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Abstract

Background: Soil phosphorus (P) deficiency is one of the major limiting factors to crop production. The
development of crop varieties with improved P use efficiency (PUE) is an important strategy for sustainable
agriculture. The objectives of this research were to identify quantitative trait loci (QTLs) linked to PUE traits using a
high-density single nucleotide polymorphism (SNP) map and to estimate the epistatic interactions and environmental
effects in rice (Oryza sativa L).

Results: We conducted a two-year field experiment under low and normal P conditions using a recombinant inbred
population of rice derived from Zhenshan 97 and Minghui 63 (indica). We investigated three yield traits, biomass
(BIOM), harvest index (HI), and grain yield (Yield), and eight PUE traits: total P uptake (PUP), P harvest index (PHI), grain P
use efficiency (gPUE) based on P accumulation in grains, straw P use efficiency (strPUE) based on P accumulation in
straw, P use efficiency for biomass (PUEb) and for grain yield (PUEg) based on P accumulation in the whole plant, P
translocation (PT), and P translocation efficiency (PTE). Of the 36 QTLs and 24 epistatic interactions identified, 26 QTLs
and 12 interactions were detected for PUE traits. The environment affected seven QTLs and three epistatic interactions.
Four QTLs (gPHIT and gPHI2 for PHI, gPUEg2 for PUEg, and gPTES for PTE) with strong effects were environmentally
independent. By comparing our results with similar QTLs in previous studies, three QTLs for PUE traits (gPUPT and
gPUP10 for PUP, and gPHI6 for PHI) were found across various genetic backgrounds. Seven regions were shared by QTLs
for yield and PUE traits.

Conclusion: Most QTLs linked to PUE traits were different from those linked to yield traits, suggesting different genetic
controls underlying these two traits. Those chromosomal regions with large effects that are not affected by different
environments are promising for improving P use efficiency. The seven regions shared by QTLs linked to yield and PUE
traits imply the possibility of the simultaneous improvement of yield and PUE traits.
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Background

Phosphorus (P) is an important nutrient for crops. Low
levels of available P in soils and P use efficiency (PUE)
are becoming the two major constraints for crop pro-
duction. The addition of P to soils increases crop pro-
duction costs, exhausts non-renewable P resources, and
causes environmental problems [1-3]. Therefore, it is de-
sirable to develop cultivars with high PUE.

Phosphorus use efficiency is improved by increasing
both P uptake and use efficiencies [3,4]. For crops, P de-
ficiency may be attributed to low total P content or low
available P in soils; with respect to the latter, soils con-
tain considerable amounts of P, but a large proportion is
soil bound or in the organic form, and thus cannot be
utilized by plants [5]. Therefore, improving PUE can be
approached by various strategies. For soils with low total
P content, strategies include regular applications of small
doses of P and the improvement of internal PUE. Under
P deficiency, crops have the ability to obtain more P
through increasing the activities of enzymes involved in
P scavenging and recycling and by altering respiratory
electron transport and other metabolic pathways [1,6].
For soils with high unavailable P content, the most
common strategy is the increase in P uptake efficiency
through the proliferation and extension of plant roots,
including the selection of deep rooting, thick roots, and
strong root penetration ability [5]. Most investigations
have focused on increasing P acquisition abilities by im-
proving features such as root traits, root exudates, my-
corrhiza, and high-affinity P transporters [7-10].

Among several parameters often investigated for P ac-
quisition ability, P uptake (PUP) is an integrative trait
that directly reflects a plant’s ability to acquire P. For ex-
ample, Wissuwa et al. [3] used PUP to estimate P uptake
efficiency and identified a major quantitative trait locus
(QTL) named Pupl on chromosome 12 of rice. Further
studies have shown that Nipponbare near-isogenic lines
carrying Pupl could increase PUP in a severely P-deficient
field, relative to the recurrent parent Nipponbare [11].
The high yield of modern rice varieties is mainly attrib-
uted to the high harvest index and great PUE for grain
yield, which are due to the plants’ ability to mobilize P
from vegetative to reproductive tissues [12]. However, the
genetic relationship between grain yield formation and the
traits associated with P uptake, re-translocation, and parti-
tioning in plants have rarely been reported in previous
studies [13,14].

Genome mapping can be used to locate the QTLs
linked to PUE traits, which are controlled by multiple
genes and show the genetic characteristics of quantita-
tive traits [8,15,16]. In recent decades, QTLs for PUE
and tolerance to P deficiency have been identified in rice
[3,17], wheat [18], maize [19,20], and soybean [21,22].
Those studies mainly used two approaches. First, they

Page 2 of 15

focused on indirect traits, such as relative growth, rela-
tive tiller, root traits, shoot dry weight, and relative
yield. Second, they investigated trait performance under
P deficient conditions [8,17,23,24]. However, traits dir-
ectly related to PUE, such as PUE for grain yield (PUEg),
P harvest index (PHI), and P translocation efficiency
(PTE), which are based on P uptake, grain yield, and bio-
mass production, have rarely been used for evaluating and
mapping QTLs [4,18,19].

Although dozens of QTLs have been identified in a sin-
gle growing season in plants experiencing P-starvation,
few QTLs have been detected in different years at the
same or different locations, or in different genetic popula-
tions. Hence, as most traits are profoundly influenced by
many genes and show various genotypes due to environ-
mental interactions, few QTLs can be used to improve
PUE [25]. Those QTLs detected for PUE traits or toler-
ance to P deficiency may be specifically functional or only
fully expressed in a given environment. Furthermore, most
previous investigations were carried out under controlled
conditions or based on small crop populations with small
experimental field plots [3,18,26]. Bray [27] emphasized
that controlled conditions can never fully mimic field sce-
narios because crop plants grown in the field may face
multiple abiotic and biotic factors. Therefore, more inves-
tigations on QTLs linked to PUE traits should be per-
formed in several different environments.

Most QTL identifications in previous studies were based
on linkage maps using restriction fragment length po-
lymorphism (RFLP) and simple sequence repeat (SSR)
markers. In those maps, sparse markers in many regions
made it impossible to obtain precise and complete infor-
mation about the number and locations of the QTLs [28].
The QTLs for PUE traits and P-deficiency tolerance in the
previous studies were often located over a large confi-
dence interval in RFLP/SSR maps, which complicated
identification when there were several minor QTLs closely
linked in the interval. Recently, new markers, such as sin-
gle feature polymorphism (SFP) [29] and single nucleotide
polymorphism (SNP) [28,30,31], have been used for QTL
identification. These methods have facilitated the con-
struction of high-density genetic maps, and have allowed
precise and effective detections of QTLs in soybean, rice,
and maize.

In most pervious reports, PUP was often used for esti-
mating the P acquisition efficiency from soils; however
PUEg or PUE for total biomass (PUEb) at maturity are
better indicators in terms of biomass or grain yield. To
investigate the physiological mechanisms of PUE, Rose
and Wissuwa [32] suggested that it is preferable to dis-
sect PUE into plant components, such as grain PUE
(gPUE) and shoot PUE (strPUE). In addition, there is
also significant P remobilization from leaves and stems
during grain development to the developing grains [13].
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Moreover, PHI is considered a parameter for PUE [33].
These three parameters, i.e.,, PHI, P translocation from
stems to grains (PT), and P translocation efficiency (PE),
are used to reflect P translocation from stems to grains
during grain filling, which is associated with grain yield.
In this study, a recombinant inbred population derived
from a cross between Zhenshan 97 and Minghui 63,
along with a high-density SNP bin map from Yu et al
[28], were used to locate QTLs linked to yield and eight
PUE traits under two P application rates. The main ob-
jectives of the present study were (1) to locate QTLs for
PUE traits and (2) to investigate the genetic relationship
between PUE traits and yield traits and their stability
across environments.

Methods

Plant materials and field experiments

The recombinant inbred line (RIL) population used in
the study was derived by single-seed descent from a
cross between two elite rice lines of indica subspecies,
Zhenshan 97 and Minghui 63, the parents of Shanyou
63, the most widely cultivated hybrid in China [28,34].
Lines with too short a growth duration and with very
low grain yield were not used for the field experiments
because it is less significant to estimate PUE traits based
on low grain yield or biomass from the viewpoint of
crop production. Additionally, our experiment investi-
gated PUE traits in large plots under real conditions for
rice production. Thus, a total of 113 lines, plus the two
parents, were used for the field experiments in 2008 and
2009.

The field experiments were carried out in the farmers’
field in Dajin town, Wuxue city, Hubei province, China
(29°51' N, 115°33" E) during the rice-growing season
from May to October in 2008 and 2009. The soil type
was gleyed paddy soil, and it exhibited the following prop-
erties in the top 25 cm: pH 5.20, 25.89 g kg™* organic C,
157 g kg™* total N, 5.35 mg kg™ available Olsen-P, and
54.93 mg kg™' exchangeable K.

The experiments were conducted following a rando-
mized complete block design with three replicates. Each
replicate contained two P application rates: low P (with-
out P fertilizer) and normal P applications (with pure P
of 40 kg ha™', equal to 92 kg P,O5 ha™1). All the P was
applied as basal fertilizer in the form of calcium super-
phosphate one day before transplanting. To support high
grain yield, a total of 135 kg N ha™' in the form of
urea was applied three times: 54 (40%) kg ha™" as basal
fertilizer, 40.5 (30%) kg ha™* 15 days after transplanting
(DAT), and 40.5 (30%) kg ha™' 25 DAT. Potassium
(100 kg K ha™! as potassium chloride) was applied two
times: 50 kg ha ' as basal fertilizer and 50 kg ha™' 25
DAT. Zinc (5 kg Zn ha™') was applied in the form of
zinc sulfate heptahydrate as basal fertilizer. Under the
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low P application, the applications of the other fertil-
izers were the same as those under the normal P appli-
cation. All the fertilizers were applied during an early
growth stage.

In both years, seeds were sown in nursery plastic
plates on 17 May and the seedlings were transplanted on
15 June. Each line was transplanted to plots with a spacing
0of 0.20 x 0.17 m and an area of 8.2 m?. Each plot included
14 rows with 16 hills per row and three 27-day-old seed-
lings per hill. To minimize seepage between the P applica-
tions, the main plots were separated with double bunds to
prevent water flow, and all the bunds were covered with
plastic film, extending to a depth of 20 cm below the soil
surface. To avoid loss and movement of the fertilizers, the
plots were not drained during the duration of the ex-
periment. A flood-irrigation system was adopted, which
followed high-yield agricultural practices according to
the local rice production. Pests, diseases, birds, and weeds
were intensively controlled.

Sampling and measurements

At the heading of the plants from each line (plot), eight
uniform plants were sampled (excluding the border plants).
The plants were separated into leaves and stems (in-
cluding culms, sheaths, and young panicles). At matur-
ity, twelve uniform plants were harvested from the
middle of each plot. All the panicles were collected and
hand-threshed, and then all the grains were divided
into filled and unfilled groups by submerging them in
tap water. All the leaves, stems (culms and sheaths), ra-
chis, and filled and unfilled grains were separately col-
lected and oven-dried at 80°C until a constant weight
was achieved. The grain yield (Yield, g m™>) was re-
ported at a 14% moisture content basis. The harvest
index (HI, %) was calculated as the ratio of grain dry
matter to total aboveground biomass (BIOM, g m™?).
The BIOM, Yield, and HI were considered as yield
traits in the study.

Measurements of P concentration

The oven-dried leaves, stems, and filled grains were sep-
arately grinded into powders and mixed thoroughly, and
each powder was passed through a 1-mm sieve. Ap-
proximately 0.2 g of each sample powder was digested
with sulfuric acid and hydrogen peroxide to determine
the P concentration spectrophotometrically according to
the molybdenum blue method [35], using a continuous-
flow analyzer (FUTURA, Alliance Instrument, France).
The P concentration was calculated based on dry weight.

Definitions of PUE traits

Eight PUE traits were calculated, as described by Dordas
[13], Jones et al. [33], and Rose and Wissuwa [32]. The P
accumulation of each plant part (including leaves, stems,
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and grains) is the product of the part’s dry weight and its
corresponding P concentration. The P uptake at matur-
ity (PUP, g m™2) is the sum of the accumulations in the
various plant parts per m> The P harvest index (PHI, %)
is the ratio of the grain P accumulation to the total P ac-
cumulation of the aboveground parts at maturity. The
grain PUE (gPUE, g g ") is defined as the filled grain dry
weight per g P in grains. The straw PUE (strPUE, g g ')
is defined as the straw dry weight per g P in straw at ma-
turity. The PUE for biomass (PUEb, g g™) is defined as
the total aboveground biomass per g P accumulated in
the whole plant at maturity. The PUE for grain yield
(PUEg, g g ") is defined as the grain yield per g P accu-
mulated in the whole plant at maturity. The P transloca-
tion from stems to grains (PT, g m?) is calculated as the
leaf and stem P accumulations at heading minus those
at maturity. The P translocation efficiency (PTE, %) is
defined as the ratio of PT to P accumulation at heading.
A network diagram for the investigated PUE traits are
presented in Figure 1.

Phenotype data analysis

The means over three replicates were used for all the
statistical analyses, which were conducted using SAS 9.1
(North Carolina, USA). The broad-sense heritability
(h3, %) based on the RILs was estimated according
to the following formula: /43 = 0;/(0; + oze/e + a2lre),
where r is the number of replicates per year, e is num-
ber of environments (years), a§ is the genetic variance,
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oﬁe is the variance of genotype due to environmental in-
teractions, and o7 is the residual variance [36].

Construction of genetic linkage map and QTL detection

A high-density bin map based on SNP, as described by
Xie et al. [37] and Yu et al. [28], was constructed. The map
consisted of 1619 recombination bins, covering all chro-
mosomes without missing data and spanning 1625.5 cM in
length, with an average interval of 1.0 cM between adjacent
SNP markers. All the markers were used for the QTL map-
ping analysis in this study. Due to the large number of
SNP markers, the markers not involved in candidate QTLs
or epistatic interactions were removed from the genetic
map figures.

As revealed by the analysis of variance, the different P
applications (low and normal) and study years (2008 and
2009) had different effects on the traits. Thus, the four
combinations of these factors (two years and two P ap-
plications) were considered as four environmental fac-
tors (el and e2 represented low P in 2008 and 2009; e3
and e4 represented normal P in 2008 and 2009). The
mean of three replicates of each P application and each
year were considered as the phenotypic score for each
environment. All of the phenotype data were normally
distributed and directly used for the QTL detection with-
out any transformations. The QTL detection was per-
formed with the QTLNetwork-2.0 software (Institute of
bioinformatics, Zhejiang University, Hangzhou, China,
Yang and Zhu 2005) based on a mixed linear model [38].
Composite interval analyses were conducted with a 10 cM
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Figure 1 The three yield traits and eight P use efficiency traits and their inter-relationships. gPUE: P use efficiency for grain yield based on
P accumulation in grains, PT: P translocation, PTE: P translocation efficiency, PUP: total aboveground P uptake, PUEb: P use efficiency for
biomass accumulation, PUEg: P use efficiency for grain yield, strPUE: P use efficiency for straw dry weight based on P accumulation in straws.
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window size and a 0.5 ¢cM walking speed. One thousand
permutations were performed for each trait to calculate a
critical F value at P<0.05. The Monte Carlo Markov
Chain was applied to estimate the QTL effects. A QTL
was declared if the phenotype was associated with a
marker locus at P <0.005. The QTL naming followed the
procedure presented by McCouch et al. [39]. Additive x
additive effects (aa), additive x environment interactions
(ae), and additive x additive x environment interactions
(aae) were separately estimated using the QTL location
software.

Individual and multi-environment (el, e2, €3, and e4)
combined analyses were performed, and the locations
and effects of the QTLs were compared between individ-
ual and combined analyses. The locations and effects of
QTLs were reported, as well as the epistatic interactions
detected by the combined analysis across the four envi-
ronments. Additionally, we also clarified the individual
environments for which similar QTLs for a given trait
were identified in the same or neighboring region by in-
dividual environment analysis.

Results

Phenotypic variation

Under both low and normal P conditions in both two
years, Minghui 63 had higher BIOM, Yield, PUP, PUEb,
and PT, but lower HI, PHI, PUEg, and PTE than
Zhenshan 97 (Table 1). With the exception of PUEg
and PT for Zhenshan 97 under low P, the two parents
had higher BIOM, HI, Yield, PUP, PHI, PUEg, PT, and
PTE in 2008 than in 2009 under both P applications.
Under low P, the PHI, gPUE, strPUE, PUEb, PUEg, and
PTE of the two parents were higher than under normal
P in both years. Minghui 63 had a higher PT under low
P compared with under normal P; however, the oppos-
ite was true for Zhenshan 97.

All the traits varied widely under both the low and
normal P applications in both years (Table 1), and the
transgressive variations were both positive and negative.
The broad-sense heritabilities for all 11 traits varied
widely, ranging from 54.9% for gPUE to 90.9% for BIOM
under low P, and from 58.7% for PT to 86.9% for BIOM
under normal P (Table 1). Generally, BIOM, PUP, and
PTE had high heritabilities, whereas gPUE, PUEg, and
PT showed low heritabilities. The 11 traits varied signifi-
cantly with year, P level, and genotype (Table 2).

Correlation among various traits

For all traits, significant positive correlations were ob-
served between low and normal P applications in 2008.
Similar correlations were also found in 2009. These cor-
relations ranged from 0.40 for gPUE to 0.90 for both
Yield and HI in 2008, and from 0.64 for PUEDb to 0.93
for HI in 2009 (Table 3). Significant positive correlations
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were also found between all trait values from 2008 to
2009 under both P applications.

The main inter-relationships among the 11 inves-
tigated traits are presented Figure 1. Generally, three
yield traits were significantly correlated with PUE traits
(Table 3). There were similar correlations among the
eight PUE traits under low and normal P applications
in both years, separately. Under both the low and nor-
mal P applications, PUP was negatively correlated with
strPUE, PUED, and PTE in each year; however, PUP was
negatively correlated with PHI and PUEg in 2009 only.
Moreover, PHI was positively correlated with strPUE,
PUEDb, PUEg, PT, and PTE. Under the two P applications,
gPUE was positively correlated with PUEb and PUEg in
each year. Positive correlations between strPUE and PUEb
and between PUEg and PTE under the two P applications
in each year were found. Under the two P applications
in each year, PUEb was positively correlated with PUEg
and PTE, and PUEg was positively correlated with PT
and PTE.

QTL detection

Based on the multi-environment combined analysis, a
total of 36 QTLs were detected for the 11 investigated
traits (Table 4), 26 of which also detected in the similar
regions by individual environment analysis. Compared
with the QTL locations determined by individual envir-
onment analysis, seven of the 36 QTLs were simultan-
eously detected in both years, 14 were simultaneously
detected in different P applications, and 16 were located
in 2 or more individual environments.

QTLs for BIOM

Five QTLs for BIOM were detected, and they explained
34.0% of the total phenotypic variation (Table 4 and
Figure 2). Minghui 63, the parent with a high BIOM
value, contributed alleles at three QTLs (¢gBIOM?7,
gBIOM10, and gBIOM11), and Zhenshan 97 provided
two alleles at the other two QTLs. Two QTLs (gBIOM2
and gBIOM?) exhibited interactions with the e4 envir-
onmental factor (normal P in 2009), and each inter-
action explained 0.5% and 0.4% of the total variation,
respectively. Except for gBIOM2, the remaining four
QTLs were detected in two environments across two
years.

QTLs for HI

Three QTLs for HI were mapped and collectively ex-
plained 20.5% of the total phenotypic variation. Minghui
63, with a lower HI relative to Zhenshan 97, provided
the two alleles at gHI1 and gHI11, which explained
17.1% of the total variation. The QTL gHI11 was also
detected in the environment e4, and it had a significant
interaction with the environment.
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Table 1 Mean, range, and heritability for yield and P use efficiency traits of the population
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Trait Year Parents RILs
Minghui63 Zhenshan97 LSDg 05 Mean Min Max Skew Kurt h3

Low P

BIOM 2008 1585 819 378 1224 715 1678 0.15 1.08 90.9

(€] m?) 2009 1391 795 146 1211 789 1468 -0.74 0.71

HI 2008 441 483 77 40.7 27.7 516 -0.16 0.00 67.5

(%) 2009 364 439 15.2 40.0 24.8 514 -0.51 0.12

Yield 2008 813 464 255 580 335 1000 0.67 1.15 722

@m™) 2009 587 407 217 558 163 783 -0.59 1.20

PUP 2008 3.83 2.13 0.93 3.17 2.05 494 046 1.98 85.0

@m™) 2009 3.02 1.83 125 2.75 1.89 345 —0.61 024

PHI 2008 64.3 726 3.1 58.7 36.2 74 -037 -0.20 743

(%) 2009 56.5 63.0 25.1 574 186 73.7 -0.91 1.83

gPUE 2008 285 260 108 270 221 351 0.84 1.16 54.9

gg™ 2009 304 311 109 309 255 404 0.55 1.09

strPUE 2008 650 730 199 582 394 862 0.61 -0.30 774

[(¢] g’]) 2009 743 695 575 666 463 1005 0.62 0.01

PUEb 2008 415 388 124 390 330 490 0.69 029 75.7

(6] gﬁ) 2009 472 447 188 447 367 573 0.68 0.75

PUEg 2008 213 219 92 184 121 254 0.22 -0.25 67.6

gg™ 2009 204 230 157 207 55 295 -049 1.51

PT 2008 1.94 0.98 0.57 149 0.68 218 0.21 0.18 70.2

@m™) 2009 1.63 1.16 039 1.29 043 2.06 —-033 -0.21

PTE 2008 61.0 76.5 10.1 61.0 254 80.2 -043 038 80.9

(%) 2009 585 76.1 26.3 583 164 79.0 -0.95 1.05

Normal P

BIOM 2008 1610 810 200 1269 801 1704 -049 1.00 86.9
2009 1395 790 277 1232 808 1513 -0.78 0.97

HI 2008 425 50.7 6.3 40.8 27.7 500 -0.24 -044 723
2009 318 44.8 538 389 232 496 -0.54 -0.14

Yield 2008 796 479 148 600 197 908 0.07 1.20 69.4
2009 514 409 83 553 179 757 -0.57 0.76

PUP 2008 430 256 0.76 349 224 4.73 0.01 094 838
2009 3.78 2.22 0.73 3.29 2.29 4.21 -0.09 -0.28

PHI 2008 59.1 67.8 48 54.8 350 704 -0.21 -052 78.2
2009 427 56.7 4.0 50.0 144 68.0 —-0.70 091

gPUE 2008 271 239 89 273 217 343 0.38 0.52 76.1
2009 274 284 65 292 236 332 0.20 —-0.24

strPUE 2008 530 484 106 492 304 757 052 031 81.2
2009 438 457 70 474 326 664 045 -0.30

PUEb 2008 377 317 81 364 272 469 0.23 1.75 80.4
2009 368 359 61 377 300 465 027 001

PUEg 2008 187 188 63 173 88 231 -0.10 0.09 735
2009 136 187 45 170 45 246 -0.57 0.76
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Table 1 Mean, range, and heritability for yield and P use efficiency traits of the population (Continued)

PT 2008 1.68 1.55 1.23 1.55 0.79 248 0.09 -0.08 587
2009 1.39 127 0.29 144 0.36 2.28 -0.68 0.81

PTE 2008 500 758 236 56.5 298 773 -049 -0.28 80.9
2009 412 66.7 13.1 516 134 76.0 -0.83 0.55

BIOM: total aboveground biomass, HI: harvest index, gPUE: P use efficiency for grain yield based on P accumulation in grains, PHI: P harvest index, PT: P
translocation, PTE: P translocation efficiency, PUP: total aboveground P uptake, PUEb: P use efficiency for biomass accumulation, PUEg: P use efficiency for grain
yield, strPUE: P use efficiency for straw dry weight based on P accumulation in straw, hz% broad heritability.

QTLs for Yield

Two QTLs were identified for Yield, and they jointly ex-
plained 11.2% of the total phenotypic variation. The
QTL gYield2 with the low-score parent Zhenshan 97 al-
lele had a large effect and contributed 8.1% of the total
variation. The other QTL, which had the Minghui 63 al-
lele, contributed 3.1%. The QTL gYield2 was mapped in
three individual environments. The QTL gYield2 were
detected in three environments across two years.

QTLs for PUP

Three QTLs for PUP were identified and explained
13.6% of the total phenotypic variation. Among these
three QTLs, the two alleles at gPUP7 and gPUPI0 were
from Minghui 63, which had a higher PUP than Zhen-
shan 97. The QTLs gPUPI and qPUPIO were identified
in multiple environments.

QTLs for PHI

Four additive QTLs for PHI were found, and they col-
lectively accounted for 42.8% of the total phenotypic
variation. The contribution of each QTL ranged from
2.6% to 20.0%. Minghui 63 provided the alleles at two
QTLs, gPHII and gPHI11. The alleles for increasing PHI
at the other two QTLs, gPHI2 and gPHI6, were from
Zhenshan 97. The gPHI1 with the Minghui 63 allele ex-
plained 15.8% of the total variation, whereas the gPHI2
with the Zhenshan 97 allele contributed 20.0%. A signifi-
cant interaction was detected only between gPHII11 and
e4. The two QTLs on chromosomes 1 and 6 were found
in two environments simultaneously.

QTL for gPUE

Only one QTL, qgPUE4, was identified for gPUE. It was
located in the region BIN680—BIN681 on chromosome 4
and explained 1.4% of the total phenotypic variation.

QTLs for strPUE

For strPUE, three QTLs were verified on chromosomes
1 and 2, and together they accounted for 15.1% of the
phenotypic variation. The Minghui alleles at two QTLs
(gstrPUE1-1 and gstrPUEI-2) and the Zhenshan97 allele at
qstrPUE2 increased strPUE. The two QTLs (gstrPUEI-2
and gstrPUE2) were detected in three environments across
two years.

QTL for PUEb
Only one QTL (gPUED2) controlling PUEb on chromo-
some 2 was detected, and it explained 6.4% of the phe-
notypic variation. This QTL was only found in a single
environment.

QTLs for PUEg

Five QTLs were detected for PUEg, collectively account-
ing for 32.6% of the phenotypic variation. The QTL
(qPUEg2) on chromosome 2 had large additive effect,
accounting for 13.4% of the phenotypic variation. The
alleles for increasing PUEg came from both Minghui 63
at three QTLs (qPUEgl, qPUEg11, and gPUEg12) and
Zhenshan 97 at two QTLs (¢PUEg2 and qPUEg6). Two
QTLs (qPUEgI1 and gPUEg12) had significant interac-
tions with the environment. Three QTLs were located
in individual environments simultaneously.

Table 2 Analysis of variance for yield and P use efficiency traits

Source df F-value

BIOM HI Yield PUP PHI gPUE strPUE PUEb PUEg PT PTE
Year (Y) 1 19.5%* 153.7%% 145.9%* 272.0% 115.1%% 373.8** 33.0%* 282.4%% 74.8%% 84.0%* 82.4**
P level (P) 1 36.9%% 13.8** 7.2%% 516.8** 395.6% 22.5%% 605.7** 515.5%* 405.5%* 356 177.1%%
Genotype (GQ) 112 26.8%* 56.0%* 37.1%% 12.1%% 25.1%% 5.2%% 8.1%* 5.9%* 18.8%* 7.8%* 19.5%*
YxP 1 30 24.7%% 21.3% 31.6" 38.5%* 31.9% 78.4%* 109.7%* 116.8%* 5.0% 8.5%
YXG 112 2.2%% 16.1%* 10.2%* 1.2 5.6%* 1.4%% 1.5%% 1.0 5.1% 2.5%* 2.9%*
PxG 112 0.8 1.7%% 1.4% 1.1 1.1 1.1 1.0 12 1.1 1.5%* 1.1
YXPXG 112 09 1.2 10 038 0.7 09 05 06 038 09 1.0

See Table 1 for abbreviations. * and **Indicate significance at P=0.05 and P=0.01, respectively.
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Table 3 Correlations among yield and P use efficiency traits

Trait BIOM HI Yield PUP PHI gPUE strPUE PUEb PUEg PT PTE
2008

BIOM 0.89%*® 0.14 0.76** 0.77%* 0.14 0.39%* 0.24* 0.42%* 0.371%* 0.03 —0.32**
HI 0.10 0.90** 0.74%* 0.01 0.85** 0.15 0.48** 0.19% 0.86** 0477 0.50%*
Yield 0.76** 0.71%* 0.90** 0.53** 0.63** 0.36** 0.46** 0.39%* 0.76** 0.30** 0.1
PUP 0.78** 0.11 0.63** 0.74** -0.17 0.07 —0.31%* —0.25** -0.13 -0.07 —0.57**
PHI 0.12 0.83** 0.60** —-0.04 0.86** -0.09 0.81* 0.45% 0.89** 0.39** 0.66**
gPUE 0.18 0.05 0.16 -0.15 —0.24** 0.40** 0.07 0.49** 0.37%* 0.03 -0.12
strPUE 0.22% 042%* 0.40%* —0.25%* 0.78** 0.01 0.78** 0.82** 0.79** 0.26** 0.58**
PUEb 0.28** 0.01 0.18 -0.36"* 0.25%* 0.53** 0.73%* 0.56** 0.65** 0.12 0.31%
PUEg 0.23% 0.82%* 0.68** -0.12 0.81%* 0.36** 0.76** 0.57%* 0.80** 0.38** 0.56**
PT 0.27%* 0.24* 0.37%* 0.21* 0.20* 0.1 0.16 0.10 0.26** 0.59%* 0.75%*
PTE —0.29%* 045* 0.10 -048** 0.62%* -0.03 0.59** 0.32%* 0.56** 0.57** 0.82**
2009

BIOM 0.89** -0.13 0.51* 0.73** -0.08 0.30** 0.17 0.36** 0.04 0.00 —0.32**
HI -0.11 0.93** 0.78** —0.33** 0.91%* 0.18 0.53** 0.27%* 0.91%* 0.63** 0.73%*
Yield 0.49%* 0.81** 0.90** 0.18 0.73%* 0.34** 0.55%* 0.44** 0.87** 0.55% 0.44**
PUP 0.77%* -0.18 0.3** 0.78** —0.42** -0.08 —0.44** —0.37** —0.42%* —0.35%* —0.67**
PHI -0.06 0.93** 0.76** —0.25** 0.90** -0.02 0.79%* 0.47%* 0.92** 0.68** 0.81**
gPUE 0.12 0.25%* 0.30** —0.28** 0.10 0.70** 0.14 0.52%* 0.37%* 0.18 0.09
strPUE 0.1 0.56** 0.54** —0.38** 0.77%* 0.28** 0.76** 0.85** 0.79** 0.60** 0.68**
PUEb 0.22% 0.11 0.21* —044** 0.29%* 0.61** 0.76** 0.64** 0.64** 0.47%* 047
PUEg 0.00 0.89%* 0.78** —0.35% 0.91** 0.50** 0.82%* 0.54** 0.88** 0.70%* 0.78**
PT 0.29%* 0.59%* 0.69%* 0.15 0.56%* 0.19* 0.37%* 0.14 0.56** 0.67** 0.89%*
PTE —0.24** 0.80** 0.56** —046"* 0.83** 0.28** 0.65** 0.34** 0.83** 0.74** 0.84**
Between 2008 and 2009

Low P 0.85%* 0.52%* 0.57%* 0.76** 0.60** 0.38** 0.63** 0.61%* 0.54** 0.55** 0.69**
Normal P 0.78** 061** 0.57** 0.73%* 0.67** 0.63** 0.69** 0.68** 0.63** 042** 0.70**

See Table 1 for abbreviations.

The bold value in the diagonal indicates correlations between low and normal P values for an identical trait. The values below the diagonal are correlations under
the low P application, and the values above the diagonal are correlations under the normal P application.

* and **Indicate significance at P=0.05 and P =0.01, respectively.

QTLs for PT

For PT, three QTLs (gPT2, gPT5, and gPT8) were detec-
ted on chromosomes 2, 5, and 8, accounting for 14.5%
of the phenotypic variation (Table 4). At these three loci,
the alleles from Zhenshan 97 increased the trait. All
these QTLs were detected in individual environments.

QTLs for PTE

Six QTLs for PTE were detected on chromosomes 1, 2,
5, 8, and 12, and they accounted for 34.1% of the pheno-
typic variation. The Minghui 63 alleles increased PTE at
the three QTLs (qPTEI-1, gPTE1-2, and gPTE12), and
the Zhenshan 97 alleles increased the trait score for the
remaining QTLs (gPTE2, qPTES, and gPTES). The QTL
qPTE2 had a significant interaction with the environment.

Among the six QTLs, four were identified in individual
environments.

Co-location and cluster of QTLs

Thirty-one QTLs were mapped on the same location or
clustered in 12 intervals, respectively (Table 5). There
were three regions on chromosome 1. The Minghui 63 al-
leles on two regions (BIN59-BIN61 and BIN143-BIN161)
increased the phenotypic score, whereas the region
BIN31-BIN47 covered favorable alleles from the two par-
ents. There were three regions on chromosome 2 in which
alleles from Zhenshan 97 increased the phenotypic score.
The other six regions were located on chromosomes 5, 7,
8, 10, 11, and 12. Among the six regions, Zhenshan 97
contributed alleles for increasing phenotypic score to two
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Table 4 Candidate QTLs and their interactions with environment for yield and P use efficiency traits determined by
multi-environment combined analysis

Trait QTL Chr* Interval® Position(cM)¢  a¢ h2@@)%° ae h*(@ae)%°® Individual environment”
BIOM gBIOM1 1 BIN31-BIN32 26.1 —47.65** 86 ele3
gBIOM?2 2 BIN244-BIN245 324 —2146" 1.7 —19.55% (ae4) 05
gBIOM7 7 BINT008-BIN1009  59.2 45.50%* 7.8 17.35% (ae4) 04 e2e4
gBIOM10 10 BIN1342-BIN1343  34.0 56.95** 12.3 ele3
gBIOM11 1 BIN1497-BIN1498 924 31.02%* 3.6 ele2
HI qHI1 1 BIN59-BIN6O 629 1.85%* 9.7 e4
qHI2 2 BIN302-BIN303 79.6 —1.08** 34
qHITT 1 BIN1398-BIN1399 5.9 1.60%* 74 0.93* (ae4) 0.8 e4
Yield qYield2 2 BIN302-BIN303 79.6 —32.75% 81 eleed
qYield11 1 BIN1401-BIN1402  15.2 20.18** 3.1
PUP gPUP1 1 BIN46-BIN47 36.1 —0.10** 47 ele3
qPUP7 7 BIN1007-BIN1008 ~ 55.0 0.09%* 34 e2
gPUP10 10 BIN1348-BIN1349 377 0.171** 55 ele2e3
PHI qPHIT 1 BIN59-BIN6O 634 3.71% 15.8 e2e4
qPHI2 2 BIN310-BIN311 99.0 —4.18** 20.0
gPHI6 6 BIN838-BIN839 9.0 —1.49%* 2.6 ele3
gPHITI il BINT392-BIN1393 22 1.96%* 44 1.24* (aed) 06 e4
gPUE qgPUE4 4 BIN680-BIN681 106.6 —3.83** 14
strPUE  gstrPUET-1 1 BIN60-BING1 63.9 24,67 39
gstrPUET-2 1 BIN177-BIN178 150.8 27.62%* 49 ele3e4
qstrPUE2 2 BIN302-BIN303 79.6 =3130"% 63 e2.e3.e4
PUEb qPUEb2 2 BIN253-BIN254 395 -1136"* 64 e3
PUEg  gPUEg] 1 BIN143-BIN144 1359 6.84%¢ 36
qgPUEg2 2 BIN302-BIN303 79.6 —1327% 134 e4
gPUEg6 6 BIN946-BIN947 112.7 —7.37% 4.1
gPUEgT1 1 BIN1395-BIN1396 5.2 7.62%* 44 —4.82% (ae2) 0.6 e2e4
qgPUEg12 12 BIN1612-BIN1613  100.1 9.63** 7.1 —5.14* (ae2) 0.7 e2
PT gP12 2 BIN294-BIN295 75.7 —0.09%* 46 e4
qPT5 5 BIN709-BIN710 139 —0.09%* 49 eleed
qPT8 8 BINT130-BINT131 563 —0.09%* 50 e2e4
PTE gPTET-1 1 BIN33-BIN34 30.1 3.26%* 64 e4
gPTEI-2 1 BIN160-BIN161 140.7 2.59%* 4.0 e4
gPTE2 2 BIN310-BIN311 88.0 —4.04%* 99 —1.92% (aed) 0.7
gPTES 5 BIN708-BIN709 134 —2.71% 44 ele2
gPTES 8 BINT131-BINT132 565 —345% 7.2
qPTEI2 12 BIN1618-BIN1619  109.3 1.91%* 22 e2e4

See Table 1 for abbreviations.
#Chromosome the QTL is located on.
PThe underlined marker is closer to the QTL.

“Position (cM) denotes the genetic distance in centiMorgan between the QTL and the first marker on the relevant chromosome.
dAdditive effect, a negative value indicates that the Zhenshan 97 allele increases phenotypic score.
*Phenotypic variation explained by an additive effect.

fAdditive by environment interaction effect, e1 and e2 represent low P in 2008 and 2009, e3 and e4 represent normal P in 2008 and 2009, respectively.

9Phenotypic variation explained by an additive by environment interaction.

"The individual environment in which a QTL for the identical trait was detected by individual environment analysis and located in the same or neighboring region
listed in the fourth column.
* and **Indicate significance at P=0.05 and P =0.01, respectively.
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Figure 2 A genetic linkage map of rice showing the mapping of QTLs with additive effects and epistatic effects. The sequent SNP markers
have been sparsed according to the mapping results. The filled symbols represent the QTLs with additive effects; the open symbols represent the
non-QTL locations involved in epistatic interactions. i [\ indicate the QTLs or location detected for BIOM; ff_y for HI; 4= <= for Yield; @O for
PUP; A A for PHI; D for gPUE; # 3¢ for strPUE; Il [ for PUED; € <> for PUEg; @ for PT; and v v for PTE. Markers with arrows indicate a
QTL located in a similar region according to RFLP/SSR maps and physical positions in previous studies. Marker RM259 on chromosome 1 [8],
RM211 and RM53 on chromosome 2 [47], R1962 and RM225 on chromosome 6 [3,47], RM201 on chromosome 9 [50], R2174 and R1629 on
chromosome 10 [3], and C732 and R2672 on chromosome 12 [3,51].




Wang et al. BMC Genetics (2014) 15:155

Table 5 Chromosomal regions with pleiotropic effects on
yield and P use efficiency traits

Chromosome Interval Investigated trait®
Yield trait P use efficiency trait
1 BIN31-BIN47 BIOM(-) PUP(-), PTE
1 BIN59-BING1 HI PHI, strPUE
1 BIN143-BIN161 PUEg, PTE
2 BIN244-BIN254 BIOM(-) PUEb(-)
2 BIN294-BIN303 HI(-), Yield(-) strPUE(-), PUEg(-),
PT(-)
2 BIN310-BIN311 PHI(-), PTE(-)
5 BIN708-BIN710 PT(-), PTE(-)
7 BINT007-BIN1009 BIOM PUP
8 BIN1130-BIN1132 PT(-), PTE(-)
10 BIN1342-BIN1349 BIOM PUP
" BIN1392-BIN1402 H, Yield PHI, PUEg
12 BIN1612-BIN1619 PUEg, PTE

See Table 1 for abbreviations.
?(-) Indicates that Zhenshan 97 allele increases phenotypic score.

regions (BIN708-BIN710 and BIN1130-BIN1132), and
Minghui 63 provided alleles in the remaining four regions.
Seven of the 12 intervals contained clustered QTLs for
yield and PUE traits simultaneously.

Detection of epistatic interactions

Twenty-four digenic interactions were detected for eight
of the eleven traits (Table 6). Each interaction explained
0.4% to 10.2% of the phenotypic variation. Eighteen of
the twenty-four interactions did not involve loci with
additive effects. Of the six interactions involving additive
QTLs, three occurred between two additive QTLs. The
first occurred between the two main QTLs for PUP,
qPUP1 and gPUP7. The second additive interaction was
between QTLs for PHI and existed between the regions
BIN59-BIN60 and BIN1392-BIN1393 for PHI; QTLs
for PHI, strPUE, and HI (gPHII, gstrPUEI-1, and gHII,
respectively) were located on the former region. The
third interaction occurred between BIN160-BIN161
and BIN310-BIN311 for QTLs of PTE; the former re-
gion contained a QTL for PTE (¢gPTEI-2), and the latter
contained the QTLs gPTE2 and gqPHI2. Three signifi-
cant interactions occurred between e4 and QTLs for
BIOM, PHI, and PTE (normal P in 2009), and each aae
interaction explained 0.5%, 0.5%, and 0.8% of the pheno-
typic variation, respectively.

Discussion

Interrelationships among PUE traits

Two PUE traits (gPUE and strPUE) may be considered
as components of P use efficiency [32]. There were po-
sitive correlations among PUEb, PUEg, and gPUE, and
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among PUEb, PUEg, and strPUE (Table 3 and Figure 1).
However, we did not find any regions simultaneously
containing QTLs for PUEb, PUEg, and gPUE, or PUED,
PUEg, and strPUE. Moreover, we did not find any co-
locations of QTLs for PUEg and gPUE or for PUEb and
strPUE. Therefore, P use efficiencies based on the P stored
in a specific part of plant (such as gPUE and strPUE) is
distinct from those based on the total P in an entire plant
(such as PUEg and PUEb). No correlation occurred be-
tween strPUE and gPUE, and the co-location of QTLs for
the two traits was not observed either. This suggests that
sttPUE and gPUE are independent from each other.
Therefore, our results showed that it might be feasible to
improve gPUE and strPUE independently. The majority of
accumulated P was distributed in rice grains, and improv-
ing gPUE (such as decreasing P concentration in grains)
may therefore be a suitable option for reducing plant P
demand.

A genotype with tolerance to P deficiency is desirable,
with simultaneously high PUP and high PUE [1,3]. Nega-
tive correlations between PUP and PUEb, PUEg, gPUE,
and strPUE were observed (Table 3, Figure 1). Similar
correlations have been previously reported in rice [3]
and wheat [15,18,33]. Manske et al. [40] showed that
wheat PUEg was negatively correlated with pre-anthesis
P accumulation, but positively correlated with post-
anthesis P accumulation. In our study, PUEg was ne-
gatively correlated with pre-anthesis P accumulation
under low P conditions (r=-0.27** in 2008, —0.29** in
2009, ** indicate significance at P < 0.01) and not corre-
lated with post-anthesis P accumulation under normal
P condition. However, gPUE was negatively correlated
with post-anthesis P accumulation (r=-0.41** under
low P in 2008, —0.32** under low P and -0.38** under
normal P in 2009). Therefore, the contributions of P ac-
cumulations to PUE appear to be different at various
growth stages, depending on crop and P level.

The QTLs for PUP did not share any regions with
those for the four PUE traits based on grain yield and
biomass (PUEb, PUEg, gPUE, and strPUE). Genetic as-
sociation (close linkage and pleiotropy) and environ-
mental effects are the main causes for the correlations
between the traits [41]. Thus, the relationships between
PUP and the four PUE traits may not be directly due to
genetic association. In fact, P accumulation is involved
in root characters, P absorption, and translocation and
distributions among various parts of a plant, whereas
PUE is associated with biomass production and yield
formation, as well as with responses of a plant to P sup-
ply (Figure 1).

Relationships among yield and PUE traits
Seven regions simultaneously controlling yield and PUE
traits (Table 5) were identified. These co-locations implied



Table 6 Epistasis and epistasis by environment interaction on yield and P use efficiency traits

Trait QTL Chr Interval Position®  QTL Chr  Interval Position®  aa® h*aa)%°  aae® h*(aae)%®
BIOM 2 BIN292-BIN293 74.8 6 BIN962-BIN963 1284 —51.91%* 10.2
3 BIN375-BIN376 282 6 BIN891-BIN892 522 —26.30% 26
3 BIN413-BIN414 76.2 4 BIN562-BIN563 82 —29.30%* 32
3 BIN413-BIN414 76.2 3 BIN483-BIN484 1253 —26.12%* 26
7 BIN990-BIN991 264 1 BIN1515-BIN1516 104.2 29.65%* 33 19.36* (aae4) 0.5
HI gBIOM1 1 BIN30-BIN31 249 6 BIN862-BIN863 296 —1.23% 43
1 BIN8O-BIN81 786 3 BIN435-BIN436 923 1.24** 44
2 BIN242-BIN243 177 2 BIN337-BIN338 162.0 —1.81** 93
6 BIN909-BIN910 753 10 BIN1328-BIN1329 224 0.99** 2.8
Yield 3 BIN530-BIN531 177.2 4 BIN580-BIN581 14.7 —26.25%* 52
5 BIN694-BIN695 53 10 BIN1321-BIN1322 16.8 —21.15% 34
12 BIN1572-BIN1573 49.2 qgPUEgI12 12 BIN1612-BIN1613 99.1 —2347% 42
PUP gPUPI1 1 BIN46-BIN47 36.1 qPUP7 7 BIN1007-BIN1008 55.0 0.07** 23
2 BIN241-BIN242 175 8 BIN1169-BIN1170 1114 01717 58
gPUP10 10 BIN1348-BIN1349 377 12 BIN1613-BIN1614 104.3 0.04* 09
PHI qPHIT,qHIT,gstrPUET-1 1 BIN59-BIN6O 634 qPHITI 11 BIN1392-BIN1393 22 0.58 04 1.19% (aaed) 0.5
2 BIN218-BIN219 0 5 BIN815-BIN816 1133 —1.65** 3.1
3 BIN490-BIN491 129.7 9 BIN1290-BIN1291 104.7 2.18** 55
5 BIN691-BIN692 3.0 11 BIN1405-BIN1406 179 —1.49%* 26
strPUE 5 BIN692-BIN693 43 10 BIN1354-BIN1355 435 —25.93% 43
PUEg 1 BIN28-BIN29 239 8 BIN1163-BIN1164 1064 —8.42%* 54
PTE gPTEI-2 1 BIN160-BIN161 140.7 gPTE2, gPHI2 2 BIN310-BIN311 88.0 0.84 042 2.00* (aae4) 0.8
3 BIN451-BIN452 974 8 BIN1085-BIN1086 358 —2.34%* 330
10 BIN1299-BIN1300 34 12 BIN1549-BIN1550 385 2.49** 372

Position (cM) denotes the genetic distance in centiMorgan between the QTL and the first marker on the relevant chromosome.
PAdditive by additive effect, a negative value means that recombinant alleles from the two parents increase the phenotypic score, a positive value means that two alleles from an identical parent increase the

phenotypic score.

“Phenotypic variation explained by an epistatic effect.
dEpistasis by environment interaction, e1 and e2 represent low P in 2008 and 2009, e3 and e4 represent normal P in 2008 and 2009, respectively.
€Phenotypic variation explained by an epistasis by environment interaction.
* and **Indicate significance at P=0.05 and P=0.01, respectively.
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the close association between yield and PUE traits, which
is also shown by the correlation analysis (Table 3, Figure 1).
Generally, P accumulation and PUEg increased with yield
and biomass. As expected, PUP, PUEg, and PUEb were in-
dividually positively correlated with yield. Regardless of
these correlations, this study did not identify any common
regions simultaneously shared by QTLs for PUP, PUEg/
PUEDb, and Yield. The QTLs for Yield and PUEg shared
the interval BIN302-BIN303. This is consistent with the
fact that high grain yield often results in high PUEg when
P content is stable. We found co-locations for PUEg and
PTE and for PUEg and PT, suggesting close relationships
of PUEg with PTE and PT. The translocation of P from
stems to grains is associated with grain P accumulation
and PHI during grain filling [13]. Although Ogawa et al.
[42] reported that carbohydrate accumulation is not dir-
ectly associated with P accumulation in rice grains, in-
creased P translocation to younger panicles may facilitate
the grain filling and lead to high grain yield, which is ad-
vantageous to PUEg.

In this study, PHI was associated with HI and P con-
tents in grains and straw. The region BIN1392—-BIN1402
on chromosome 11 contained four QTLs affecting PHI,
PUEg, HI, and Yield. This co-location was consistent
with the correlations found in this study and in previous
studies [14,33]. In contrast, two regions (BIN59-BIN60
and BIN1392-BIN1399) contained QTLs for HI and
PHI (Table 5 and Figure 2). However, the QTLs for PHI
were different than those for HI, which suggests a rela-
tive independence of the two traits.

Grain yield was taken into account when HI and PUEg
were calculated. Higher grain yield may indicate both
higher HI and higher PUEg when the P accumulation in
an entire plant is the same, as supported by the high cor-
relation between the two traits (Table 3). The two re-
gions on chromosomes 2 and 11 were simultaneously
shared by QTLs for HI and PUEg (Table 5). Both the co-
location of these QTLs and the correlation between HI
and PUEg suggest that PUEg depends on HI to some
degree. However, the two traits had specific QTLs that
were not common, implying different genetic controls.
From the viewpoint of crop physiology, HI is positively
associated with grain yield and total biomass, whereas
PUEg depends on grain yield, in addition to the P con-
tent of an entire plant (Table 3, Figure 1).

Plant P accumulation increases biomass production to
a certain extent and vice versa [3,15,18], as confirmed by
the correlations found in this study (Table 3). Three re-
gions were concurrently shared by QTLs for BIOM and
PUP (Table 5). Notably, at least two QTLs for BIOM
were not shared by PUP, and no correlation was ob-
served between growth duration and PUP (data not
shown), suggesting that the processes for biomass
production and P accumulation in rice are not the
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same. With respect to physiology, biomass production
is related to photosynthetic capacity and respiration,
and P accumulation is often affected by P absorption
and translocation. Moreover, two QTLs for PUEb and
BIOM were tightly linked in the region BIN244—BIN254
on chromosome 2, and two regions (BIN294—BIN303 and
BIN1392-BIN1402) simultaneously affected PUEg and
Yield (Table 5 and Figure 2). This suggests that Yield and
PUEg (and BIOM and PUEDb) could be concurrently im-
proved by exploring these regions.

Epistatic and environmental effects for PUE traits

Epistasis is the interaction of genes at different loci, and it
plays an important role in the formation of complex traits
[43,44]. A dozen pairs of epistatic interactions were de-
tected for PUE traits in this study. Taking PUP as an ex-
ample, three QTLs explained 13.6% of the phenotypic
variation, and three pairs of interactions explained 9.0% of
the variation (Tables 4 and 6). This implies that both addi-
tive QTLs and epistatic interactions could make substantial
contributions to PUE traits. A relatively large proportion of
QTLs (33%, 12 of 36) had both individual effects and epi-
static interactions (Tables 4 and 6), indicating that inter-
action is common for yield and PUE traits. Hu et al. [45]
and Li et al. [8] have reported similar epistatic interactions.

The development of complex traits integrates genetic
and environmental effects. Seven of the 36 additive QTLs
(Table 4) and the three epistatic interactions (Table 6)
identified in this study interacted significantly with the en-
vironment. The seven QTLs with ae effects exhibited vari-
ous responses to the environment. Several interactions of
QTLs with the environment and epistasis with the envir-
onment were up-regulated by the particular environment.
For example, three additive QTLs (¢gBIOM?7, qHI11, and
qPHII11, Table 4) and three pairs of epistatic interactions
(Table 6) displayed positive ae and aae effects with the
environment e4 (normal P in 2009), suggesting that
the QTLs and epistatic interactions were significantly
strengthened by the application of P fertilizer.

In contrast, several interactions were down-regulated
by the environment. For example, two QTLs controlling
PUEg (qPUEgll, qPUEgI2) were down-regulated by e2
(low P in 2009), and two QTLs (gBIOM?2 and qPTE2)
were down-regulated by e4 (normal P in 2009). The
down-regulations of gPUEgI1 and gPUEgI2 by low P
and the down-regulation of gBIOM?2 by the normal P
application appeared in contrast to the expected behav-
ior, as low P application often results in high PUEg and
low BIOM (Table 1). However, for gPTE2, the down-
regulation by the normal P application was consistent
with the reduction of PTE under normal P. Therefore,
our results suggest that both QTL and epistatic inter-
actions are differentially expressed in response to the
environment.
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Comparisons of QTLs across genetic backgrounds

In previous studies, several populations have been used
to detect QTLs associated with PUE in rice, with more
attention focused on P deficiency tolerance and relative
agronomic traits [3,8,17,45,46]. According to the phys-
ical positions in the SNP (Figure 2) and RFLP/SSR maps
[28], the QTL gPUPIO0 for PUP may share a similar re-
gion with a QTL for PUP on chromosome 10 found by
Wissuwa et al. [3], which was flanked by the marker
R1629. Similarly, the QTL gPUP1 (BIN46-BIN47) was
very close to the marker RM259 on chromosome 1 for
root traits, which was found by Li et al. [8]. A QTL in-
teraction linked to PUP on chromosome 2 was located
on an interval (BIN241-BIN242) that was tightly linked
to marker RM211, which was close to a QTL for root
number [47]. These results were consistent with previ-
ous studies showing that root traits play an important
role in P uptake and tolerance to P deficiency [48,49].

Further increases in grain yield under P deficiency
would most likely result from increases in PUP and PHI
[33]. The interval BIN1290—BIN1291 on chromosome
9, which was involved in an interaction for PHI, had a
similar location to RM201; moreover, Mao et al. [50]
identified a QTL for 1000-grain weight on the similar
interval (Figure 2). The QTL, ¢gPHI6 for PHI seems to
share a similar region with the QTLs near R1962 on
chromosome 6 for tiller number and PUP under P defi-
ciency detected by Wissuwa et al. [3]. This suggests that
the QTLs and the interval may be involved in partition-
ing more P to grains under P deficient conditions.

The interval BIN1549-BIN1550, which was involved in
an epistatic interaction for PTE on chromosome 12, was
tightly linked to R2672, which was close to two QTLs for P-
deficiency tolerance [3] and for amount of stem non-
structural carbohydrates per spikelet at heading [51]. Thus,
considering the traits linked to and controlled by the same
interval, the epistatic effect between BIN1299-BIN1300 and
BIN1549-BIN1550 may contribute to the relocations of P
and carbohydrates from stems to grains during grain filling.

Conclusions

In this study, most of the QTLs for the eight PUE traits
were different from those for yield traits, indicating dif-
ferent genetic mechanisms underlying high PUE and high
grain yield. However, seven regions were shared by yield
and PUE traits; therefore, grain yield and PUE traits may
be simultaneously improved.

Four QTLs (¢gPHII and gqPHI2 for PHI, qPUEg2 for
PUEg, and qPTES8 for PTE) had strong additive effects
but no environmental effects (Table 4). Additionally, three
QTLs (gPUP1, gPUPI0, and qPHI6) were simultaneously
found under different genetic backgrounds. These QTLs
are promising for improving rice PUE in future breeding
research.
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This study documented that 12 QTLs and many loci
were involved in epistatic interactions, which played sub-
stantial roles in determining PUE traits. The observed
interactions provide an approach to reveal the genetic
networks affecting PUE traits.
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