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Abstract: Water and phosphorus (P) fertilizer are two of the most critical inputs in rice cultivation.
Irrigation and chemical fertilizers are becoming limiting factors under climate change and urbaniza-
tion, which is leading to significant losses in yield. The Pupl quantitative trait locus (QTL) confers
tolerance to P starvation through enhanced early-stage root vigor and P uptake in indica rice grown
in the tropics. Whether the QTL works in temperate rice genetic backgrounds grown in temperate
regions remains to be elucidated. To address this question, we introgressed the Pupl QTL into three
temperate rice varieties—MS11, TR22183, and Dasanbyeo—using marker-assisted backcrossing and
high-density genotyping. The selected lines all harbored the full Pupl QTL with recurrent parent
genome recovery rates ranging from 66.5% to 99.8%. Under the rainfed and P non-supplied condi-
tions, Pup1 introgression lines did not show clear advantages over the recurrent parents in terms of
vegetative growth and grain yield per plant, but exhibited enhanced yield responses to P application,
except in Dasanbyeo, which a temperate rice that is genetically similar to indica. Our results suggest
that Pup1 confers enhanced P uptake in temperate rice and that the efficacy of Pupl might depend on
the subspecific genomic background of the rice, whether it is japonica or indica.
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1. Introduction

To cope up with the increasing global rice demand due to population growth, cereal
production must double in the next 25 years [1]. The impact of rice varieties that are well-
adapted to low agricultural inputs is potentially big, as production constraints, such as the
increase in seasonal temperature and drought resulting from climate change and increasing
fertilizer cost, aggravate the economic challenges faced by rice farmers. Furthermore,
urbanization has appropriated millions of hectares of crop land, and this trend is expected
to persist as cities continue to expand [2]. As a result, there is a general tendency for farmers
to cultivate rice in areas with limited access to proper irrigation and soil nutrition. In fact,
about half of the rice cultivation regions in Asia are situated in problem soils and areas
where irrigation is scarce [3]. Agriculture is the biggest consumer of water worldwide,
accounting for 70% of fresh water demands. As the population increases, so does the
demand for irrigation water. The increased demand could potentially compete with the
demand from industrial and domestic sectors [4]. In addition, approximately 1.2 billion
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people live and produce food in areas without proper irrigation, and this trend is expected
to continue with population booms [5].

Phosphorus (P) is the second most important inorganic nutrient in plants after nitrogen.
Approximately 5.7 billion hectares of land lack enough plant-available P, owing to P’s
immobility in soil [6]. Plants grown in P deficient soil appear smaller with dark green
leaves, have retarded root growth, and have less tillers, which leads to a substantial drop
in yield [7]. Farmers often try to correct P deficiency by applying additional fertilizers.
However, this is not feasible in low input cultivation where farmers have insufficient
resources and, in some occasions, do not have access to P fertilizers at all [8]. This problem
worsens as fertilizer costs inevitably spike, since phosphorus fertilizers have finite natural
sources, thus making the access to adequate fertilization more limited [9]. Furthermore,
the excessive application of P fertilizer contaminates the ground water and leads to algal
blooms and eutrophication [10].

Plants have evolved to adapt to P starvation. These mechanisms involve root inter-
ception of inorganic P (Pi), P uptake efficiency, and internal P use [11]. In a study using
a diverse set of rice varieties, genetic variation on root shape and growth were detected,
whereas no variation was observed on P uptake efficiency and internal P use. This implies
that the improvement of root architecture is a potential target for improvement through
molecular marker and genomics-assisted breeding [12].

Pupl, a major QTL conferring tolerance to P deficiency in rice, was identified in
the long arm of chromosome 12 in two independent studies despite the difference in
phenotyping methods [13,14]. OsPSTOLI1, one of the genes harbored within the Pupl
locus, encodes a protein kinase that enhances phosphorus uptake under P starvation
through enhanced early-stage root vigor and crown root number in seedlings. This leads to
improved yield in transgenic rice grown in P deficient soils [15]. Investigation on Pupl’s
natural variation revealed that the QTL is present in the majority of upland varieties,
whereas the opposite is true in the developed, low-land varieties [16]. Lowland-adapted,
tropical indica introgression lines have been developed using a core set of molecular markers
tagging the important genes within the Pup1 QTL [16,17].

Pupl QTL confers tolerance to P starvation in indica and japonica introgression lines
grown under tropical conditions. In a contrasting set of Nipponbare near isogenic lines,
Pup1 increased P uptake by 34 folds relative to the RP, and resulted to a 2- to 4-fold higher
grain yield per plant compared to Pupl-negative sister lines in P deficient soil [12]. In the
same study, Pupl introgression lines of the IR64, IR74, Situ Bagendit, Batur, and Dodokan
tropical varieties showed better yield when compared to their PupI-negative sister lines.
Based on the studies mentioned, Pup1 works well when introgressed in rice grown in tropi-
cal conditions. However, knowledge is lacking on whether Pupl QTL works in a temperate
rice genetic background grown in temperate regions. In addition, to date, Nipponbare is
the only temperate japonica variety utilized in Pup1 studies [13]. Therefore, there is a need
to test Pup1 in various japonica rice in temperate regions. To assess Pup1’s functionality in
temperate conditions, we introgressed Pupl into three temperate varieties—MS11, TR22183,
and Dasanbyeo—through molecular marker-assisted backcrossing and next-generation
sequencing. The introgression lines were evaluated for important agronomic traits under
low inputs of P and rainfed conditions in a temperate region.

2. Materials and Methods
2.1. Plant Materials

IR64-Pup1 (SMTA no. refer to [13]) was imported from the International Rice Research
Institute (IRRI) and was utilized as the Pupl QTL donor (DP) to develop three temperate
Pupl introgression rice breeding lines. The recurrent parents (RPs) included MS11, TR22813,
and Dasanbyeo. MS11 is a tropical climate-adapted temperate japonica derived from a cross
between Jinmibyeo and Cheolwon 46, also known as IRRI 142 and NSIC Rc 170 in the
Philippines, and Asemi in South Korea. MS11 is lodging-resistant, with high grain quality
and yield, and moderate resistance against rice blast and bacterial blight. However, it is
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intolerant to P deficiency when grown in the tropics [14]. Dasanbyeo, a fertilizer input-
responsive variety, is a Tongil-type rice, derived from intercrosses among IR8, Taichung
Native 1, and Yukara (IR667-98-1-2). In terms of genomic structure, it is closely related to
indica-type varieties [15]. TR22183, on the other hand, originated from Northeastern China
and is clustered as temperate japonica using subspecies-specific STS markers [16]. TR22183
is a nitrogen-use efficient, cold-tolerant rice variety [17,18].

2.2. Pup1 Introgression into Temperate Rice through Marker-Assisted Backcrossing

Pup1 QTL donor IR64-Pup1 was crossed with MS11, TR22183, and Dasanbyeo, while uti-
lizing the RPs as the female plant to recover both cytoplasmic and nuclear genomes. Molecular
marker-assisted backcrossing (MABC) was employed in this breeding program (Figure 1).
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Figure 1. Marker-assisted breeding scheme for the introgression of Pupl into MS11, TR22183,
and Dasanbyeo.

Three core markers tagging the three most important genes in the Pup1 locus were
utilized as foreground markers [19]. The marker set consisted of K46-1 (OsPSTOL1),
K29-3 (OsPupK20 and OsPupK29-1), and K29-1 (OsPupK29-1). Ten F; plants from each
cross were subjected to foreground genotyping using the K29-1 codominant Pupl marker.
Two successful F; plants from each combination were crossed with the RP to obtain BC1F;
plants. Twenty-four BC;F; plants from each cross were foreground-genotyped using the
core markers. Plants having Pupl donor alleles using the core markers were considered
full Pup1 introgression lines. Twelve, eleven, and ten BC;F; plants harboring the full Pup1
QTL were selected from MS11, TR22183, Dasanbyeo-IR64-Pup1 combinations, respectively.
The selected BC;F; plants, together with the RPs, were grown in well-watered pots with
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normal fertilizer application. At the pre-flowering stage, a single BC1F; plant resembling
the plant shape and heading date of the RPs was backcrossed to produce BCyF; seeds.

Forty BC,F; MS11 background Pupl introgression plants were subjected to foreground
genotyping. The selected 10 plants with full Pupl introgression were grown in pots in
well-watered and normal fertilizer conditions. A single BC,F; plant containing full Pup1
introgression resembling the parents in terms of plant shape, heading date, panicle, and
grain shape was selected and advanced to BCyF;. Forty BC,F, MS11 Pupl introgression
lines were genotypically screened for a full Pupl introgression using foreground markers.
Seven lines harboring the full Pupl QTL were selected and grown in pots, together with
the RPs. Using the pedigree method, 2 plants were selected based on phenotypic similarity
with MS11 and advanced to BC,Fq».

In case of TR22183 and Dasanbyeo, a total of 28 and 58 BCyF; plants were subjected to
foreground genotyping, respectively, wherein a total of 15 (TR22183) and 27 (Dasanbyeo)
plants with full Pup1 introgression were selected for high-density background genotyping.
A single plant harboring the full Pup1 region with the highest RP genome recovery rate was
selected and advanced to BCyFj, using the pedigree method from each cross combination.
At BC,Fqy, five to ten plants from each introgression lines were further confirmed to have
the presence of the homozygous full Pup1 locus by using foreground markers, as well as
for the RP genomic recovery rates.

2.3. Foreground and Background Genotypic Selection

Total genomic DNA (gDNA) was extracted from the leaf tissues of one-month-old
seedlings using the Cetyl Trimethyl Ammonium Bromide (CTAB) method [20]. Genomic
DNA was standardized to 50 ng/uL using a NanoDrop™ 2000/2000c Spectrophotometer
(Thermo Fisher, Altrincham, UK). Polymerase chain reaction (PCR) in the foreground
genotyping step was conducted using a PCR thermal cycler (SimpliAmp, Thermo Scientific,
Altrincham, UK). The 20 uL PCR mixture consisted of 2 pL of 50 ng of gDNA, 0.5 uL
of 10 pmol each of forward and reverse primers, 0.5 pL of 2.5 mM dNTPs, 2 uL of 10X
reaction buffer, and 0.1 pL of 500 units/ puL of taq polymerase (Bioneer, Daejeon, Republic
of Korea). Thermal cycling was conducted using the following profile: initial denaturation
at 94 °C for 4 min, followed by 30 cycles of denaturation at 94 °C for 1 min, annealing at
55-68 °C for 30-60 s, initial extension at 72 °C for 60 s, and final extension at 72 °C for
7 min. PCR products were separated using agarose gel electrophoresis (BioFACT, Daejon,
Republic of Korea) on 1.6—4% agarose gels at 120 V for 1-1.5 hrs. in 0.5X TBE buffer. The
gels were stained with SYBR Safe (Invitrogen, Waltham, MA, USA). PCR amplicons were
visualized in gels using a gel documentation system (Korea Lab Tech, Seongnam, Republic
of Korea). Background genotyping was conducted using the Illumina 6K single nucleotide
polymorphism (SNP) genotyping [21] platform (for TR22183 and Dasanbyeo introgression
lines) and the KNU Axium Oryza 580K SNP Genotyping array (for MS11, TR22183, and
Dasanbyeo) [22]. Polymorphic markers between RPs and the DP were used as the basis
for the estimation of the background genome recovery rates. Percent background genome
recovery was calculated as the number of markers with the RP allele divided by the total
number of polymorphic markers, multiplied by one-hundred.

2.4. Field Trials and Experimental Design

The BC;Fj, introgression lines and RPs were sown in plastic trays inside the green-
house on the 20 May 2021 and on the 25 May 2022. Twenty-one days after sowing,
the seedlings were transplanted into the experimental fields with a planting density of
15 x 30 cm at one seedling per hill. In 2021, field trials were conducted under irrigated
(Gokseong, Jollanam-do, Republic of Korea, 35.30 North (N), 127.30 East (E)) and rain-
fed (Greenhouse, Hwaseong City, Gyeonggi-do, Republic of Korea, 37.16 N, 126.82 E)
conditions with normal fertilizer application (N-P2O5-K,O = 21-11-11 kg /10 a). In 2022,
the plants were cultivated in a rice field in Korea (Hwaseong City, Gyeonggi-do, Re-
public of Korea, 37.16 N, 126.82 E) where the field was divided equally into two plots;
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one applied with normal fertilizer rate while the other was treated without P fertilizer
(N-P05-K,0 = 21-0-11 kg /10 a). In 2021, a four to five cm water depth was maintained
in the irrigated plots from transplanting until most of the rice were on ripening stage. In
both years, water was withdrawn from the rainfed plots 30 days after transplanting (DAT).
The irrigation was applied when visible cracks were observed in the soil. The experiments
were laid out in a randomized complete block design with two replications, with each line
consisting of three rows with 24 hills in each plot and replication. Composite soil samples
from at least five random plot sites were collected and analyzed for physical and chemical
properties (Cheil Research Center, Seoul, Republic of Korea) before transplanting, at the
maximum tillering and maturity stage. All the lines were evaluated in both years, except
for Dasanbyeo, which was not tested in 2021.

2.5. Phenotyping and Identification of Low P and Water Tolerance Indices

Five plants from the middle row of each line and RPs were selected for data collection.
Vegetative data, including plant height (ph, cm), length from the ground to the longest leaf,
tiller number (fn1), and SPAD value were collected 30, 44, and 54 days after transplanting
(DAT). Maturity stage data, including culm length (cl/, cm); number of panicles (pn); panicle
length (pl, cm); length of the 3 longest panicles per plant; one-hundred grain weight (hgw,
g); weight of 100 filled grains; fertility (fer, %) from the three longest panicles with grains
having approximately 14% moisture content; grain yield per plant (gypp, g); days to heading
(dth, DAS); number of days after sowing when 50% of the total plants were heading were
recorded and analyzed.

2.6. Statistical Analysis of Phenotypic Data

The data set was subjected to analysis of variance (ANOVA) using the general linear
model. The effect of genotype, P application levels, and water regimes were evaluated.
Traits were evaluated for responsiveness to different P-water applications. Pairwise mean
comparison was conducted using the Duncan Multiple Range Test (DMRT) at p = 0.05.
Statistical analyses were carried out using the Statistical Tool for Agricultural Research
(STAR, IRRI) v2.0.1 which was developed based on Eclipse Rich Client Platform (RCP) and
R Language v1.5.

3. Results
3.1. Introgression of the Full Pup1 Locus and RP Genome Recovery Rates in Temperate Rice

Plants were genotypically screened for Pupl introgression using three gel-based fore-
ground core markers [23]. The selected plants all contained the target locus and harbored
the tolerant (Kasalath) allele at the Pup1 locus. BCyF; plants in TR22183 and Dasanbyeo
backgrounds were background genotyped using the 6K Illumina genotyping platform. Of
the total 5,274 SNP markers, 2,055 were polymorphic between the TR22183 and IR64-Pup1
(Pupl donor), whereas 146 markers were polymorphic between the Dasanbyeo and IR64-
Pupl. The highest RP genome recovery rates in the selected BC,F; plants were 81.9% and
79.8% in the TR22183- and Dasanbyeo- Pupl introgression lines, respectively (Table S3).
The plant with the highest RP genome recovery rate was advanced to BCyF;, using the
pedigree method.

In case of the MS11-Pupl, background genotyping was not conducted at the BCF;.
Instead, pedigree selection was done based on the morphological similarity to the RP.
Two promising lines, in terms of phenotypic similarity to MS11, were advanced to BC,F5,
namely the MS11-PuplA and MS11-Pup1B.

At the pre-yield trial stage (BC,F1,), the introgression lines were further confirmed for
homozygosity at the Pup1 locus using the foreground core markers. The selected lines all
harbored the homozygous full Pupl donor allele (Figure 2). To estimate the RP genome
recovery rate before yield trial, the selected BCyF;;, lines were subjected to background
genotyping using the KNU Axium 580K SNP platform (with reference to IRGSP v1.0). Of
the total 584,000 SNP markers, 208,000 were polymorphic between MS11 and the DP. For
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TR22183 and Dasanbyeo, 181,124 and 149,078 SNP markers were respectively polymorphic
to the DP (Table S3). TR22183-Pup1 and Dasanbyeo-Pup1 had RP genome recovery rates of
99.75% and 92.33%, respectively. MS11-PuplA and MS11-Pup1B had RP genome recovery
rates of 71.68% and 66.50%, respectively. (Table 1 and Figure 3).

3.2. Vegetative Stage Response of Temperate Pup1 Introgression Lines to Low Inputs of P
and Water

Introgression lines grown under low P and water input exhibited various vegetative
stage response patterns depending on the genetic background (Table 2). MS11 plants were
at least as tall as the two Pup1 introgression lines, MS11-Pup1A and MS11-Pup1B, at 30 to
44 DAT. At 54 DAT, the MS11-Pup1B'’s plant height (ph) was greater than that of the MS11,
whereas the MS11-Pup1A had the same ph as the MS11. The MS11-Pup1B consistently
had more tillers and higher SPAD values compared to the MS11, except at 30 DAT. The
MS11-PuplA, however, did not show significant difference to the MS11 with regards to
the number of tillers (tn1) and SPAD readings throughout the early vegetative stage. In
P-supplied soil, there was no significant difference in terms of ph, although the MS11-Pup1B
(11.33) had significantly more tillers than the MS11 (7.50) towards the end of the vegetative
growth stage.

O
> ¢ ¥
y S
& o S R bp
I O o
Q & MS11-Pupl TR22183-Pupl  Dasanbyeo-Pupl  DP/ND
K46-1 523/none
K29-1 212/206
K29-3 236/248
Figure 2. Homozygous full Pup1 locus marker validation at BC;Fy,, pre-replicated yield trials under
low P and water inputs using a core marker set consisting of K46-1, K29-1, and K29-3 gel-based
markers. M—DNA size marker (1kb+); bp—base pair; DP—donor parent allele; ND—recurrent
(non-donor) parent allele.
Table 1. RP genome recovery rates of the selected temperate Pup1 introgression rice lines. Recovery
ratio was calculated as the number of markers with RP alleles within 1 Mb window for each chromo-
some relative to the total number of markers. RP represents the recurrent parents. “*” denotes the
number of crosses to a parent.
Line Pedigree Generation Genomic Similarity to RP
MS11 RP RP N/A
MS11-PuplA (MS11*3/IR64-Pup1)-8-24-11-5-2-1-1-1-1-1-4 BCyF» 71.68%
MS11-Pup1B (MS11*3/IR64-Pup1)-17-15-8-3-5-4-1-1-1-1-4 BCyF12 66.50%
TR22183 RP RP N/A
TR22183-Pupl (TR22183*3/1IR64-Pup1)-1-2-24-2-4-1-1-1-1-1-4 BCyFyp 99.75%
Dasanbyeo RP RP N/A

Dasanbyeo-Pupl

(Dasanbyeo*3/IR64-Pup1)-2-6-5-3-3-3-1-1-1-1-4 BCyFq, 92.33%
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Figure 3. Genetic background analysis of Pup1 introgression lines, MS11-Pup1A (a); MS11-Pup1B (b);
TR22183-Pupl (c); Dasanbyeo-Pup1 (d) at BC,Fq; using the KNU Axiom Oryza 580 K Genotyping
Array containing SNPs polymorphic between RP and DP with reference to IRGSPv1.0.

The TR22183-Pup1 grown under low inputs of water and P fertilizer did not show
a difference in ph compared to the TR22183 except at 30 DAT, where the former’s ph was
11% greater than that of the latter. The same trend was shown on tn, with the TR22183-Pup1
having 20% more tillers than the TR22183 at 30 DAT. The TR22183-Pup1 had consistently
more tillers than the TR22183 in P-supplied conditions. In the same treatment, the tn
in TR22183-Pup1 (5.67) lines was 54% more than that of the TR22183 (3.67) at 54 DAT.
Regardless of P treatment, SPAD readings from the TR22183 were consistently higher than
that of the TR22183-Pup1 at 44 (50.97 vs. 52.80) and 54 DAT (41.53 vs. 37.77).

The Dasanbyeo-Pupl was shorter than the Dasanbyeo under low P and water inputs
at all timepoints, and it was shown to be similar in P-supplied conditions, except for at
54 DAT. The Dasanbyeo-Pup1 did not show significant difference to Dasanbyeo in terms of
the tn in P-non-supplied conditions, whereas in P-supplied soil, it had 20% and 28% more
tillers than the Dasanbyeo at 30 and 54 DAT, respectively. The SPAD values between the
Dasanbyeo-Pupl and the Dasanbyeo were only significantly different at 44 DAT in both
P-supplied and P-non-supplied soils.

As an indica control, we evaluated a near-isogenic line (NIL) harboring full Pup1 in
the IR64 background under low P and water input. The RP IR64 showed greater ph than
the IR64-Pup]l at 44 (41.33 cm vs. 35.00 cm) and 54 (42.33 cm vs. 37.00 cm) DAT. Under
P-non-supplied conditions, there was no significant difference between the IR64-Pup1 and
the IR64, whereas in P-supplied conditions, the IR64-Pup1 had consistently more tillers
than the IR64 at 30 (5.00 vs. 4.33) 44, (12.00 vs. 8.67), and 54 (12.67 vs. 10.50) DAT.
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Table 2. Vegetative stage response of Temperate-Pup1 introgression lines and IR64-Pup1 (indica control) grown in 2022 at Hwaseong low-phosphorus experimental

field. Means with the same letters within a genetic background, treatment, and timepoint are not significantly different using Duncan’s Multiple Range Test (DMRT)

at p = 0.05. Values are means =+ Standard error of the mean (SE).

Plant Height (cm) Tiller Number SPAD Value
Line Treatment
30 DAT 44 DAT 54 DAT 30 DAT 44 DAT 54 DAT 30 DAT 44 DAT 54 DAT
MS11 3953244021 55502 +1.08 53.50P+1.14 350 +0.43 400 +076 567 +115 3845P +066 3518 +093 30.95P + 1.36
MS11-PuplA 38002 +£058 50.67°+252 61.672+1.53  3.33+ 1.00 5002 +058 5000 +0.67 3627°+195 31.67P+299 34192 +217
MS11-Pupl1B 34.83P +1.67 44.67°4+203 50.33P+1.67  3.00 +0.88 5332 4+ 1.53 6.332 4 0.88 46302 +121 39502 +£270 36772 +1.27
CTR22183 b 3800°4+100 58004513 72334186  167°+033 2334033 3004058  4487+£081 509794098 41.53° +£078
TR22183-Pupl non-supplied ~ 34.00°£1.00  55.00 + 1.15 69.33 + 1.20 2.002 £ 0.00 2.67 +0.33 3.00 £ 0.00 4477 +1.92 4280 +225 37.77°+1.72
" Dasanbyeo 31674071 4350°+£226 51.00°+245 3174017 467+033  550+£043 44204122  4218°+106 3917 +146
Dasanbyeo-Pupl 30.00 + 1.15 38.67P £0.88 4633 +0.67 2334 0.67 4.33 +0.67 5.00 + 0.58 4543 +2.13 44502 +1.10 3757+ 093
CIRet 34334134 413394034 4233°+£115 3504050 4004026 6834075 434324055 41924081 38354179
IR64-Pupl 3217 £ 0.67 3567 £267  37.00° +0.67  3.00 +0.00 3.67 + 0.67 7.00 + 0.58 39.90P +0.61 4227 +0.67 39.03 + 3.52
MS11 3867 +1.33 56.17°+321 628324252 550°+0.33 7.672 +0.58 750 4033 4045+ 1.46 3357P +£143  3057° 4220
MS11-PuplA 40002 +1.33  63.002 £426 66.002+2.03  7.002 %+ 0.00 10.00° +0.67 10672+ 058 42.17+1.73 3433P +1.65 31.03°+1.48
MS11-PuplB 35.67P +3.06 51.33°+033 56.67P+1.67 633P+0.33 11.00b £1.15  11.332 4+ 058  43.70 +2.22 39572 +£199 38172 +1.74
CTR22I8 b 38334088 60334067  71.67+318  3.002+000  4002+000 3.67°+£120 4853+ 141  4667°+8.16 4520° + 142
TR22183-Pupl supplied 39.67 + 1.20 61.67 + 2.03 70.67 + 1.45 433 +033  533P+033 56724120  49.57+208 4220b +0.68 38730 +3.69
" Dasanbyeo 34107 +£043  49.08°+£120 53334095 4174017 8174060  7.83°+£065 4493+ 113 4088 +133 3483 +162
Dasanbyeo-Pupl 3067+ 033 4633 +033 5283 +4.11 5.002 £ 0.00 8.33 + 1.20 10.002 + 058  46.31 + 0.93 443924083 3750 £ 0.71
CIRet 37674052 473304098 4733+ 156 433P 4042 867P+167  1050° +043 4347 +150 43854098 37572 4093
IR64-Pup1 36.33 + 2.33 50.672 +0.88  48.67 + 1.76 5.002 + 0.58 12002 £0.00 12672 +0.67 41.97 +3.56 4227 +0.73 34.77P +0.19
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To initially evaluate the performance of some introgression lines under P-supplied
rainfed conditions, a preliminary experiment was conducted in 2021. Under rainfed
conditions, the MS11-Pupl introgression line was shorter than the MS11 at all time points.
At 60 DAT, both the MS11-Pup1A and the MS11-Pup1B had significantly more tillers than
the MS11, with the MS11-Pup1B (25.27) having twice more than the MS11 (12.73) (Table 3).
In the same experiment, the TR22183-Pup1 was as tall as TR22183 and had 73% and 53%
more tillers than the RP at 40 and 60 DAT, respectively. Both the MS11 and TR22183-Pup1
introgression lines showed apparent better vigor than the RP (Figure 4).

Table 3. Vegetative stage response of Temperate-Pup1 introgression lines under rainfed and irrigated
conditions (2021). Means with the same letters within a genetic background, treatment, and timepoint
are not significantly different using DMRT at p = 0.05. Values are means =+ SE.

Rainfed Irrigated
Line Plant Height (cm) Tiller Number Plant Height (cm) Tiller Number
40 DAT 60 DAT 40 DAT 60 DAT 40 DAT 60 DAT 40 DAT 60 DAT
MS11 69.90 * & 0.67 88.73% £1.25 11.73° £ 0.52 12.73¢ £ 0.46 78.00 £ 1.22 99.10* £+ 0.62 14.80° £ 0.58 12.80 & 1.02
MS11-PuplA 69.13* +1.55 83.33" £0.99 17.33¢ £0.80 17.27° £ 0.56 77.00 + 0.45 100.00* £+ 1.38 19.60* +1.75 13.40 +1.03
MS11-PuplB 51.87° £ 0.96 69.13° +1.58 25.93* +0.63 25.27* £ 0.86 76.00 £ 0.71 88.20° £ 2.85 18.80* & 0.86 14.00 £ 0.84
TR22183 70.63 & 1.95 86.67 &+ 2.76 533° +£0.36 6.87° +0.32 87.80* +1.36 106.70 £ 3.28 9.20 £0.49 9.60 £ 0.40
TR22183-Pupl 69.53 £ 1.22 84.00 +0.93 9.20* 4 0.54 10.53* +0.79 75.20° +£1.32 109.00 £+ 1.01 9.40 & 0.51 8.20 & 0.58
= yl |
- 1 Punl1A ’ Pun1B
¥
o o i =
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Figure 4. Early vigor detected in Temperate-Pup1 introgression lines under rainfed conditions (2021).

3.3. Yield Response to Low P and Rainfed Condition

To assess the effect of Pup1 introgression in temperate rice in terms of yield under low
inputs of P and water, important yield components were analyzed (Table 4). Plants grown
in low inputs of water exhibited later heading dates, regardless of P application levels and
genotypes, during the P-water regime experiment in 2022.

The MS11-Pup1A showed longer culm (77.50 cm) than both the MS11-Pup1B (66 cm)
and the MS11 (70 cm) in P-non-supplied conditions, whereas culm length (c/) in P-supplied
conditions exhibited no difference among genotypes. Both of the MS11-Pup1 introgression
lines had less productive tillers in the P-non-supplied treatment. The MS11-Pup1A had less
productive tillers compared to the MS11 and the MS11-Pup1B in P-supplied soil. Panicle
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lengths (pl) in both of the MS11-Pupl1 introgression lines were significantly longer than that
of the MS11 at both levels of P inputs. Under P-non-supplied conditions, the panicles of
both the MS11-PuplA and MS11-Pup1B were at least 12% longer than that of the MS11.
In P-supplied soil, relative to the MS11, the MS11-Pup1B and MS11-Pup1A had panicles
which were longer by 25% and 12%, respectively. Fertility was not affected by the MS11
genotypes in P-non-supplied conditions. On the other hand, MS11-Pup1A’s fertility rate
(90.53%) was better than that of MS11-Pup1B (80.91%) and MS11 (85.61%).

Table 4. Reproductive stage response of temperate-Pup1 introgression lines and control varieties
grown under rainfed and irrigated conditions (2022). Means with the same letters within a genetic
background and treatment not significantly different using DMRT at p = 0.05, except for days to
heading. Values are means + SE.

Line Treatment Days to Culm Length .Productive Panicle Hund.red Grain Fertility
Heading (DAT) (cm) Tiller Number Length (mm) Weight (g) (%)

MS11 78 70.80° 4 2.27 7.00% +£0.63 223.00® £ 7.00 2.86 £ 0.05 94.04 £2.18
MS11-PuplA 76 77.50* +0.92 4.60° +£0.24 251.12* +£5.10 242 +0.13 94.01 +2.21
__MSII-PuplB p R 6600°£045 5407024 25161°£520 2625002 9460£346

TR22183 non-supplied 51 51.50® + 0.39 3.20 +0.20 254.21° +4.20 2.82 +0.11 9242 + 459
TR22183-Pupl 58 56.00 * 4+ 0.84 3.40+0.51 267.10* £ 3.30 291+ 0.04 100.00 * £ 0.00
© Dasanbyeo 8 56504120 4204020  26002+351  270+£009  9033+294
Dasanbyeo-Pupl 91 53.20 £0.20 3.80 £0.37 261.61 £ 6.72 2.79 £0.08 95.43 £2.16
MsS11 68 68.40 £ 2.07 9.20° +0.86 209.02 € £ 4.60 257 £0.12 85.612 +2.75
MS11-PuplA 72 73.30 £ 1.84 7.20% +£0.20 234.05° +£9.01 2.49 £0.04 90.53 % +4.17
__MSI-PuplB p o __T_____Todo121 92004058 26102t %805 266006 80917 £460
TR22183 supplied 56 59.40° + 1.71 4.80 +0.37 243.00° +13.32 2.89 + 0.04 99.172 + 0.83
TR22183-Pupl 65 64907 +1.25 5.20 + 0.66 266.00 * £+ 8.31 2.81 £ 0.05 95.19° +1.54
© Dasanbyeo £ 69307 £0.86  700+£071 251024588 263+007  9686+159
Dasanbyeo-Pupl 82 61.50° 4 0.32 6.20 +0.20 245.10 £ 3.87 2.83 £0.05 94.01 +1.84

TR22183-Pupl’s culm was longer than TR22183’s, regardless of the P-water levels.
Under P-non-supplied condition, the panicles of the TR22183-Pup1l were significantly
longer (267.10 mm) than that of the TR22183 (254.21 mm), whereas in P-supplied conditions,
no significant difference was observed. The TR22183-Pup1 had higher fertility than the
TR22183 (100% vs. 92%), whereas the opposite was observed in P-supplied conditions with
TR22183-Pupl and TR22183, which had fertility rates of 95% and 99%, respectively.

Under both levels of P applications, yield components between the Dasanbyeo-Pup1
and Dasanbyeo did not differ significantly, except for culm length (P-supplied condition),
with the Dasanbyeo having approximately 13% longer culms than the Dasanbyeo-Pupl.

Grain yield per plant (gypp) obtained from different levels of P inputs under rainfed
conditions varied depending on the genetic background (Figure 5). Under P-non-supplied
conditions, only the TR22183-Pup1 showed a significant yield advantage relative to the RP.
The TR22183-Pup1 had 20% more gypp than the TR22183. Under P-supplied conditions, the
MS11-Pup1B and TR22183 had significant yield advantages of 24% and 26%, respectively,
relative to that of the RPs. On the other hand, the gypp of the Dasanbyeo-Pupl did not
differ significantly from the Dasanbyeo at both levels of P applications. Dasanbyeo is
genetically close to indica, so we tested them with the indica control, IR64-Pup1 (Table S1).
The IR64-Pup1 performed lower than the IR64 in terms of gypp, at 21.18 g (IR64-Pup1) and
31.42 g (IR64), respectively, under P-non-supplied conditions. It was caused by a lower tiller
number in the IR64-Pupl. On the other hand, yield components between the IR64-Pup1
and IR64 did not differ significantly in P-supplied conditions.

To test the effect of Pupl introgression into temperate rice grown under rainfed versus
irrigated conditions in P-supplied conditions, we analyzed the yield components obtained
from an experiment conducted in 2021 using the MS11- and TR22183-Pup1 introgression
lines (Table 5). The MS11-PuplA and MS11-Pup1B panicles were longer than that of
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the MS11 by 25 mm and 21 mm, respectively. The TR22813-Pup1, on the other hand,
did not exhibit longer panicles compared to the RP, regardless of water input. Pupl
introgression lines in both of the MS11 and TR22183 backgrounds exhibited significant
fertility advantages relative to the RPs under rainfed conditions. The fertility rates of the
MS11-PuplA and MS11-Pup1B were 3.5 and 2.9 times better, respectively, relative to that of
the MS11. TR22183-Pupl’s fertility rate (66.94%) was more than 3-folds that of TR22183’s
(20.04%). Ultimately, the gypp in the MS11-PuplA (27.31 gm) and MS11-Pup1B (26.56 gm)
had values which were more than 2-folds that of the MS11. In case of the TR22183-Pupl], it
had a gypp of 25.71 g, which was 42% higher than that of the TR22183.
s P non-supplied . P supplied
]
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Figure 5. Yield response of temperate Pupl introgression lines grown in P-non-supplied and P-
supplied soils under rainfed conditions in 2022. ** indicates statistical significance using DMRT,
whereas ns denotes insignificance within a genetic background at p = 0.05.
Table 5. Reproductive stage response of temperate Pupl introgression lines grown under rainfed and
irrigated conditions (2021). Means with the same letters within a genetic background and treatment
are not significantly different using DMRT at p = 0.05. Values are means =+ SE.
Culm - Panicle Hundred Grain e Grain Yield per
Line Treatment Length I’rod;]llclt:l:/;ezlller Length Weight Fe::;l)lty Plant
(cm) (mm) ® ’ @®
MS11 47.43 £ 0.60 14.60 & 0.51 18320° £ 4.72 1.70 £ 0.16 20.06 € 4 2.4 1329 +£1.20
MS11-PuplA 64.14% £ 145 12.60 £ 0.75 208.20° +4.44 1.75 £ 0.82 69.98% +£1.75 27.31% £1.29
__MSUPupB_ Reinfed 57004120 1520102 0440° 4412 1664077 S7°436  2%656°4220
TR22183 4344 +4.93 18.10 £ 2.20 236.00 £ 9.92 246 £ 0.24 20.04° £521 18.10° +£3.19
TR22183-Pupl 52.76 £ 1.49 14.50 &+ 1.57 235.20 4 13.03 2.64 £0.99 66.94° +£2.74 25.71% £ 0.87
MS11 79.76 + 2.36 15.80° + 1.57 266.40° +7.22 220° £1.19 87.56% +2.46 2842 £1.65
MS11-PuplA 79.76 + 2.36 1450 +0.58 222.00° 4 2.83 2.18% £0.80 78.64° + 345 29.72° £1.87
__MSUPupip  Imgted 77564207 | 20600117 2592074833 | 278714 BSSIA1%0 82020423
TR22183 68.52° + 1.87 24.40° +0.68 265.60 & 9.50 2.84 £ 0.86 92.74 +£1.97 45.64 £ 2.08
TR22183-Pupl 7624° +£1.72 21.20° £ 0.58 281.20 +2.94 2.83 £0.51 92.62 + 0.97 42.32 +2.90
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Plant shape, panicle architecture, and grain shape did not virtually differ between the
Pup1 introgression lines and the RPs, except for the MS11-Pup1 introgression lines (Figure 6).
Both the MS11-PuplA and MS11-Pup1B had longer panicles and grains compared to that
of the MS11.

\
|
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Figure 6. Plant shape, panicle, and grain characteristics of the temperate Pup1 introgression lines
grown in low P and water input (Hwaseong, 2022).

4. Discussion

Climate change and the increasing cost of agricultural inputs, such as fertilizers, are
two of the most serious constraints in rice production. Genetic improvement through
molecular marker-assisted breeding is one of the most sustainable and rapid approaches
in developing rice that are adaptable to low agricultural inputs and a shifting climate.
Recent advances in molecular plant breeding have paved the way for the development
of high yielding varieties (HYVs). Modern agriculture is based on these HYVs which are
bred for high yield, but also require high levels of agricultural inputs, such as irrigation,
fertilizer, and pesticides. However, high-input systems are becoming less feasible in the
face of natural resource decline and population growth [24]. In this study, we investigated
the efficacy of Pupl, a P deficiency tolerance-enhancing QTL, by developing temperate rice
lines with full Pup1 introgression and evaluating those lines under low P and water inputs
in a temperate climate.

The effect of P deficiency is more pronounced in rainfed rice farming systems, where
the lack of water movement renders inorganic P extremely immobile in soil. Furthermore,
in areas intensively cultivated for HYVs, acidic soils are predominant where loosely bound,
plant-available phosphates slowly convert into highly crystalline iron, (Fe)-P, and alu-
minum, (Al)-P, through ligand exchange [25-27]. Here, we evaluated the response of the
genotypes to two levels of P applications under rainfed and slightly acidic soil conditions
(Figure S1 and Table S2).

We introgressed the full Pupl QTL into three temperate rice varieties—MS11, Dasan-
byeo, and TR22183—using a core set of foreground markers and tagging the three most im-
portant genes in the Pupl region—OsPupK46-2 or OsPSTOL1, OsPupK20-2, and OsPupK29-
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1— coupled with high density SNP-based background genotyping. Indica varieties with
full and partial Pupl introgression grown under tropical climates have historically shown
enhanced phosphorus uptake and yield compared to rice breeding lines not harboring
the QTL [28].

Pup1 introgression lines exhibited various vegetative response patterns to low inputs
of P and water, depending on the genetic background. Pupl introgression lines did not
show a clear advantage in terms of early vegetative growth. However, in P-supplied
conditions and at maximum tillering stage, the Pup1 lines were better than their RPs. In the
experiment conducted in 2022, the available P content of the soil in the P-supplied condition
was 1.9 times that of P-non-supplied soil (Table S2). Therefore, the phenotypic responses
of the lines under different input levels of P might be related to the increase in P uptake
when additional P fertilizer was supplied. In a previous study, Pup1 introgression lines in
the IR64 background—IR64-Pupl and IR64-Pup1+Subl—exhibited more than a two-fold
change in shoot P content in the P-supplied content versus the P-non-supplied soil at
48 DAT compared to that of the IR64, [13] which suggests Pup1’s benefit when P fertilizer
is supplemented.

We evaluated the yield performance of the Pupl introgression lines under rainfed
conditions in P-supplied condition. Pupl introgression lines in the MS11 and TR22183
background exhibited yield advantages over the RPs that were mostly attributable to the
improved fertility (Table 5). Presumably, the Pupl QTL may have conferred improved yield
performance under rainfed conditions through the improvement of root architecture at
early growth stages that led to improved fertility. OsPSTOLI, the main causal gene in the
Pup1 region, encodes a protein kinase that improves root architecture in rice to scavenge
more inorganic P (Pi) in the topsoil region during the early growth stage. Interestingly,
OsPSTOL1’s putative downstream genes co-collocate with QTLs associated with root and
drought tolerance, which is associated with the altered expression of genes related to
yield under drought [23]. This claim, however, needs to be validated by investigating root
phenotypes in the early stages of growth.

The TR22183-Pupl and MS11-Pup1B consistently had better yield at low P and water
inputs across the two cropping seasons (2021 and 2022). In P deficient soils, the Pup1 QTL
increased yield in rice by enhancing root architecture, tillering capacity, and grain filling [24].
In this study, rather than having tolerance to low P, Pupl seemed to enhance P uptake
when P fertilizer was applied. Among the yield components evaluated, the enhancement
in the panicle length was a clear index for improved yield under low P application. The
panicles of the TR22183- and MS11-Pupl introgression lines were longer than the RPs,
which translated to yield advantages over the TR22183 and MS11 (Table 4, Figure 5). In
terms of grain yield response to additional P fertilizer, MS11-Pup1A, MS11-Pup1B and
TR22183-Pupl had more advantages than the RPs by a factor of 2.3 times, 2.9 times and
1.2 times, respectively (Table 6). In a previous study, tropical region-specific panicle length
and yield component QTLs were detected in RILs derived from a cross between a temperate
japonica and a Tongil-type rice. The QTLs were not detected when the same set of RILs
were grown in a temperate region under low inputs of water and P fertilizer [29]. This
suggests that panicle length might be an important index for the genetic improvement of
rice adaptability to climate change shifts and low input systems.

The Dasanbyeo-Pup1 did not have advantage over the Dasanbyeo, both in terms of
vegetative growth and yield, regardless of the P application. The Dasanbyeo was derived
from an intercross between IR8, Taichung Native 1, and Yukara. It is also closely related
to indica-type varieties [15]. Indica rice is adaptable to the tropics, whereas japonicas are
mainly grown in temperate regions [30]. In this study, an indica variety, IR64-Pup1, which
originally performed well in the tropical region, was not better than the IR64 in terms of
vegetative growth and yield. It performed even worse than the IR64 in P-non-supplied soil
(Supplementary Table S4). Since both the Dasanbyeo and IR64 have later days to heading
and maturity dates in temperate climate due to photosensitivity, the expression of Pup1
might have been masked due to the longer duration of growth in indica varieties, and
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therefore longer exposure to low available phosphorus in the soil. The unexpected response
of the Dasanbyeo-Pupl and IR64-Pupl necessitates further studies on the expression levels
of the stress tolerance enhancing genes, which have been previously known to work in
tropical conditions with a different time frame of growth. This suggests a need to develop
rice varieties with less photosensitivity and excellent early vigor for the enhanced utilization
of water and inorganic fertilizers.

Table 6. Relative response of the temperate-Pupl breeding lines to P fertilizer application under
rainfed conditions. Values were obtained using the formula (Response to P-supplied condition—
response to P-non-supplied condition)/(Response to P-non-supplied condition).

) Days‘ to Culm Proc!uctive Panicle Hund'red Fertility Grain Yield

Line Heading Length Tiller Length C?raln (%) per Plant

(DAT) (cm) Number (cm) Weight (g) (g)

MS11 —0.13 —0.03 0.31 —0.06 —0.10 —0.09 0.09
MS11-PuplA —0.05 —0.05 0.57 —0.07 0.03 —0.04 0.21
MS11-PuplB —0.05 0.07 0.70 0.04 0.02 —0.14 0.26

. TR21B 010 015 050 05 002 07 038
TR22183-Pupl 0.12 0.16 0.53 —0.09 —0.03 —-0.05 0.46

© Dasanbyeo —002 03 07 003 003 007 041
Dasanbyeo-Pupl —0.10 0.16 0.63 —0.06 0.01 -0.01 0.32

5. Conclusions

We introgressed the P deficiency tolerance enhancing Pupl QTL into three temper-
ate varieties—MS11, TR22183, and Dasanbyeo—to evaluate whether the QTL works in
temperate rice grown under a temperate climate. To conclude, Pupl enhanced P uptake
in temperate rice with a japonica background, whereas introgression into indica rice (i.e.,
Dasanbyeo and IR64) did not show significant effects. The genetic background-dependent
differences in the level of efficacy of the Pupl QTL observed in this study necessitates
further studies on the differences in gene networks among rice subspecies which might be
involved in the expression of genes conferring abiotic stress tolerance in rice. Our study
established a preliminary basis for how breeders can precisely choose genetic backgrounds
for Pupl breeding programs in specific ecotypes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture12122056/s1, Figure S1: Soil tension readings in the P-
water experimental field in Hwaseong (2022).; Table S1: Reproductive stage response of Dasan-Pup1,
Dasanbyeo, and indica controls IR64-Pup1 and IR64 grown under rainfed conditions in two levels of
P fertilization (2022).; Table S2: Chemical and physical properties of the soil used in the experiment in
Hwaseong in 2022.
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