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Abstract

During late 1960s Green Revolution, researchers utilized semidwarf 1 (sd1) to improve the
yield and lodging resistance in rice (Oryza sativa L.). However, sd1 has a negative effect to
culm strength and biomass production. To increase yield dramatically in 21™ century, devel-
opment of next generation long-culm rice for non-lodging and high grain yield independent of
sd1 has been needed. The present study developed Monster Rice 1, a long-culm and heavy-
panicle type of rice line and compared it with Takanari, a high-yielding semidwarf rice variety
about yield and lodging resistance associated traits. Brown rice yield and bending moment at
breaking of the basal elongated internode were higher in Monster Rice 1 than those in Taka-
nari due to a large number of spikelets per panicle and thicker culm. Furthermore, to identify
QTLs with superior alleles for these traits, QTL and haplotype analyses were performed
using F» population and recombinant inbred lines derived from a cross between Monster
Rice 1 and Takanari. The results from this study suggest that long-culm and heavy-panicle
type of rice with a superior lodging resistance by culm strength can perform its high yield
potential by using these identified QTLs contributing yield and lodging resistance.

Introduction

Through simulation model up to 2050, the world population may be expected to reach about 9
billion human population, and it is necessary to increase the crop yield to meet the growing
food demand in same ratio [1]. Rice (Oryza sativa L.) is one of the most important crops—it
accounts for over 21% of the caloric needs of the world’s population and 76% of the caloric
intake of Southeast Asia [2]. During late 1960s, rice harvested yield was dramatically increased
by semidwarf varieties by gene introgression of semidwarf I (sdI), here the harvest index
increased with non-lodging under a significant amount of fertilizer application. This was
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known as the “Green Revolution” [3]. However, it has been pointed out that the biomass pro-
duction potential of semidwarf varieties was lower than that in long-culm varieties, because
leaf area density in the canopy was high and CO, diffusion efficiency was poor due to low
plant height [4,5]. Furthermore, gibberellin-deficient semidwarf mutants such as sdI nega-
tively affect not only biomass production but also grain weight as compared with wild types
[6]. Therefore, further increases in yield require the use of long-culm and high biomass rice
varieties with a strong culm that resists lodging. In addition, the intensities of typhoons hitting
East and Southeast Asia have increased due to ocean surface warming and may be likely to
increase further [7]. Therefore, lodging resistance with strong culm is one of the primary
breeding objectives.

In order to breed this type of rice varieties, quantitative trait loci (QTLs) associated with a
strong culm should be identified. STRONG CULM 1 (SCM1) and STRONG CULM2 (SCM2)
have been identified, using chromosome segment substitution lines from a cross between the
indica variety Habataki and the japonica variety Sasanishiki. The responsive gene of SCM2 was
identified as ABERRANT PANICLE ORGANIZATION 1 (APOI) [8,9]. STRONG CULM 3
(SCM3) and STRONG CULM4 (SCM4) have also been identified using backcross inbred lines
derived from a cross between the tropical japonica variety Chugoku 117 [10] and the japonica
variety Koshihikari. The responsive gene of SCM3 was identified as TEOSINTE BRANCHED 1
(OsTBI1)/FINE CULM]1 (FCI) [11-13]. In addition, the QTLs pri5 [14], Irt5 [15], BSUCI1
[16,17] and SD1 [18] have been found to be related to strong culm.

The current study developed new rice lines derived from crosses among varieties with supe-
rior alleles associated with traits for high yield and lodging resistance. Initially, TULT-gh-5-5
was selected from a cross between long- and strong-culm and high biomass variety Leaf Star
with superior SCM3 and SCM4 alleles originating from Chugoku 117 [19,13] and the high-
yielding variety Takanari with superior SCM1 and SCM2 alleles [9]. TUAT-32HB was selected
from a cross between high-yielding varieties Akenohoshi and Takanari. Furthermore, the very
long-culm, super thick-culm and super grain-bearing line, Monster Rice 1 was derived from a
cross between TULT-gh-5-5 and TUAT-32HB. However, details of biomass production, yield
and lodging resistance of Monster Rice 1 have not been clarified to date.

The current study investigated the characteristics of Monster Rice 1 by comparing with the
high-yielding, high lodging-resistant and semidwarf variety Takanari. Monster Rice 1 was
found to have long and large panicles and thick culms. Then, the current study identified the
QTLs for these traits, using progenies of Monster Rice 1 and Takanari crossing. Furthermore,
the current study surveyed the combined effect of QTLs for culm thickness using recombinant
inbred lines (RILs) to develop the breeding lines with further high yield and lodging resistance.

Materials and methods
Plant materials and cultivation

The rice (Oryza sativa L.) line and cultivar, Monster Rice 1 and Takanari were compared in
2016 and 2017. As mentioned above, Monster Rice 1 has been developed from crosses among
varieties with superior alleles associated with traits for high yield and lodging resistance (Fig 1)
and belongs to a group of moderate maturation. On the other hand, Takanari is a high-yield-
ing, high lodging-resistant, and semidwarf indica variety released in 1990 and its suitable
regions for cultivation are west of Kanto and Tokai in Japan (due to weak cold weather resis-
tance) [20,21]. Takanari belongs to a group of moderate maturation and extra-heavy-panicle
type [20,21]. Their F, population (N = 94) and RILs (F¢) (N = 94) were analyzed in 2015 and
2017, respectively. Field experiments were carried out on the Experimental Farm of Field Sci-
ence Center, Tokyo University of Agriculture and Technology in 2015, 2016 and 2017. Because
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Fig 1. The pedigree chart and canopy of Monster Rice 1. (A) The pedigree chart of Monster Rice 1. (B) Left canopy is
Monster Rice 1 and right canopy is Fukuhibiki, which is a high-yielding rice variety in Fukushima, Japan.

https://doi.org/10.1371/journal.pone.0221424.9001

the cultivation methods were similar in these three years, the current study only described
those used in 2017.

Seeds were sown in nursery boxes on 8 May 2017. Seedlings at the fourth leaf stage were
transplanted to a paddy field on Tama River alluvial soil, using one seedling per hill on 25 May
2017. However, experiments on biomass and yield components were conducted using three
seedlings per hill. The planting density was 22.2 hills m2, with a spacing of 15 cm x 30 cm. N,
P,0;5 and K,O were applied at 50 kg ha™', 60 kg ha™! and 60 kg ha™, respectively, as a basal fer-
tilization. The field was submerged throughout the experiments by irrigation. Weed and pest
controls were carried out as required.

Meteorological data sets including mean air temperature, precipitation, and sunlight dura-
tion during the growing period for three years were obtained from the Automated Meteorolog-
ical Data Acquisition System (AMeDAS, http://www.jma.go.jp/jp/amedas/) in Fuchu Station
(S1 Fig).

Phenotyping

Evaluation of biomass traits. Stem and leaf, panicle, and plant weight (aboveground
parts only) at harvest time were evaluated. For yield traits, three plants with average growth
from each plot were bulked, oven dried at 80°C for 72 hours, and weighed.

Evaluation of panicle traits. Panicles of the main culms were sampled 15 days after head-
ing. Number of primary branches, number of secondary branches, number of tertiary
branches and number of spikelets were identified.

Evaluation of lodging resistance traits. Twenty-four main culms were sampled from
each plot 15 days after heading, and 8 main culms with average basal elongated internode
lengths were selected for measurements. Evaluations of lodging resistance used a Tensilon
RTG-1210 universal testing machine (A&D, Tokyo, Japan) and were carried out by placing the
basal elongated internode on fulcrums 4 cm in distance, and loading the center of the inter-
node as described previously [22]. Physical parameters for breaking-type lodging resistance
were calculated by the following formula.

M=o9dZ (1)

(2)
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Physical parameters for bending-type lodging resistance were calculated by the following
formula.
B Plii
- 4841

(3)

n(a,’b, — a,’b,)

I =
64

(4)

M is the bending moment at breaking, ¢ is the bending stress and Z is the section modulus.
a, is the outer diameter of the minor axis in an oval cross-section, b, is the outer diameter of
the major axis in an oval cross-section, a, is the inner diameter of the minor axis in an oval
cross-section, and b, is the inner diameter of the major axis in an oval cross-section. E is the
Young’s modulus, P is the load, [ is the fulcrum distance, J is the deflection, I is the secondary
moment of inertia and EI is the flexural rigidity [22].

Cross sections of basal elongated internodes were stained with toluidine blue and photo-
graphed using a SZX 12, stereoscopic microscope (OLYMPUS, Tokyo, Japan).

QTL analysis using F, and RILs

For analysis of genotype, 151 single nucleotide polymorphism (SNP) markers for F, popula-
tion were calculated on a Golden Gate BeadArray technology platform (Illumina, San Diego,
CA, USA) (S1 File). Eighty-seven Fluidigm (Fluidigm, San Francisco, CA, USA) assays for
RILs were designed based on 151 polymorphisms identified by the Golden Gate Bead Assay
technology platform used for F, population. Although the original assays focused on a limited
DNA region, additional nine assays were designed based on the polymorphism data, which
increased the targeted region. Finally, 81 SNP makers were used for QTL analysis in RILs (52
File) because 10 markers did not have polymorphisms and 5 markers could not be
discriminated.

Linkage maps were constructed using F, and RILs, respectively. Linkage order and genetic
distance of SNP markers were calculated using MAPMAKER/Exp 3.0 [23], and QTLs were
detected by QTL Cartographer ver. 2.5, using the composite interval mapping (CIM) method
[24]. The critical threshold values of the logarithm of the odds (LOD) score were calculated by
conducting 1,000 permutation tests with a significance level at P = 0.05.

Next-generation DNA sequencing for haplotype analysis

Total DNA was extracted from leaves of Monster Rice 1 and its progenitors (Akenohoshi, Leaf
Star and Takanari) by the CTAB method [25]. Sequence reads were obtained by using Illumina
HiSeq 2000 system (Illumina, San Diego, CA, USA). Low-quality bases and the adaptors in the
sequence reads were trimmed with Trimmomatic software [26]. Trimmed reads were mapped
to the Nipponbare reference sequence, IRGSP-1.0 using BWA software [27], sorted and
indexed using SAMtools software [28]. To improve the raw alignment around insertion and
deletion mutations (indels), local re-alignments were performed using GATK software [29].
Polymerase chain reaction (PCR) duplicates were removed using Picard software (http://
broadinstitute.github.io/picard). SNPs and indels were identified individually for each sample
using both SAMtools and GATK software.

Statistical analysis

The significance of the difference for each trait value between Monster Rice 1 and Takanari
was determined by t-test. To investigate the superior allele combination, RILs were classified
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by the genotypes of SNP markers nearest to the three QTLs detected for section modulus, and
the significances of the difference for section modulus between the Monster Rice 1, Takanari,
RILs with three positive alleles and RILs with three negative alleles were determined by Tukey-
Kramer test. Statistical comparison above was conducted in R software ver. 3.2.4.

Results

Identification of component traits for high yield and strong culm in
Monster Rice 1

To identify the component traits for high yield and strong culm, the current study compared
yield and culm strength attributing traits between both parents. Mean culm length for Monster
Rice 1 was 135 cm in 2016 and 143 cm in 2017, about 1.8 times higher than that of the short-
culm variety, Takanari (Fig 2). This result indicated that Monster Rice 1 was an extra-long-
culm line. The current study also compared dry matter production in Monster Rice 1 with that
in Takanari (Table 1) and found that Monster Rice 1 showed significantly higher grain weight
(P < 0.05) and plant weight (P < 0.05).

The current study further evaluated the yield from Monster Rice 1 by comparing the yield
component between Monster Rice 1 and Takanari, a high-yielding variety (Table 2). Monster
Rice 1 significantly decreased panicle number per square meter (P < 0.001). However, the
yield in Monster Rice 1 significantly increased, due to the increase in the number of spikelets
per panicle (P < 0.001). In fact, Monster Rice 1 showed a larger panicle appearance compared
to Takanari (Fig 3A). On the other hand, there were no significant differences between the two
varieties in the percentage of ripened grains and 1000-grain weight (Table 2).

To find component factors for large number of spikelets, the current study compared the
number of branches and number of spikelets per branch between Monster Rice 1 and Takanari
(Table 3). Primary branch number in Monster Rice 1 was significantly larger than that in
Takanari (P < 0.05), but there was no significant difference in the number of spikelets of pri-
mary branches. The secondary branch number in Monster Rice 1 was about 1.6 times and sig-
nificantly larger than that in Takanari (P < 0.001), and the number of the spikelets of the
secondary branch was about 2.0 times and significantly larger (P < 0.001). In the tertiary
branches, the average of Monster Rice 1 was 14.5, while the average of Takanari was 1.3. The
number of spikelets of tertiary branches was significantly larger in Monster Rice 1 than that in
Takanari (P < 0.001).

Next, we classified the traits for lodging resistance into the breaking type and the bending
type, and compared these traits between Monster Rice 1 with Takanari (Table 4). In the break-
ing-type lodging resistance, bending moment at breaking was significantly larger in Monster
Rice 1 in both 2016 (P < 0.001) and 2017 (P < 0.001). For component traits of bending
moment at breaking, section modulus was more than two times and significantly larger in
Monster Rice 1 than that in Takanari in both 2016 (P < 0.01) and 2017 (P < 0.01). While
bending stress in Takanari was significantly larger than that in Monster Rice 1 in 2016
(P < 0.05), but there was no significant difference in 2017. Therefore, Monster Rice 1 showed
a large bending moment at breaking due to its high section modulus.

In the bending-type lodging resistance, flexural rigidity was not significantly different in
2016, but Monster Rice 1 was significantly larger than Takanari in 2017 (P < 0.05). For the
component traits of flexural rigidity, secondary moment of inertia in Monster Rice 1 was sig-
nificantly larger than in Takanari in both 2016 (P < 0.05) and 2017 (P < 0.001). On the other
hand, Young’s modulus in Monster Rice 1 was significantly smaller than in Takanari in both
2016 (P < 0.001) and 2017 (P < 0.01).
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Fig 2. Plant appearance and culm length of Takanari and Monster Rice 1. (A) Plant appearance. Left and right
plants indicate Takanari (a semidwarf variety) and Monster Rice 1 (an extra-long-culm line), respectively. (B) Culm
length. Blue and yellow bars indicate mean + SD (n = 3) of Takanari and Monster Rice 1, respectively. Asterisks
indicate significant difference between both cultivars: *** indicates P < 0.001 (t-test).

https://doi.org/10.1371/journal.pone.0221424.g002

The current study also observed the cross section of the internodes using a stereoscopic
microscope. Monster Rice 1 has a large, thick cross section, compared with that of Takanari
(Fig 3B). These results indicated that Monster Rice 1 had an extra thick culm.

QTLs for yield and lodging resistance

The current study researched frequency distributions for the traits associated with yield and
lodging resistance in F, population and RILs (S2 and S3 Figs). Both populations were continu-
ously distributed for all evaluated traits, and there were transgressive segregations for some
traits. This result indicated that multiple QTLs contribute to the traits in F, population and
RILs. Then, to clarify the QTLs for the traits in Monster Rice 1, the current study created a
linkage map (S4 and S5 Figs), and performed QTL analysis for these component traits, except
for bending-type lodging resistance (Tables 5 and 6). In F, populations (N = 94), four QTLs
for branch or spikelet number and three QTLs for lodging resistance were detected on Chro-
mosomes (Chrs.) 1, 2,4 and 12. In RILs population (N = 94), 17 QTLs for branch or spikelet
number, and 6 QTLs for lodging resistance were detected on Chr.1, 4,7, 9, 10 and 12.

The QTL for spikelet number was detected at almost the same position in primary branch
number, secondary branch number, spikelet number of the secondary branch, spikelet num-
ber of tertiary branch and total spikelet number at the long arm region on Chr.4 (Table 5).
This QTL had a positive additive-effect on all these five traits, when the Monster Rice 1 allele
was inserted into Takanari. In addition, in RILs, the QTL that increased secondary branch

Table 1. Comparisons of biomass production between Monster Rice and Takanari in 2016.

Stem and leaf weight Grain weight Plant weight
(gDW m?>) (gDW m?) (gDW m?)
Monster Rice 1 995 + 120 1036 + 35 2031 + 131
Takanari 763 £ 12 944 + 19 1707 £ 19
s * *

Mean + SD (n = 3). Asterisks indicate significant difference between cultivars: n.s. indicates no difference and *

indicates P < 0.05 (t-test).

https://doi.org/10.1371/journal.pone.0221424.t001
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Table 2. Comparisons of yield components between Monster Rice 1 and Takanari in 2016.

Panicle number per m*> | Number of spikelets per panicle | Percentage of ripened grains | 1000-grain weight | Brown rice yield
(Panicles m™>) (Spikeles/Panicle) (%) (g) (tha™)
Monster Rice 1 2245+43 2523 +3.9 80.0+ 1.1 20.0+0.3 9.22 +0.26
Takanari 263.9+4.3 1945+24 79.3+1.0 19.8+0.4 8.28 +0.12
Monster Rice 1/Takanari 0.85 1.30 1.01 1.01 1.11
. xx ns. . .

Mean + SD (n = 3). Asterisks indicate significant difference between cultivars: n.s. indicates no difference, ** and *** indicate P < 0.01, 0.001, respectively (t-test).

https://doi.org/10.1371/journal.pone.0221424.t002

number, spikelet number of secondary branch and total spikelet number was detected on
Chr.9 and the QTL that increased primary branch number and spikelet number of the primary
branch was detected on Chr.12 by the insertion of the Monster Rice 1 allele into Takanari.
Focusing on the culm thickness associated with lodging resistance, QTLs for section modu-
lus were detected on Chrs.1 and 2 in F, (Table 6). In RILs, QTLs for section modulus were
detected on Chrs.1, 9 and 10. These QTLs on Chrs.1 and 9 showed positive additive-effects as
these alleles of Monster Rice 1 were inserted into Takanari. This QTL on Chr.1 in RILs was at
almost the same position of the QTL detected in F, and the additive effect and the proportion
of variance were the highest in detected QTLs for section modulus. On the other hand, the
QTL on Chr.10 had positive additive-effect upon inserting the Takanari allele into Monster
Rice 1, despite the fact that the culm was thicker in Monster Rice 1 than that in Takanari.
Next, the current study focused on the culm stiffness, which is also trait associated with
lodging resistance. QTLs for bending stress were detected on Chrs.1, 10 and 12 in RILs, and
the QTL on Chr.12 was also detected at almost the same position in the F, population
(Table 6). Only QTL on Chr.10 had a positive additive-effect that increased bending stress, but
QTLs on Chrs.1 and 12 had negative additive-effects upon insertion of the Monster Rice 1
allele into Takanari.

A

e
e}

Fig 3. Panicle appearance and cross sections of basal elongated internodes. (A) Left and right panicles indicate
Takanari and Monster Rice 1, respectively. (B) Upper and lower figures indicate cross sections of Takanari and
Monster Rice 1, respectively. Black bar indicates 1 mm.

https://doi.org/10.1371/journal.pone.0221424.g003
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Table 3. Comparisons of branch and spikelet number per panicle in the main culm between Monster Rice 1 and Takanari in 2017.

Branch number per panicle Spikelet number per panicle
Primary Secondary Tertiary Spikelets of primary Spikelets of secondary Spikelets of tertiary Total
branches branches branches branches branches branches spikelets
Monster 19.6 £ 1.0 70.7+ 1.8 14.5+2.7 98.3+39 279.0+ 8.0 36.3+5.3 4135+ 16.3
Rice 1
Takanari 16.8 + 0.4 429+33 1.3+0.8 92.5+2.3 139.8 +11.1 2.7+1.7 235.0 £ 12.5
* *ok ok *k n.s Ak ok ok ok

Mean + SD (n = 3). Asterisks indicate significant difference between cultivars: n.s. indicates no difference, *, ** and *** indicate P < 0.05, 0.01, 0.001, respectively (t-

test).

https://doi.org/10.1371/journal.pone.0221424.t1003

Haplotype of Monster Rice 1

Haplotype analysis was performed to clarify the origins of alleles of these QTLs detected in
Monster Rice 1 (Fig 4). The genetic origins of the QTLs responsible for section modulus and
bending stress on Chr.10 and for primary branch number, spikelet number of primary branch
and bending stress on Chr.12 were identified as Leaf Star. The regions of the QTLs responsible
for secondary branch number and spikelet number of the secondary branch on Chr.2 and for
secondary branch number, spikelet number of the secondary branch, total spikelet number
and section modulus on Chr.9 were the haplotype as Akenohoshi. The region of the QTL that
increased the section modulus by inserting the allele of Monster Rice 1 into Takanari on Chr.1
included same haplotype as Leaf Star and Akenohoshi. The genetic origin of the QTL that was
located at the long arm region on Chr.4 and increased branch and spikelet numbers by insert-
ing the allele of Monster Rice 1 into Takanari included same haplotype as Leaf Star and
Akenohoshi.

Superior allele combination of Monster Rice 1 and Takanari for section
modulus in RILs

During RILs population investigation, the effect of superior allele combination of Monster
Rice 1 and Takanari was found for the section modulus (Fig 5). Among 94 lines of RILs, lines
were classified by the allele types using SNP markers nearest to the LOD peak of section modu-
lus based on their genotypes (Fig 5A). Eight lines had the three alleles with a positive effect and
three lines had three alleles with a negative effect. The mean value of the lines combined with

Table 4. Comparisons of the component traits of lodging resistance between Monster Rice 1 and Takanari in 2016 and 2017.

Year Line The component traits of breaking-type lodging resistance The component traits of bending-type lodging resistance
Bending moment at breaking | Section modulus | Bending stress | Flexural rigidity | Secondary moment of inertia | Young’s modulus
(gf cm) (mm?) (gf mm?) (kgf cm?) (mm?*) (kgf mm?)
2016 | Monster Rice 1 2456167 31.4+3.2 793172 17.9+1.5 120+15 15.7+2.4
Takanari 1412499 15.1+0.7 950+65 15.4+1.2 44.0£1.9 35.8+1.9
ok *x * s % Kok
2017 | Monster Rice 1 2731+79 44.4+0.3 615+18 18.4+0.8 186+5 9.97+0.74
Takanari 1276173 19.7+1.9 654+42 12.9+2.2 61.8+7.4 21.3£1.9
. . s X Hohk .

Mean + SD (n = 3, except for flexural rigidity and Young’s modulus of Monster Rice 1 in 2017, n = 2). Asterisks indicate significant difference between cultivars: n.s.
indicates no difference, *, ** and *** indicate P < 0.05, 0.01, 0.001, respectively (t-test).

https://doi.org/10.1371/journal.pone.0221424.t1004
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Table 5. Summary of QTLs detected in the F, and recombinant inbred lines from a cross between Monster Rice 1 and Takanari about rachis branching and spikelet
number per panicle.

F,

RILs

Trait

Secondary branch number
Secondary branch number
Secondary branch number

Spikelet number of secondary
branch

Primary brach number

Primary brach number

Secondary branch number
Secondary branch number
Secondary branch number
Secondary branch number
Secondary branch number

Spikelet number of primary
branch

Spikelet number of primary
branch

Spikelet number of secondary
branch

Spikelet number of secondary
branch

Spikelet number of secondary
branch

Spikelet number of tertiary
branch

Total spiketet number
Total spiketet number
Total spiketet number

Total spiketet number

Chromosome Position

O (O [N |

(cM)
90
61
132
46

212

60

223
43
165

232

56

72

234

232
55
62
84

Left
marker

P0669
P0221_3
P0732
P0221_3

FA1017
FA0731
FA1001
FA1017
FA1425
FA1457
FA1218

FA1046

FA1225

FA1425

FA1052

FA1046
FA1225
FA1425
FA1448

Right marker

ah01002411
ah02001353
ad04012391
AE02002124

FA1048
FA1770
FA0749
FA1012
FA1052
FA1439
FA1498
FA1225

FA1060

FA1445
FA1055

FA1060

FA1442

Nearest
marker

P0669

P1287

P0738
ah02000807

FA1040
FA1764
FA0731
FA1001
FA1048
FA1439
FA1498
FA1221

FA1775

FA1052

FA1284

FA1442

FA1055

FA1052
FA1284
FA1442
FA1448

Position
(Mb)

33.03
14.54
31.61
12.25

25.90
25.53
32.70
12.70
30.69
16.80
13.30

1.45

27.47

31.66

22.82

17.89

32.60

31.66
22.82
17.89
19.84

LOD

3.32
3.74
3.77
3.64

8.10
2.86
3.28
2.45
7.19
3.45
2.57
3.22

3.95

9.17

5.11

4.95

2.32

9.77
5.48
4.22
3.24

Additive
effect

3.3
-5.3
5.6
-53.4

0.9
0.5
3.8
-2.2
4.3
4.4
4.7
-4.2

4.7

2.4

23.1
24.3
24.3
-17.9

PVE
(%)
11.0
14.1
14.2
39.8

28.0

8.4
21.5

7.8
27.9
31.7
34.6
11.7

33.3
38.5
30.1

9.6

Each physical distance represents nearest marker positions in the QTLs based on the rice genome (Build 4 for F, population and IRGSP-1.0 for RILs, http://rapdb.dna.

affrc.go.jp/) of the cultivar "Nipponbare’ (O. sativa ssp. japonica). The additive effect indicates in the insertion of the Monster Rice 1 allele. The QTLs detected by 1000

permutation tests with a significance level of 5% is shown. Asterisks indicate the QTLs detected in both F, and RILs. Spikelet number of tertiary branch was counted as

spikelet number of secondary branch only in F,.

https://doi.org/10.1371/journal.pone.0221424.t1005

the three positive alleles was higher than those of Takanari and the lines combined with the

three negative alleles. On the other hand, the mean values were almost the same between the
lines combined with three positive alleles and Monster Rice 1 (Fig 5B). This result indicated
that these three positive alleles had a strong combined effect for section modulus.

Discussion

1. Superior properties for a high yield and lodging resistance in new type

variety, Monster Rice 1

The current study clarified the component traits associated with biomass production, yield
and lodging resistance within developed RILs, Monster Rice 1, and detected the QTLs for

these traits.
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Table 6. Summary of QTLs detected in the F, and recombinant inbred lines from a cross between Monster Rice 1 and Takanari about breaking-type lodging

resistance.
Trait Chromosome | Position (cM) | Left marker | Right marker | Nearest marker | Position (Mb) | LOD | Additive effect | PVE (%)

F, | Section modulus 1* 116 P0686 ah01003209 ah01003105 40.25 4.24 4.51 14.1
Section modulus 2 151 AE02004954 | ad02017623 P0269 34.89 3.66 3.89 12,5
Bending stress 12* 33 ad12009568 - ad12009894 27.70 3.88 -91.8 224
RILs | Section modulus 1* 58 FA1902 FA0754 FA0731 32.70 7.36 4.66 32.7
Section modulus 9 17 FA1425 FA1439 FA1425 10.34 2.81 2.44 8.9
Section modulus 10 197 FA1457 FA1521 FA1505 16.24 3.99 -2.71 12.1
Bending stress 1 64 FA0731 FA0751 FA0749 38.50 3.98 -62.5 22.3
Bending stress 10 216 FAl516 FA1524 FA1521 20.84 4.19 58.4 15.1
Bending stress 12* 0 - FA1770 FA1764 25.53 2.76 -37.5 9.3

Each physical distance represents nearest marker positions in the QTLs based on the rice genome (Build 4 for F, population and IRGSP-1.0 for RILs, http://rapdb.dna.

affrc.go.jp/) of the cultivar "Nipponbare’ (O. sativa ssp. japonica). The additive effect indicates in the insertion of the Monster Rice 1 allele. The QTLs detected by 1000

permutation tests with a significance level of 5% is shown. Asterisks indicate the QTLs detected in both F, and RILs.

https://doi.org/10.1371/journal.pone.0221424.t006
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In a previous study, there is a high positive correlation between plant height and biomass

[30]. However, in crop plants such as rice, although long-culm varieties had higher CO, diffu-
sion efficiency in the canopy due to lower leaf area density than short-culm varieties, there was
not much difference in final biomass production due to the susceptibility to lodging [4,5]. In
this study, the culm length of Monster Rice 1 was 1.8 times higher than that of the semidwarf
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Fig 4. Haplotype of Monster Rice 1 and QTL positions. Green bar on chromosome, haplotype of Leaf Star; red bar on chromosome, haplotype of
Akenohoshi; yellow bar on chromosome, same haplotype between Leaf Star and Akenohoshi; light blue bar on chromosome, Takanari haplotype.
Yellow bar to the right of chromosome signifies a QTL for which Monster Rice 1 allele had a positive effect; blue bar to the right of chromosome
signifies a QTL for which Takanari allele had a positive effect. Normal letters signify a QTL detected in Fy; bold letters signify a QTL detected in RILs.
SM, section modulus; BS, bending stress; PBN, primary branch number; SBN, secondary branch number; PSN, spikelet number of primary branch;
SSN, spikelet number of secondary branch; TSN, spikelet number of tertiary branch; SN, total spikelet number. Physical map position is based on the
rice genome (IRGSP-1.0, http://rapdb.dna.affrc.go.jp/) of the cultivar Nipponbare’ (O. sativa ssp. japonica).
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Fig 5. Combined effect of QTLs for section modulus in RILs. (A) Frequency distribution of section modulus. Orange bar,
the lines combined with the three positive QTLs; light blue bar, the lines combined with three negative QTLs; white bar, the
other lines. Blue and yellow arrows indicate mean of Takanari and Monster Rice 1, respectively. (B) Mean + SD of section
modulus of parental cultivars and lines with three positive or negative QTLs. Different alphabets indicate P < 0.05 (Tukey-
Kramer test).
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variety, Takanari (Fig 2). However, Monster Rice 1 exhibited no lodging until the late ripening
stage, despite its high plant height and heavy panicle, because Monster Rice 1 had high bending
moment at breaking of the culm due to the section modulus, indicating a thick culm (Table 4,
Fig 3B). In previous studies, lodging resistance was enhanced by thickening culms [13,31,32],
but to our knowledge, there are no previous reports of varieties with such a large culm diame-
ter (Fig 3B, S6 Fig). The current study results are consistent with a previous observation that
long-culm varieties having a heavy panicle increased breaking resistance due to the increased
culm thickness of the basal internode [33]. These results may suggest that during the long
growth period, the canopy structure and high CO, diffusion efficiency are maintained, which
results in higher stem and leaf weight, grain weight and plant weight (Table 1). However, in
the present study did not investigate canopy structure including leaf area density or gas diffu-
sion inside the canopy and therefore further investigation is necessary in the future research.

For panicle, grain weight in Monster Rice 1 was 1.1 times higher than that in Takanari due
to the bearing of a large panicle and 1.3 times larger number of spikelets per panicle (Tables 1
and 2, Fig 3A). It has been known that the number of spikelets per panicle had a trade-off rela-
tionship with panicle number [13]. Although a similar trade-off was also observed in this
study, not only grain weight but also yield per hectare was significantly larger for Monster Rice
1 than Takanari (Table 2). Furthermore, the current study investigated the component traits of
large number of spikelets in Monster Rice 1 in more detail. The current study found that the
secondary branch number and tertiary branch number were particularly larger in Monster
Rice 1 compared to Takanari, and also the spikelet numbers of the secondary and tertiary
branches were larger. In addition to Takanari, previous studies have not reported the number
of tertiary branches in Bekoaoba, Hokuriku 193 and Momiroman, which are the high-yielding
varieties in Japan [34,35]. Therefore, the characteristic of the large number of tertiary branches
of Monster Rice 1 may become one of the important traits that can be used for further breed-
ing of high-yielding varieties.

2. QTLs for panicle branching in Monster Rice 1

The current study performed QTL analysis to investigate the genetic factors responsible for the
component traits of rachis branching and spikelet number per panicle. In the QTL analysis by
branch number, multiple QTLs that increased the number of secondary branches by inserting
the allele of Monster Rice 1 into Takanari were detected, and one of these also increased the
primary branch number (Table 5). This QTL was detected at the long arm region on Chr.4,
and this haplotype was not distinguished between Leaf Star and Akenohoshi (Fig 4). The
parents of Leaf Star are the japonica and tropical japonica varieties [19,10] and the progenitors
of Akenohoshi include the japonica and indica varieties [36]. Previous studies have shown that
the spikelet number increased as NALI of the japonica type or tropical japonica type was intro-
duced into the indica variety [37,38]. These results suggest that NALI is a candidate gene for
this detected QTL because of its functional effect, chromosomal position and haplotype.

In this study, QTLs for primary branch number and spikelet number of primary branches
were detected on Chr.12 (Table 5). In addition, as a result of haplotype analysis, the origin of
this QTL was identified as Leaf Star, derived from a cross between the tropical japonica variety,
Chugoku 117 and the japonica variety, Koshihikari as mentioned above [19,10] (Fig 4). On the
other hand, gTSN12.1 and qTSN12.2, which are QTLs for total spikelet number per panicle,
exist in this QTL region [39]. Sasaki et al. (2017) conducted an experiment using the near-iso-
genic line (NIL) of indica variety IR64 in which the gTSN12.1 and gTSN12.2 regions were
replaced with YP 3 and YP 4, having a tropical japonica haplotype, although parents are differ-
ent. As a result, both NILs exceeded the number of spikelets per panicle compared with IR64
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[39]. These results support that the indica varieties in which this QTL region has been replaced
with a tropical japonica variety, increase primary branch number and spikelet number on the
primary branch. However, while gTSN12.1 and qTSN12.2 increase not only the number of pri-
mary branches but also the number of secondary branches [39], QTL on Chr.12 detected in
the present study is a QTL only for the number of primary branches. Therefore, further exami-
nation is necessary in the future research.

The candidate genes for QTLs for panicle branching and spikelet number detected in this
study include APO2 [40] and NALI on Chr.4. On the other hand, LAX1I [41] presented near
the QTL peak involved in the secondary branch detected on Chr.1, but haplotype analysis
found that LAXI was a Takanari-type allele. Therefore, it is unlikely that LAX1 is the responsi-
ble gene. In addition, DEPI [42] presents near the QTL peaks for secondary branch number,
spikelet number of the secondary branch, total spikelet number on Chr.9. However, for the
same reason as LAX1, the possibility that DEP]I is the responsible gene is low. In the future, it
will be necessary to clarify whether these candidate genes are the above-mentioned genes or
novel genes. In addition, if these are novel genes, it will be important to clarify the physiologi-
cal functions of the responsible genes.

3. QTLs for culm thickness and stiffness in Monster Rice 1

In this study, QTLs for culm thickness were detected on Chrs.1 and 2 in the F, population and
on Chrs.1, 9 and 10 in RILs (Table 6). The QTL on Chr.1 detected in both the F, population
and RILs contained the SD1I region, and as a result of the haplotype analysis, this region of
Monster Rice 1 indistinguishable from Leaf Star and Akenohoshi (Fig 4). As mentioned above,
Leaf Star has alleles of the japonica and tropical japonica types [19,10], while Akenohoshi has
alleles of the japonica and indica types [36]. This suggests that Monster Rice 1 has a japonica
type functional SD1. On the other hand, Ookawa et al. (2016) demonstrated that the culm
became thicker in the Takanari genetic background NIL, where sd1 was replaced by SD1I of the
japonica variety, Koshihikari [18]. These results indicate that the culm of Monster Rice 1 is
thicker than that in Takanari due to the effect of the japonica type functional SD1.

In previous researches, SCM2/APO1 and SCM3/FC1 were reported as the QTL that have
the pleiotropic effects for culm strength and spikelet number [9,13]. In the present study, the
QTL that increased section modulus by the insertion of the Monster Rice 1 allele into Takanari
on Chr.9 also increased secondary branch number, spikelet number of secondary branch and
total spikelet number (Tables 5 and 6). This result suggests that this QTL on Chr.9 also have
the pleiotropic effects for culm strength and spikelet number.

The Monster Rice 1 QTL, which increased bending stress detected on Chr.10 in RILs, was a
Leaf Star-type allele (Table 6, Fig 4). Leaf Star is known to have high mechanical strength
because of high density biochemical cell wall components such as cellulose, hemicellulose, or
lignin and thick cortical fiber tissue. However, the Leaf Star gene for high bending stress has
been identified only as OsCAD2 for lignin biosynthesis at the short arm region on Chr.2
[19,10]. Therefore, the QTL on Chr.10 detected in the present study, might be a novel QTL
explaining the high bending stress of Leaf Star. However, further research will be needed to
clarify how this QTL affects the culm anatomical traits.

4. Combined effects of QTLs for culm thickness

Finally, the current study surveyed the combined effects of QTLs for section modulus (Fig 5).
In previous studies, target traits indicated characteristics similar or superior to those of their
parents by pyramiding QTLs. For example, Matsubara et al. (2016) reported that lines that car-
ried alleles with positive additive-effects on QTLs for plant weight were significantly higher
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than their parents [43]. It has also been reported that by pyramiding superior alleles for grain
quality and grain yield of the parental varieties, both traits were expressed at the same level as
in the parents simultaneously [44]. In the present study, although there was dispersion among
the lines combined with three positive QTLs for section modulus, the average value of the sec-
tion modulus of these lines was nearly identical to that of Monster Rice 1. These results suggest
that by pyramiding the positive allele of Takanari in addition to the superior allele of Monster
Rice 1, it is possible to breed lodging resistant rice varieties with a super thick-culm.

However, Monster Rice 1 still retains the problem of lodging after the late ripening stage
due to its heavy panicle and biomass. In the future, similarly to Yano et al. (2015), who pyra-
mided major QTLs, SCM2/APO1 plus SCM3/FCI from two other varieties to strengthen the
culm [13], it will be important to increase lodging resistance by further pyramiding QTLs for
culm thickness and/or stiffness.

Conclusions

Monster Rice 1, which is long-culm variety bred in this study, had high lodging resistance and
yield, because the culm is much thicker and the grain number is larger than the high-yielding
variety, Takanari. Furthermore, QTLs for those component traits were identified by QTL anal-
ysis using progenies of Monster Rice 1 and Takanari and the lines with QTLs that exhibit posi-
tive additive-effects showed the same culm thickness as Monster Rice 1. In addition to these
QTLs, further pyramiding from other varieties suggests that the possibility of breeding new
varieties that exhibit high yields and long culm but no lodging until harvest, may lead to the
next green revolution.

Supporting information

S1 Fig. Meteorological conditions during the growing period for three years. (A) Mean air
temperature and precipitation. Light blue marker, mean air temperature in 2015; orange
marker, mean air temperature in 2016; gray marker, mean air temperature in 2017. Yellow
bar, precipitation in 2015; blue bar, precipitation in 2016; green bar, precipitation in 2017. (B)
Sunlight duration. Light blue marker, sunlight duration in 2015; orange marker, sunlight dura-
tion in 2016; gray marker, sunlight duration in 2017.
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S2 Fig. Frequency distribution for the traits associated with yield and lodging resistance in
F, population.
(PDF)

S3 Fig. Frequency distribution for the traits associated with yield and lodging resistance in
RILs. Blue and yellow arrows indicate mean of Takanari and Monster Rice 1, respectively.
(PDF)

$4 Fig. The linkage map of the F, population.
(PDF)

S5 Fig. The linkage map of the RILs.
(PDF)

S6 Fig. Outer diameter of the major axis. Blue and yellow bars indicate mean + SD (n = 3) of
Takanari and Monster Rice 1, respectively. Asterisks indicate significant difference between
both cultivars: *** indicates P < 0.001 (t-test).
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