potentially controlled by multiple underlying genes, may
necessitate a genome-wide rather than a single marker selec-
tion approach. Genomic Prediction (GP; Meuwissen et al.
2001) for mineral content has already proven efficient in
maize and wheat where the predictive ability (PA) for grain
Zn content was between 0.43 and 0.73 in maize (Mageto
et al. 2020) and between 0.33 and 0.69 for wheat (Velu et al.
2016) depending on the population and environment chosen.
A similar PA of 0.51 was achieved for grain Zn concentra-
tion improvements in a rice synthetic population managed
through recurrent selection when multi-site data were con-
sidered for the calibration model (Baertschi et al. 2021).

Given that environmental factors strongly affect grain Zn
concentrations, it is of interest to determine to what extent
GP can be employed in target environments that are less
homogenous compared to the well-managed trials conducted
on research stations. While the polygenic nature of grain
Zn may favor a GP approach, it is possible that main effect
single loci are more stable across environments and therefore
possess greater predictive power in less controlled environ-
ments. We have grown a set of 253 rice gene bank accessions
sampled from the 3 K genome project (Mansueto et al. 2017)
in two farmer’s fields in Madagascar and determined the
variation for grain Zn concentrations and grain yield. Using
this dataset, the objectives of this study were to:

(1) Conduct genome-wide association studies (GWAS)
in an attempt to detect alleles associated with high
grain Zn concentrations,

(i) Develop a GP model for grain Zn concentrations
based on above training set and employ this model
to predict grain Zn concentrations among the 3000
sequenced rice accessions available at the IRRI gene
bank,

(iii) Identify potential donors with high grain Zn con-
centrations and confirm their suitability through
confirmatory experiments.

Materials and methods
Field phenotyping

Field experiments were conducted at two sites in the cen-
tral highlands of Madagascar, Anjiro (elevation 950 m,
18°54'01.7 ""S 47°58'12.4 "E) and Ankazomiriotra (1150 m,
19°40'07.9 'S 46°33'53.9 "E). The experiments were car-
ried out in farmers' fields under flooded lowland conditions

during the 2017-18 rainy season with sowing in November,
transplanting in late November to December and harvests in
April to May. Following the typical farmer’s practice in the
region, chemical fertilizer was not applied and neither did
fields receive organic manure. At each site, 523 accessions
selected from the set of 3 K sequenced accessions available
at IRRI were grown with two replications in a randomized
complete block design. Several sub-sets selected to represent
extreme variation for grain yield, maturity or plant height
existed within these 523 accessions, (Tanaka et al. 2021) and
only those considered adapted to our field sites were used in
the present study (see below).

At both sites, accessions were transplanted in 2-row
micro-plots of 2 m length with spacing of 20 cm between
and within rows (22 single plant hills per plot). Heading
date (HD) was recorded at 50% heading for each accession.
During harvest, five representative plants per plot were
cut, panicles were separated from straw, placed in paper
bags to avoid contamination by soil or dust, and taken to
the laboratory where they were air-dried for a week before
total panicle dry weight was determined. Grain yield (GY)
was estimated from the panicle weight of these five plants,
assuming a realized density of 22 hills per m” and expressed
in kg per ha. Straw weight (SWT) was determined on the
same five harvested plants, first as fresh weight which was
then adjusted for moisture content after oven-drying a sub-
sample for 48 h at 70 °C.

Grain processing and grain Zn analysis

Grain Zn concentrations were determined for a subset of
253 accessions from the 523 grown at field sites. All acces-
sions considered poorly adapted to experimental sites were
omitted, which included accessions with very early or late
maturity and all accessions with low GY or that had lodged
and had been contaminated by soil. A focus on well-adapted
accessions was meant to prevent the potential confounding
effect of high grain Zn being the result of poor grain yield
and very low harvest index. A random sub-sample of the
harvested grain from ten panicles per plot was dehulled to
obtain brown rice and these whole grain samples were sent
to Flinders University, Australia for further analysis.

For inductively coupled plasma mass spectrometry (ICP-
MS) analysis, 0.3 g of whole rice seed, which had been oven-
dried at 80 °C for 4 h to remove remaining moisture, was
acid-digested in a closed tube as described in Wheal et al.
(2011). Elemental concentrations of samples were measured
using ICP-MS (8900; Agilent, Santa Clara, CA) according to
the method of Palmer et al. (2014). The grain Zn concentra-
tion is given in pg g~! on a dry weight basis. In each of 10
digestion batches, a blank and a certified reference material
(CRM; NIST 1568b rice flour) were added for quality assur-
ance. Samples with Al present at> 5 pg g~! were considered
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to have unacceptable levels of purported soil contamination
(Yasmin et al. 2014), thus they were eliminated from the
dataset.

Statistical analysis for phenotypic values

Given the experimental design, the following linear model
was fitted for each trait:

Vik = H+ &+ s+ a;+ B+ ey

where y;; is the phenotypic value (i.e., observed Zn concen-
tration) of i-th genotype evaluated at the k-th block in j-th
site, p is an intercept, g; is the genotypic value of i-th geno-
type, s;; is the interaction effect between the i-th genotype
and the j-th site, a; is the effect of j-th site, ﬂjk is the effect
of k-th block in the j-th site, and €k is the residual. The
interaction effects s;; and the block effects f; were modeled
as random effects, and the other model terms were mod-
eled as fixed effects. This model was implemented in /mer
function in the Ime4 package. To test the statistical signifi-
cance between two sites, site effect (a;) for each trait was
tested based on the type-III analysis of variance with Sat-
terthwaite's method using the anova function in the ImerTest
package (Kuznetsova et al. 2017). The estimated values (best
linear unbiased estimates; BLUEs) of g; were used in the
subsequent association mapping and the genomic predic-
tion analyses.

Heritability was calculated based on the same linear
model but treating the genotypic values g, as random effects.
Using the estimated variance components of the genotypic
values (s;), genotype-by-site interaction effects (osz) and
residuals (¢?), a broad-sense heritability (H*) was calcu-
lated as follows (Holland et al. 2003);

) %
H = > >
2 o5 S,
o;+ +
8 Nge Mplock XMsite

where n,,, is the number of blocks per site, n
ber of sites (i.e., Ny, =7
design).

Phenotypic correlation among sites and traits was calcu-
lated based on the Pearson’ correlation after averaging the
observed phenotypic values over the two blocks for each
accession (if an accession did not have an observed value in
one of the two blocks, the available phenotypic value was
used instead of the average).

site 15 the num-

site = 2 given our experimental

Genomic data and Genome-Wide Association (GWA)
analysis

The 404 K core SNPs dataset was downloaded from the
IRRI SNP-Seek website (https://snp-seek.irri.org/_downl
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oad.zul). SNP having more than 5% missing data or a
minor allele frequency below 2.5% were removed, retain-
ing 186,229 SNPs for 3,024 accessions. Remaining miss-
ing states were imputed using Beagle v.4.1 (21Jan17.6 cc;
Browning and Browning 2016).

Without further filtering, GWA analysis was performed
on the 253 accessions with the BLUE values for grain
Zn concentrations and the 186 k genotype matrix using
the multi-locus random-SNP-effect mixed linear model
(mrMLM) software package, which includes the mrMLM,
FASTmrMLM, FASTmrEMMA, pkWmEB, pLARmEB,
ISIS EM-BLASSO methods (https://cran.r-project.org/web/
packages/mrMLM/index.html). A kinship matrix was calcu-
lated by mrMLM by default using the method of Kang et al.
(2008) and default values were used for the parameters in
all methods. To account for additional population structure
a set of principal components (PC) was calculated using
TASSEL (v5.2.75). PCs explaining more than 5% of the
variation were included in the GWA analysis by indicating
the type of population structure (PopStrType) =“PCA.” An
output of Quantitative Trait Nucleotides (QTN) exceeding
a threshold LOD value > 3 at each of the six multi-locus
models was generated as the last step of the analysis and
visualized in a combined Manhattan plot. QTN exceeding
this LOD threshold in at least three of the six models were
considered significant and evaluated further.

The allele effect at each locus was determined by calculat-
ing the average phenotypic values of all accessions carrying
either allele and a box-plot graph was generated using an
in-house R script. A graphical representation of subset of
SNPs surrounding the significant QTNs was generated by
the Haploview 4.2 software (Barret et al. 2005). Linkage dis-
equilibrium (LD) blocks were then identified and manually
delignated based on the recombination rate, which is dis-
played using the standard color scheme: D’/LOD (wherein
red color reveals linkage disequilibrium between two genetic
markers, D'=1 and LOD > 2).

Genomic prediction

Genomic prediction was performed with the GBLUP model
(Bernardo 1994) using the rrBLUP package (Endelman
2011):

g=Ip+Zu+e, u~MVN(0,Go>), e~MVN(0,Ic2)

where g is the Zn BLUE values, 1 is a vector of ones, | is
the grand mean, Z is the design matrix, u is the vector of
genotypic values, e is the vector of residuals, O is a vector of
zeros, G is a genomic relationship matrix, Gi is genetic vari-
ance, I is an identify matrix, and o-f is the residual variance.
The genotypic values and residuals are assumed to follow a
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multivariate normal distribution (MVN). The genomic rela-
tionship matrix was calculated by using the A.mat function
in rrBLUP package, as described in Tanaka et al. (2021).

By using the above GBLUP model, Zn concentrations of
the all 3 K accessions were predicted with three slightly dif-
ferent training sets: (1) all phenotyped accessions (n=253),
(2) all phenotyped accessions excluding IRIS_313_9368,
which had extremely high Zn concentrations and may there-
fore be highly influential (n=252) and (3) excluding the six
members of the aus subspecies (n=247). In addition, tenfold
cross-validation was repeated 10 times to evaluate the predic-
tion accuracy within the phenotyped accessions. Prediction
accuracy was evaluated by taking correlation between the
BLUE values (g) and the predicted genotypic values from the
GBLUP model (u).

Confirmatory experiments

Two subsequent experiments were conducted to confirm
results obtained with the training set. To independently con-
firm the reliability of the GP model, 61 additional accessions
from the 3 K set available at IRRI were selected for the deter-
mination of grain Zn concentrations. These accessions were
selected based on their predicted grain Zn concentrations being
either high (n=19), intermediate (n=24) or low (n=18).
Accessions had not been grown in Madagascar but seed pro-
duced at IRRI and distributed to JIRCAS was used directly
for the determination of grain Zn concentrations. After acid-
digestion of 0.25 g dehulled seed, elemental concentrations in
samples were measured using ICP Emissions Spectrometer
ICPE- 9000 (Shimadzu, Kyoto, Japan).

A further experiment was conducted to investigate whether
the high grain Zn concentrations identified in potential high-
Zn donor accessions were repeatable and stable across sev-
eral field sites in Madagascar. Three high-Zn accessions of
the training set (IRIS313-9368, IRIS313-10,114 and CX158)
were grown in a multi-location trial together with local (X265)
and international (IR64) check varieties. The experiments were
conducted in Anjiro, Ankazo and Behenji (elevation 1428 m,
19°14'44.92"S 47°28'45.38"E) villages in the central high-
lands of Madagascar during the 2018—19 rainy season, using
five farmer’s fields with two fertilizer treatments (zero input
versus fertilization with NPK) and three replications. Plot sizes
were 2 m%. Grain samples were processed as for the training
set and sent to Flinders University for the determination of
elemental concentrations as outlined above.

Results
Phenotypic variation

The average grain Zn concentrations (Zn) for the 253
tested accessions ranged from 16.6 to 48.4 pg g~! at the
Anjiro site and from 14.2 to 35.6 ug g~! at the Ankazo
site (Fig. 1) and highest values at both sites were detected
in accession IRIS_313_9368. In addition to having wider
variation, the Anjiro site average of 25.4 pg g~! was sig-
nificantly higher (p <0.01) compared to Ankazo with
21.6 ug g~!. Despite these differences, grain Zn concentra-
tions at both sites had a tighter correlation (»=0.65) com-
pared to other traits with the exception of days to heading
(r=0.86). The average GY was 4.4 t ha~'at Anjiro and 4.2
tha~! at Ankazo and respective SWT means were 29.7 and
28.2 g plant™! (Fig. 1). Neither trait differed significantly
between sites.

Correlations between the two sites were low for GY
(r=0.15; p<0.05) and slightly higher for SWT (r=0.28;
p <0.001). However, at each site GY was positively corre-
lated to SWT (r=0.55 and r=0.61 for Anjiro and Ankazo,
respectively; p <0.001 for both). Accessions showed large
variation for HD, ranging from 60 to 127 days at Ankazo
and from 64 to 129 days at Anjiro. The similar range and
high correlation of r=0.86 indicated that site effects were
very small for HD. Late heading was associated with
increased SWT at both sites but the effect of late heading
on GY was site-specific, with a low but significantly posi-
tive effect at Anjiro (r=0.32; p <0.001) compared to a
non-significant (negative) effect (r= —0.11; ns) in Ankazo
(Fig. 1).

Interestingly, Zn concentrations showed weak correla-
tions with other traits, except for a low and negative corre-
lation with GY in Anjiro (r= —0.33; p <0.001). Further-
more, the broad-sense heritability for Zn concentrations
across sites was high (H?=0.79; Fig. S1), implying that
genotype by site interaction effects for Zn concentrations
were small. For that reason, the association mapping and
GP were conducted with the across-site BLUE values to
analyze the common genetic control across two sites.

The 253 accessions tested belonged primarily to the
indica sub-species of rice, the second biggest group were
Japonica accessions while other sub-populations were rep-
resented by only 6-10 individuals (Fig. 2a). The focus on
mostly indica accessions was due to the preference for
indica-type varieties by lowland rice growers and con-
sumers in Madagascar. The aus sub-species group had the
highest average grain Zn concentration (33.5 pug g~!), com-
pared with an average of 25.1 ug g~! for the indica group
and 28.4 ug g~! for the japonica group.
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Fig. 1 Repartition and correlation of zinc concentration (Zn), grain yield (GY), shoot weight (SWT) and heading date (HD) at sites Ankazomiri-

otra (AZ) and Anjiro (AJ)

Genome-wide associations for grain Zn
concentrations

A multi-locus GWAS approach considering results from
six multi-locus analysis methods was employed to iden-
tify genetic associations with grain Zn concentrations and
associations were considered significant when the estimated
LOD surpassed the threshold of 3.0 in at least three methods.
Based on these criteria, eight loci associated with grain Zn
concentrations were detected on chromosomes 2, 4, 8, 10,
11 and 12 (Table 1). The full list of all QTN with a LOD >3
in any of the six methods is shown in Table S1 and the cor-
responding Manhattan plots in Fig. S2.

The strongest peak identified in terms of maximum LOD
value (16.4), number of approaches identifying the locus (5)
and consistently high QTN effect estimates (1.69-3.69 ug
7Zn g_l) was QTN_11.3 at 28,757,650 bp on chromosome
11 (Table 1; Table S1). The minor allele frequency (MAF)
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at this locus was 4.4% and the R? was 15.4. The remaining
seven loci had comparatively minor effects with R* estimates
of 2.1-5.9 and maximum QTN effect estimates between 0.9
and 1.9 ug Zn g~! (Table 1).

At each QTN we investigated to what extent the minor
allele and the allele increasing grain Zn concentrations was
associated with different rice sub-populations (Fig. 3). For
QTN_2.1 allelic variation was detected in all sub-species
except for japonica but differences were only significant in
the indica group. QTN_8.1 had allelic variation within the
aus and indica groups but mean differences were not sig-
nificant. QTN_11.2 allelic variants existed within all sub-
species and the minor allele significantly increased grain Zn
in the aus and indica groups. For the strongest QTN_11.3,
the minor allele was associated with higher grain Zn concen-
trations in the aus, indica and japonica sub-species (Fig. 3).
At QTN on chromosomes 10 and 12 allelic variation was
only detected within the indica group and the minor allele
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Table 1 Associations for grain Zn concentrations detected (with LOD > 3.0) in at least three of the six multi-locus approaches employed. For R
and QTN effects, highest estimates by any of the significant approaches are shown

QTN Chromosome Position

mrMLM FASTmiMLM FASTm- pkWmEB pLARmEB ISIS EM- R?

MAF (%) QTN effect

rEMMA BLASSO (ug Zng™")
21 2 18,697,369 5.1 32 49 32 55 459 1.2
41 4 20,025,747 7.8 37 42 59 206 1.2
81 8 26,505,039 75 6.5 6.7 5.6 3.0 107 1.9
10.1 10 14217374 4.4 3.6 7.6 4.1 39 35 55 15
1.1 11 26,546,816 4.3 6.2 8.6 6.2 49 130 12
112 11 27,604,708 6.0 32 7.4 32 156 14
113 11 28,757,650 15.2 10.4 13.6 16.4 3.6 154 44 37
121 12 7,184,806 3.1 4.8 39 21 9.7 0.9

increased grain Zn (Fig. S3). In only one case (chromo-
some 11: 27,604,708), the minor allele was associated with
reduced grain Zn and the allelic difference was only pro-
nounced in the aus and japonica groups where it reduced
grain Zn by 24 and 19%, respectively.

For the most influential locus QTN_11.3, we delimited
the linkage block surrounding significant QTNs. Strong
linkage that would define a clear block was not detected
but similarities between SNP genotypes were suggestive

of a linkage block extending from 28.681 to 28.798 Mbp
(Fig. S4). This region contained 26 gene models of which
18 were functionally annotated (Table S2). One gene fam-
ily was strongly overrepresented at this locus as 11 genes
were annotated as glucosyl hydrolases or, more specifi-
cally, as either class III chitinase homologs or xylanase
inhibitors. In addition, two “thaumatin family domain
containing proteins” and two Zinc finger proteins were
annotated in the target region.
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Genomic prediction for grain Zn concentrations

Utilizing the same GWAS dataset as a training set, a GP
model was developed to predict grain Zn concentrations of
the entire set of 3 K accessions. The full model including
all 253 training accessions predicted grain Zn concentra-
tions to range from 17.1 ug Zn g~! to as high as 40.2 ug Zn
g~! (Fig. 2b). Differences between subpopulations were pro-
nounced, with the aus group having highest predicted values
and an average of 30.3 ug Zn g~!. The second highest aver-
age was predicted for the japonica group (26.7 ug Zn g1
and the lowest for the indica group (23.2 ug Zn g~"). In fact,
only members of the aus sub-species were found among the
top 20 predicted accessions (Table S3) and IRIS_313_9368,
which had the highest grain Zn concentrations in the training
set (42.0 ug Zn g~"), was also the highest predicted acces-
sion (40.2 ug Zn g7 1).

The training set contained only six aus accessions, among
which IRIS_313_9368 may have been highly influential.
To test to what extent the small number of aus accessions
may have skewed predictions, two additional GP models
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were tested, a 2nd model excluding IRIS_313_9368 and
a 3rd model excluding all six aus. Predicted values of the
3rd model are shown in comparison to the full model in
Fig. 4. Excluding aus from the training set did not have
major effects on predicted values for the four non-aus sub-
populations, but strongly decreased the predicted grain Zn
concentrations of the 201 aus accessions among the 3 K set.
Their average decreased from 30.3 to only 24.3 ug Zn g~ !,
which was lower than the predicted average of the japonica
group (26.6 ug Zn g~") using the same training set (Fig. 2c).
Only excluding IRIS_313_9368 did not have comparably
strong effects, though the predicted Zn concentrations in aus
accessions decreased from the full model (Fig. S5).

Tenfold cross-validation was performed to evaluate
the accuracy of predictions for the full model and the one
excluding aus accessions. When using all phenotyped acces-
sions, average prediction accuracy of the ten replications
was r=0.51 with the standard deviation (SD) of 0.02. This
dropped slightly to »=0.49 (SD=0.01) for the 2nd model
and to r=0.48 (SD=0.01) for the 3rd model with aus
excluded.
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within 1.0 pg Zn g~! of predicted group means (31.7, 23.4
and 24.2 ug Zn g~', respectively). For the main locus identi-
fied on chromosome 11 in GWAS (QTN_11.3), the positive
minor allele was present in 12 of the 61 accessions. The
allelic effect appeared to be significant with an average Zn
concentration of 32.4 ug Zn g~ for the minor compared to
26.3 ug Zn g~! for the major allele (Table S5); however, all
accessions with the minor allele belonged to the aus group
and within that sub-species, allelic groups did not differ
(32.4vs. 31.1 pygZn g7h).

The second confirmatory experiment was conducted
with potential high-Zn donors at five field sites and with
two fertilizer treatments in Madagascar. The ANOVA indi-
cated that genotypic differences were the dominant source
of variation in this dataset (Fig. 6) and potential high-Zn

predicted grain Zn concentration (ug g')

Fig.5 Independent validation of predicted grain Zn concentrations in
a set of 61 accessions imported from the IRRI gene bank. Predicted
values are based on the training set of 253 accessions grown in Mad-
agascar and measured values are from seed distributed by the IRRI
gene bank

donor IRIS313-9368 (aus) was consistently superior to other
accessions, irrespective of sites and fertilizer treatments.
With an average of 42.5 ug Zn g~!, it surpassed its predicted
grain Zn concentration of 40.2 pg Zn g~'. Furthermore, it
had almost twice the Zn concentration of IR64 (21.7 ug g~')
and more than twice compared to the Malagasy check X265
(18.6 ug g 1). Other tested accessions were the top predicted
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Fig.6 Variation in grain Zn

concentration of five rice acces- Source F value - \
sions across five field sites and 50. [STTE kK .
two fertilizer treatments (no TREAT
input and 120 kg ha™' NPK = . * e
compound fertilizer). Dl.f- ST s . .
ferences between accessions . . b
. SITE:ID RS A
were the dominant source of . e
variation, followed by differ- 040' gRESIESY T ot
ences between sites (see inlet of 5 [SEEEEREATEID ) o
ANOVA table) N~ SRR —
.5 ) '
~ o0 4 *
0 5 ‘ n = ™ v
30- | s
-
- , Y [ ] j .
"l L [ .n' _:.. ‘ . (Y
20- \ :: o J O e Kol —
R .
. o
CX158 IR64 IRIS313-10114 IRIS313-9368 X265

indica CX158 and IRIS313-10,114 and while CX158 failed
to reach its predicted value of 32.0 ug Zn g~!, IRIS313-
10,114 matched its predicted value of 30.5 ug g~! to within
1% and was consistently superior to the check varieties, irre-
spective of site or fertilizer effects (Fig. 6). As in the training
set, plants had higher average grain Zn concentrations at
both field sites in Anjiro (28.6-29.6 ug Zn g~') compared to
Ankazo village (26.5 ug Zn g="), with Behenji (25.0-25.9 ug
Zn g ') being lowest. Applying NPK fertilizer had a small
positive effect, increasing average grain Zn concentrations
from 26.6 to 27.7 ug Zn g~ ') but this effect was only signifi-
cant in two of the five sites (data not shown).

Discussion

Experiments were conducted with a diverse set of gene bank
accessions and more than twofold variation in grain Zn con-
centrations were detected. Other traits such as GY or HD
also varied considerably, but correlations between this vari-
ation and grain Zn concentrations were low (Fig. 1). Large
differences in GY could have affected grain Zn concentra-
tions, due to a possible dilution of Zn in the greater grain
biomass of higher-yielding accessions and of the reverse
effect in very low-yielding accessions. While excluding
high-yielding varieties was no option because such material
should be the target of any breeding program, we had omit-
ted accessions with extremely low yield at any of the two
sites as we considered these to be not sufficiently adapted to
local conditions to provide reliable data. Possibly as a result
of this precaution the correlation between GY and grain Zn
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concentrations remained very weak (r=—0.27; Fig. S1) and
likely did not affect outcomes of the GWAS and GS stud-
ies. In addition, the heritability for grain Zn concentrations
(H?=0.79) was larger than for GY (H?=0.40). High herita-
bility (> 0.70) for grain Zn has also been reported elsewhere
(Swamy et al. 2016, 2018; Baertschi et al. 2021).

A rather high heritability and good correlations for grain
Zn concentrations between different sites did, however, not
mean site effects were absent. Grain Zn concentrations dif-
fered significantly and consistently between sites, with sam-
ples from Anjiro village (25.4 ug g~') having significantly
higher grain Zn concentrations compared to the Ankazo site
(21.6 pg g1 and this may have been due to poor drain-
age in Ankazo, which could lower Zn availability due to a
more reduced soil state. Nevertheless, neither site can be
described as Zn deficient considering our observed ranges
were comparable to or higher than in similar studies (Norton
et al. 2014; Swamy et al. 2018; Rao et al. 2020).

All rice grain analyzed was unpolished brown rice, which
was primarily due to the fact that high-quality milling equip-
ment capable of polishing rice without contaminating sam-
ples with Zn during the milling process was not available in
Madagascar. To what extent our analysis of brown rice could
have affected results and conclusions were briefly assessed
by polishing a small sub-sample of grain and results indi-
cated that the average grain Zn concentrations decreased by
18% from 33.2 ug ¢! in brown rice to 27.2 ug g~ in pol-
ished rice (Fig. S6), which is similar to reductions reported
elsewhere (Suman et al. 2021). Interestingly, the reduction
was larger in low-Zn accessions (—24.5%) compared to
high-Zn accessions (— 14.2%), which would indicate that
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using brown rice samples would not have induced a bias in
favor of high-Zn accessions in our analyses.

Differences between rice sub-populations

The association panel used was predominantly of the
indica sub-population with smaller additions from the aus,
Japonica, aromatic and admix groups, and measured grain
Zn concentrations indicated significantly higher concentra-
tions in the aus group (Fig. 2). The average of the aus group
was 35.6% higher compared to the indica group and this
superiority could subsequently be substantiated (+ 35.4%)
in the confirmatory set including a much larger proportion
of aus accessions. Considering that indica are the predomi-
nant group of varieties grown by lowland rice farmers of
Madagascar and many other biofortification target countries,
aus accessions identified here experimentally or through GP
should be considered as potential donors in biofortification
programs. Norton et al. (2014) reached a similar conclusion
as 3 of the 5 high-Zn donor accessions identified in that
study belonged to the aus group.

The inclusion or omission of aus accessions did not affect
the ability to predict grain Zn in non-aus groups but omit-
ting the aus led to a strong under-estimation of grain Zn in
that group (Figs. 2 and 4). Thus, some largely aus-specific
genetic factors must exist that lead to the superior grain Zn in
that group and a GP approach appears to accurately consider
these. A similar conclusion about the need to include all
sub-populations in the training set was reached by Grenier
et al. (2015). Considering that many component traits lead
to high grain Zn, it is likely that some of these component
traits are only or at least predominantly expressed in the aus
group. Such traits would make ideal breeding targets and
physiological studies need to investigate if such aus-specific
traits exist and which limiting step in the processes between
Zn uptake, transport, retranslocation and endosperm loading
they affect.

Understanding such bottleneck traits and the underly-
ing genetic control may be key to increasing grain Zn con-
centrations in the predominantly indica modern cultivars.
One possible aspect to study further in this regard is the
tendency of aus accessions like IRIS313-9368 to rapidly
senesce at maturity, whereas modern indica varieties have
the tendency to remain comparatively green at maturity.
More rapid senescence could favor Zn remobilization and
translocation to grains.

Donors from the aus group have been used repeatedly
to move alleles for tolerance to many abiotic stresses into
the modern rice breeding pool (Heredia et al. 2021). It is
furthermore interesting to note that several aus accessions
possess high tolerance to Zn deficiency (Lee et al. 2018) due
to their efficient Zn uptake capacity from highly reduced
soil. While it is not known whether a link between this Zn

uptake efficiency from Zn deficient soil and high grain Zn
concentrations under normal Zn availability exists, it would
be very interesting to pursue such a possibility further. The
use of aus donors in rice breeding has typically involved the
transfer of major genes or QTL through their marker-assisted
introgression into modern breeding lines and to what extent
this is a likely approach to improve grain Zn remains to be
resolved.

GWA and GP analysis

Results of Norton et al. (2014) and Swamy et al. (2018)
suggest that grain Zn is a polygenic trait controlled by mul-
tiple small to medium effect loci. Employing a multi-locus
GWAS approach should therefore be more suitable in iden-
tifying loci controlling grain Zn concentrations compared
to single-locus models that test one locus at a time without
considering interactions between loci (Xu et al. 2018). A
weakness of the single-locus GWAS analysis is the problem
of false positives and negatives and this is better balanced in
the multi-locus association analysis employed here, which
eliminates the need for a Bonferroni correction in multi-
locus GWAS (Wang et al. 2016).

This study identified eight QTN of which seven had minor
effects while the QTN on chromosome 11 (28,757,650) can
be considered a medium-effect locus. It is attributed to a
rare allele present in accessions of the aus, japonica and
indica sub-species and the difference in average grain Zn
concentration between the minor (32.1 pg Zn g~') and major
(23.2 ug Zn g7 allele groups at this QTN is 8.9 ug Zn g~!
(+38%). This contrasts with the estimated QTN effect of
3.69 ug Zn g~! obtained by the multi-locus analysis. This
would indicate a strong over-estimation of QTN effects
if individual loci are investigated in isolation and that the
multi-locus model may provide lower but more realistic esti-
mates of QTN effects.

Other QTL or GWA studies have identified loci on chro-
mosome 11 (summarized by Swamy et al. 2016, 2018) but
these do not overlap with QTN_11.3 identified here. Con-
versely, we did not detect an otherwise commonly identi-
fied locus on chromosome 7 that is potentially linked to the
OsNAS3 gene considered a prime candidate for increasing
grain mineral concentration (Johnson et al. 2011). Pre-
dicted gene models for the candidate region at QTN_11.3
(28.681-28.798 Mbp) did not contain genes previously asso-
ciated with Zn metabolism or transport. Instead, a cluster of
11 genes belonging to the glucosyl hydrolase family (class
IIT chitinase homologs or xylanase inhibitors) were present.
However, it is beyond the scope of this paper to further ana-
lyze any potential role of these genes.

Whereas several QTL and GWAS studies have been
reported in the literature this is only the second report
applying GP for grain Zn concentrations in rice. In

@ Springer
257



2276

Theoretical and Applied Genetics (2022) 135:2265-2278

contrast to the work by Baertschi et al. (2021) that focused
on assessing the potential of GP models for early selection
of families to improve upland rice synthetic populations,
the aim of the GP approach taken here is to predict grain
Zn concentrations of gene bank accessions in lowland rice.
If successful, this would allow for a very efficient search
of potential new donors for high grain Zn concentrations.
The prediction accuracy of 0.51 achieved in this study is
similar to the PA ranging from 0.33 to 0.69 in wheat (Velu
et al. 2016), of 0.43-0.73 reported for maize (Mageto et al.
2020) and of 0.51 in upland rice (Baertschi et al. 2021).
The present study was conducted in two low-input farmers’
fields rather than under the more controlled conditions one
may encounter on research farms and that the PA achieved
here is comparable to PAs reported from research farms
is further suggestive of GP being a suitable approach for
identifying potential donors from gene banks. It is further-
more noteworthy that the GP model based on field data
from Madagascar was able to reliably predict (r=0.74)
grain Zn concentrations of the confirmation set that had
been grown on the IRRI farm in the Philippines, which
represents a more favorable environment compared to the
low-input farmers’ fields providing the data for the training
set. Thus, the confirmation outside the training environ-
ment lends further credibility to the predictive ability of
GP for grain Zn concentrations.

Such robustness across environments would offer
options to further economize resources through sparse
testing of only part of the entire training set at each site or
environment. Baertschi et al. (2021) suggested optimiz-
ing the GP scheme by evaluating small training sets and
using phenotypic correlation between sites to calibrate
the model, and in their case the phenotypic correlation
for grain zinc concentration between sites (r*>0.41) was
similar to what was achieved here.

In a review of genomic approaches to biofortification
of cereals, Ko¢ and Karayigit (2021) concluded that con-
ventional breeding would be the most sustainable, low cost
and easily adoptable strategy. Our results concur inasmuch
none of the QTN identified would be influential enough
to be rapidly employed in marker-assisted selection. How-
ever, the success of GP in predicting grain Zn concen-
trations, here of gene bank accessions, but elsewhere in
a rice breeding population (Baertschi et al. 2021), may
offer opportunities, especially where genomic selection
of other traits is already practiced. It should furthermore
facilitate utilizing the high-Zn donors identified here, as
breeders may be reluctant to employ such exotic mate-
rial in a conventional elite breeding program. As efforts
are under way to mainstream biofortification traits in crop
breeding (Virk et al. 2021), it seems worthwhile to include
grain Zn concentrations as one of the traits targeted in
genomic selection.
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Conclusions

Data obtained from field experiments conducted in Mada-
gascar enabled us to successfully predict grain Zn con-
centrations among a set of gene bank accessions, thereby
identifying potential donors for use in Zn biofortification
breeding. The most promising donors all belonged to the
aus sub-species of rice and to significantly increase Zn
concentrations in the lowland rice breeding pool, which
is predominantly belonging to the indica sub-species, it
appears necessary to rely on aus introgressions. Donor of
the aus group has been used repeatedly for the introgres-
sion of major abiotic stress tolerance loci through their
marker-assisted introgression. This approach is less likely
to be successful for the improvement of grain Zn concen-
trations as none of the identified loci identified here or
elsewhere appear strong enough to raise grain Zn con-
centrations by the targeted 50% or more. Being a poly-
genic trait, the improvement of grain Zn concentrations
would likely require the transfer of many small-effect loci
simultaneously. Since we have shown the suitability of
GP in identifying high-Zn donors, it can be expected that
breeding populations developed from such donors could
achieve target grain Zn concentrations if a similar genomic
selection approach was used during the variety develop-
ment process.
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