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Abstract: The aerobic adaptation of upland rice is considered as the key genetic difference between
upland rice and lowland rice. Genetic dissection of the aerobic adaptation is important as the basis for
improving drought tolerance and terrestrial adaptation by using the upland rice. We raised BC1-BC3

introgression lines (ILs) in lowland rice Minghui 63 (MH63) background. The QTLs of yield and
yield-related traits were detected based on ILs under the aerobic and lowland environments, and then
the yield-related QTLs were identified in a backcrossed inbred population of BC4F5 under aerobic
condition. We further verified phenotypes of QTL near-isogenic lines. Finally, three QTLs responsible
for increasing yield in aerobic environment were detected by multiple locations and generations,
which were designated as qAER1, qAER3, and qAER9 (QTL of aerobic adaptation). The qAER1 and
qAER9 were fine-mapped. We found that qAER1 and qAER9 controlled plant height and heading
date, respectively; while both of them increased yields simultaneously by suitable plant height and
heading date without delay in the aerobic environment. The phenotypic differences between lowland
rice and upland rice in the aerobic environment further supported the above results. We pyramided
the two QTLs as corresponding molecular modules in the irrigated lowland rice MH63 background,
and successfully developed a new upland rice variety named as Zhongkexilu 2. This study will lay
the foundation for using aerobic adaptation QTLs in rice breeding programs and for further cloning
the key genes involved in aerobic adaptation.
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1. Introduction

Rice (Oryza sativa L.) as a staple food has fed almost half of the world population, but there are
many challenges in rice production because of notably global climate change and water deficit. So far,
drought stress has become the main limited factor for rice production [1]. To cope with the shortage of
water resources, breeders aim to increase or maintain rice yields during drought periods or in arid
areas by using natural genetic variation [2]. Rice including upland rice and lowland rice ecotypes has
separately adapted to either aerobic or paddy cultivation. The upland rice represents a predominant
ecotype grown under aerobic and rain-fed conditions in the mountainous areas of Southwest China,
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South and Southeast Asia, Africa, and Latin America, and have been widely adopted in these areas
as its low water requirement [3]. Upland rice grows in hydrological conditions like those of other
upland crops such as wheat and maize, where the soils are “aerobic” [4]. Accordingly, extensive genetic
variations exist in upland rice germplasms for aerobic adaptation [5].

It is undoubtedly that theGreen Revolution breeding of lowland rice has made remarkable
achievements. In particular, the development of semi-dwarf, high-yielding, lodging-resistant,
fertilizer-responsive rice varieties have provided yield gains and food security for rice consumers
over recent decades [6]. However, about 45% of rice-growing areas in rain-fed with direct-seeding
environments and lowland rice face the threat of increasing water deficit [7]. Worryingly, little attention
has been paid to the improvement of direct-seeding rain-fed upland rice [8]. What is more, the improved
rice varieties developed for the paddy field environment are not adaptable for the aerobic upland
environment [9].

With labor shortage, changing climate, and water depletion, the potential contribution of
direct-seeding rain-fed upland rice, breeding rice varieties with aerobic adaptation has become
increasingly more urgent than ever before [10]. However, the current challenge lies in deciphering the
genetic basis of the aerobic adaptation, combining that adaptation of upland rice with modern improved
rice varieties, thereby breeding high-yield, high-quality, and aerobic-adapted rice varieties [11].

Whether the upland rice was domesticated from wild rice directly to upland rice or from wild rice
to lowland rice and then to the upland remains to be controversial. During its long-term selection and
domestication, rice has been eventually transformed from requiring marshy or paddy field conditions
into the forms adapted to rain-fed upland environments [12]. Adaptation from the aquatic to the
aerobic environment may be the main characteristic during domestication of upland rice. The evolution
of gene-regulatory sequences was considered as the primary driver of morphological variation [13].
Therefore, distinguishing the different phenotypes and dissecting the corresponding genomic variations
underlying the aerobic adaptation of upland rice forms the basis of breeding and development of
improved cultivars.

Recently, a great number of studies have explored the phenotypes and genomic variations between
the lowland rice and upland rice, including high genetic variability in the characteristics of morphology
and physiology [14], root related traits [15–18], early growth potential [19,20], osmotic pressure [21,22],
and stomata morphology [23]. Among these traits, most of the upland rice varieties exhibited a robust
root system, which might be the key physiological characteristics of breeding [24]. To date, besides
a large number of identified root-related quantitative trait loci (QTLs), the roles of more and more genes,
such as OsbHLH120 controlling root thickness [25], OsNAC10 improving drought tolerance and grain
yield [26], DRO1 influencing deep roots by controlling root angle [27], and SOR1 mutation causing
root gravity response and insufficient rooting on soil surface [28], have been elucidated. Although the
relevance of root traits in water uptake and drought adaptation was generally accepted [5,17,27,29],
the relationship between most of these traits and yields under aerobic conditions remains unclear.
Crop yields are the major concerns for the breeders. In the past decades, great progress has been
made in detecting large-effect QTLs conferring drought tolerance in both upland rice and lowland
rice [30–33]. However, the detailed phenotype and corresponding genomic variations of upland rice
adapted to the aerobic environment still need to be elucidated [5,34].

In this study, we manipulated the elite improved upland rice cultivar B6144F-MR-6 as a donor
introduced from Indonesia. B6144F-MR-6, widely used in Southeast Asian upland conditions with good
aerobic environmental adaptability, has been officially released in Southwest China’s Yunnan Province
and Vietnam. Further, B6144F-MR-6 was crossed and backcrossed with the lowland rice cultivar MH63.
The BC1-BC3 upland rice backcross introgression lines (ILs) were obtained, and the yield and intuitive
phenotypes of the ILs and their parents were tested under lowland and aerobic rain-fed condition.
Aerobic adaptation QTLs were detected and analyzed based on the ILs, and further confirmed in
a population of backcross inbred lines (BC4 BILs). Moreover, the yield-related traits in the aerobic
environment were identified, and two major aerobic adaptation QTLs were identified and located by
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fine mapping. Finally, a new upland rice variety named as Zhongkexilu 2 was bred in a lowland rice
background by molecular breeding methods that introduced clear QTLs as a molecular module.

2. Materials and Methods

2.1. Introgression of Aerobic Adaptation from the Upland Rice to Lowland Rice

To understand the effect of introgression from the upland to lowland rice, the elite improved
upland rice cultivar B6144F-MR-6 was used as the donor and the high-yield lowland variety MH63
as the recurrent parent in an advanced backcross selection program from the 2005 winter season at
the Sanya Breeding Station, Sanya, Hannan Province, China. We obtained not less than 150 BC1F1

individuals, and 111 of which were backcrossed as BC2F1 family lines. From each BC2F1 family line,
we randomly selected one plant to backcross to produce BC3F1 family lines. We harvested BC1F1

as BC1F2 populations and harvested BC2F1 and BC3F1 as BC2F2 and BC3F2, respectively, according
to their family lines. Crosses and backcrosses were carried out at the Sanya breeding station with
three generations per year. By the 2006 winter season, one BC1F4 population, 111 BC2F3 and 96 BC3F2

family lines were obtained. These materials were screened in the dry season in the aerobic environment
of the Sanya Breeding Station (SY-DS, November to April) and in the rainy season of the Menglian
Breeding Station, Menglian, Yunnan Province, China (ML-RS, mid-May to September) starting in
2007–2008. In SY-DS, mobile sprinkler irrigation facilities were used to maintain a humid aerobic
environment. There was sufficient rainfall in ML-RS so that there was no drought stress during the
whole growth period; all materials were grown and managed according to the local protocol. Heading
date, vegetative vigor, and phenotypic acceptability (PAcp) were assessed in each screening according
to the Standard Evaluation System for Rice (International Rice Research Institute, 2002). Visual selection
was made based mainly upon PAcp. For duplicate-based screening, 33 BC1F8, 23 BC2F7, and 6 BC3F6

introgression lines (ILs) were selected from the BC1 population and BC2, BC3 family lines, respectively,
based upon better PAcp compared with the recurrent parent in the aerobic condition.

2.2. Performance of the ILs under Lowland and Aerobic Conditions at Sanya and Menglian

To understand the genetic basis of the aerobic adaptation, the above mentioned ILs of different
generations were used to investigate the differences in biomass, yield, harvest index, plant height,
and heading dates between the aerobic and lowland condition (SY-DS and ML-RS, respectively) in
2009. All experiments were conducted under both aerobic and lowland condition with the same
experimental design and analysis method, and each experiment was performed with three replications
with the respective recurrent parent as control. For the aerobic treatment, we used direct sowing with
3–4 seeds per hole, and thinned to one seedling at the three-leaf stage. For the lowland treatment,
sowing and transplanting single seedlings were done. Each plot was 2 × 0.75 m2, with three rows per
plot, and planting density 25 × 20 cm between rows and plants. The five plants in the middle of the
middle rows were analyzed for biomass yield, harvest index, heading date, and plant height. Analysis
of variance by ANOVA was performed for each trait. Significant differences between ILs and MH63
were determined by multiple comparisons of LSD values compared with the recurrent parent.

2.3. QTLs Mapping of Traits Based upon the ILs

For QTL mapping, the ILs lines were genotyped using 256 SSR markers that were polymorphic
between the two parents, which were uniformly distributed throughout the rice genome. Based on
the performance of the ILs under lowland and aerobic conditions, the probabilities of markers linked
to each trait were scored by a binomial test. The selection in 2006 to 2008 was made for aerobic
performance compared with the lowland-type parent MH63, if the introgression rate of a marker was
significantly higher than that of the theoretical prediction from the binomial distribution, the marker
may be linked with the corresponding phenotype. In order to avoid the high probability of false QTL
from multiple tests, a high significance level of 0.0001 was set [35,36].
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2.4. Identification of QTLs in the BC4F5 Backcross Inbred Lines

Based on the grain yield QTL mapping using the ILs, BC3F8 introgression line IL-U315
(which carried four grain yield QTLs) was used to raise a BC4F5 population by backcrossing with
MH63 in 2010. More than 500 BC4F4 backcross inbred lines (BILs) were obtained by the single-seed
descent method in the 2013 winter season. The leaves of each BC4F4 individuals were used for
genotypic analysis and the corresponding BC4F5 individual seeds were used for phenotypic evaluation.
We randomly selected 238 BC4F5 BILs for field phenotypic evaluation in the aerobic condition of ML-RS.
Experiments were laid out in an alpha lattice design with three replications; each plot was 2 × 0.75 m2

with three rows per plot and planting density 25 × 20 cm. The five plants in the middle of the middle
rows were used for biomass, yield, heading date, and plant height measurements. The experiment was
conducted under the aerobic condition with direct sowing, normal fertilizer and weed management.
A total of 52 introgression SSR markers of IL-U135 were used to genotype the BC4F4 BILs population.
Composite interval mapping of QTLs was performed using IciMapping software version 3.2, combined
with the phenotypes of BC4F5.

2.5. Planting and Phenotypic Verification of QTLs Near-Isogenic Lines (NILs)

Base on the BC4F5 BILs population, NILs of relevant QTLs were selected with target region and
less introgression. Phenotype verification of the NILs and recurrent parent MH63 were conducted
under both aerobic and lowland conditions with the same evaluation method of ILs.

2.6. Fine-Mapping of Targeted QTLs

The strategy of substitution mapping was used for fine-mapping the targeted QTLs. The targeted
single QTL NILs (BC4) backcrossed with the recurrent parent MH63, and BC5F2 populations were
cultivated in the lowland field. Homozygous BC5F2 individuals with different recombination lengths
of the QTL region were selected according to genotype, and the phenotype was verified in the aerobic
condition of the Menglian Breeding Station.

2.7. Pyramiding Aerobic Adaptation Molecular Modules for Breeding

BC4 BILs carried two aerobic adaptation QTLs were chosen for breeding by introduced the
QTLs into the lowland rice MH63 background. The multi-site trials were carried out in Hainan and
Yunnan Provinces of China from 2016 to 2018 to seek provincial approval of new varieties. In Hainan
Province, the multi-site trails were carried out in three sites from 2016 to 2017. Since the test breeding
lines was only Zhongkexilu 2 and the control variety B6144F-MR-6, the experimental area of each
variety was 0.5 hectare. In Yunnan Province, the trials were carried out in five sites from 2017 to
2018; three breeding lines participated in the trial with the upland rice variety Yunlu 140 as control.
The trials were performed for three repetitions with a randomized block, each block was 13.34 m2

(0.02 mu). All trials were conducted under upland condition. Sowing at each site according to the
beginning of the local rainy season, direct sowing were used with 3–4 seeds per hole, and planting
density 25 × 20 cm. Water management depended on natural rainfall without irrigation, and normal
fertilizer and weed management were manipulated. The yield and related characters were measured.
Significant differences among (or between) breeding lines and control were determined.

3. Results

3.1. Performance of the Introgression Lines under Lowland and Rain-Fed Aerobic Condition

We produced the introgression lines (ILs) by crossing and backcrossing the elite upland rice
cultivar B6144F-MR-6 with lowland rice cultivar MH63. We tested the performance of three different
generations of the ILs in lowland and aerobic environments. For the three experiments, analysis of
variance (ANOVA) was performed for each trait (Table 1). In the lowland conditions, the same trend
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was found at both sites. There were no significant differences among the ILs in yield and biomass,
but there were significant differences in harvest index and plant height, except for BC3 harvest index at
the Menglian site. Heading date showed significant differences at the Sanya site, but not at the Menglian
site. In the aerobic conditions, there were significant differences in yield, harvest index and plant
height at both sites and in heading date at Sanya, but no significant differences were found in biomass,
except for BC2 at Menglian. These data indicated that it was possible to introgress aerobic adaptation
gene(s) from upland genotype to lowland genotype via backcross and selection, which improved
the aerobic adaptation of lowland genotype. The traits with significant differences were analyzed by
multiple comparisons with the recurrent parent MH63. Significant and non-significant phenotypes in
each generation ILs were divided into phenotypic classes of bimorph and were used for further QTL
analysis (Table 1).

3.2. QTL Mapping of Traits Based upon the ILs

Among the ILs that showed significant differences from their recurrent parent MH63,
the probabilities of markers linked to particular traits were scored by a binomial test. QTLs were detected
for each trait under both aerobic and lowland condition at Sanya and Menglian, respectively (Table 2).
In the aerobic condition, a plant height QTL (qPH1) was detected on chromosome 1; four heading
date QTLs (qHD3, qHD4, qHD7, qHD12) were detected on chromosome 3, 4, 7, and 12, respectively.
Four grains yield QTLs (qGY1, qGY3, qGY7, qGY12) and harvest index QTLs (qHI1, qHI3, qHI7, qHI12)
were detected in the same region, respectively. In the lowland condition, no QTLs for biomass, yield or
harvest index were detected since there were no significant differences between the ILs and the parent
MH 63; only a few significant ILs were selected. For plant height, the QTLs detected under irrigation
were the same as in the aerobic condition, which indicated that plant height showed consistent genetic
influence in both lowland and aerobic condition. Similarly, heading date QTLs were almost the same
under irrigation compared with the aerobic condition, except qHD4. Thus, QTLs for different traits
varied among sites, condition, and generations, but the QTLs for grain yield in the aerobic condition
were consistent across sites and generations, and overlapped with plant height and heading date QTLs
in the aerobic condition. These results suggest that plant height and heading date were the important
traits for aerobic adaptation underlying the increase of yield in the aerobic condition.
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Table 1. Performance of the introgression lines (ILs) under lowland and aerobic condition at Sanya and Menglian.

Sites and condition

Menglian Breeding Station Sanya Breeding Station

GY BY HI HD PH GY BY HI HD PH

L A L A L A L A L A L A L A L A L A L A

MH 63 52.33 17.37 154.20 134.03 0.34 0.13 99.00 110.50 93.67 61.53 37.00 20.90 114.20 109.90 0.32 0.19 96.00 101.67 95.07 70.47
BC1 ILs Mean (N = 33) 60.51 80.97 156.48 230.26 0.39 0.34 97.39 102.58 98.07 97.09 55.19 38.19 138.96 118.25 0.39 0.32 86.77 94.03 119.53 87.15

one-way ANOVA P 0.25 0.02 0.65 0.65 0.00 0.00 0.14 0.14 0.00 0.00 0.61 0.05 0.92 0.92 0.00 0.00 0.00 0.00 0.02 0.01
LSD 0.05 21.68 60.50 47.49 136.55 0.11 0.09 4.25 10.24 5.53 12.55 25.98 19.90 49.21 49.06 0.15 0.09 1.89 3.65 15.58 13.64

Significant lines among 33 BC1 ILs 22 2 32 13 33 11 30 31 31 28 27
MH 63 56.48 19.22 162.32 129.87 0.35 0.15 99.00 109.00 93.67 63.25 40.80 22.23 111.20 111.25 0.37 0.20 95.50 102.82 94.80 68.46

BC2 ILs Mean (N = 23) 57.90 71.27 161.64 221.74 0.36 0.30 95.14 103.76 106.10 97.02 46.54 34.50 138.79 112.15 0.33 0.31 90.40 93.37 126.66 94.62
one-way ANOVA P 0.11 0.00 0.01 0.01 0.00 0.00 0.64 0.64 0.00 0.00 0.46 0.05 1.00 0.99 0.04 0.04 0.00 0.00 0.00 0.00

LSD 0.05 23.61 57.56 50.53 149.77 0.07 0.07 3.19 14.75 7.93 16.37 27.09 16.85 61.18 41.89 0.12 0.10 2.69 4.06 15.37 9.61
Significant lines among 23 BC2 ILs 9 6 23 9 23 6 16 16 23 16 22

MH 63 55.26 18.82 156.26 138.33 0.35 0.14 99.00 109.24 93.67 62.21 36.92 21.22 116.30 109.23 0.32 0.19 96.20 101.33 95.32 69.24
BC3 ILs Mean (N = 6) 61.38 51.33 173.45 227.30 0.35 0.22 96.47 109.69 101.05 98.28 43.10 28.56 136.13 119.53 0.31 0.24 88.83 96.17 123.47 92.84
one-way ANOVA P 0.05 0.05 0.17 0.17 0.28 0.28 0.09 0.09 0.00 0.00 0.08 0.08 0.91 0.91 0.01 0.01 0.00 0.00 0.00 0.00

LSD 0.05 30.25 34.79 70.33 132.44 0.06 0.11 4.25 13.49 7.38 20.57 27.01 17.02 47.88 49.19 0.16 0.12 0.93 3.81 17.61 15.90
Significant lines among 6 BC3 ILs 5 2 6 1 6 4 5 5

GY: grain yield from 5 plants; BY: biomass yield from 5 plants; HI: harvest index; HD: heading date; PH: plant height; L: lowland condition; A: aerobic condition; ILs: introgression lines.
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Table 2. Quantitative trait loci (QTL) mapping of traits based upon the ILs which was significant
difference from the recurrent parent MH 63.

QTL Position (cM) Flank Markers p Generation, Site &Condition

qPH1 132–147.2 RM297–RM6333 <0.0001 BC1 ML A&L, SY A&L; BC2 ML A&L, SY A&L; BC3 ML L, SY A&L
qGY1 BC1 ML A, SY A; BC2 ML A, SY A; BC3 ML A
qHI1 BC1 ML A, SY A; BC2 ML A, SY A

qHD3 115.6–127.4 RM2334–RM6329 <0.0001 BC1 SY A&L; BC2 SY A&L; BC3 SY L
qGY3 BC1 ML A, SY A; BC2 ML A, SY A; BC3 ML A
qHI3 BC1 ML A, SY A; BC2 ML A, SY A

qHD4 3.1–7.9 RM7585–RM5414 <0.0001 BC1 SY L; BC1 SY L

qHD7 93.9–101.8 RM234–RM429 <0.0001 BC1 SY A&L; BC2 SY A&L
qGY7 BC1 ML A, SY A; BC2 ML A, SY A; BC3 ML A
qHI7 BC1 ML A, SY A; BC2 ML A, SY A

qHD12 3.2–13.3 RM20–RM6288 <0.0001 BC1 SY A&L; BC2 SY A&L; BC3 SY L
qGY12 BC1 ML A, SY A; BC2 ML A, SY A; BC3 ML A
qHI12 BC1 ML A, SY A; BC2 ML A, SY A

qPH: QTL of plant height; qHD: QTL of heading date; qGY: QTL of grain yield; qHI: QTL of harvest index;
ML: Menglian breeding station; SY: Sanya breeding station; A: aerobic condition; L: lowland condition.

3.3. Identification of QTLs in the BC4F5 Backcross Inbred Lines

The line IL-U315 (BC3F8) carried four grain yield QTLs was used to produce the BC4F5 BILs
population (n = 238). Phenotypic variations of the BILs population and the parents were measured
for grain yield, plant height, and heading date under aerobic conditions. The descriptive statistics
of phenotypic variation were shown in Table 3. Significant phenotypic differences were observed
between the parents in this cross; the heading date of IL-U135 was earlier than MH63, while the
yield and plant height were higher than MH63. The frequency distributions of the traits in the BILs
were plotted; and similar continuous bimodal or multimodal distributions were found for heading
date, plant height, and yield (Figure 1). The phenotypic correlations showed that grain yield was
highly significantly and negatively correlated with heading date (correlation coefficient = −0.578**),
and highly significantly correlated with plant height (correlation coefficient = 0.45**). Combined 52
introgressions and polymorphic SSR markers between IL-U135 and MH 63, we identified QTLs for
grain yield, plant height and heading date in the BC4F5 BILs population. In the RM212–RM543 interval
of chromosome 1, QTLs were detected for plant height and grain yield that accounted for 24.14% of
plant height phenotypic variations and 18.7% of yield variations. In the RM218–RM232 interval of
chromosome 3, QTLs were detected for heading date and grain yield that accounted for 30% and
19.21% of the phenotypic variations, respectively. In the RM444–RM1328 interval of chromosome
9, one QTL that acted on the heading date was detected, accounting for 19.19% of the heading date
phenotypic variations; this QTL also acted on the yield, and accounted for 16.71% of the phenotypic
variance (Table 3). These results confirmed the two grain yield QTLs on chromosomes 1 and 3 that
were detected in the aerobic condition based upon the ILs, and a new QTL was found on chromosome
9. We named them as Aerobic Adaptation QTLs (qAER1, qAER3, and qAER9).
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Table 3. Identification of QTLs in the BC4F5 BILs population.

Traits Chr Marker Interval Position (cM) LOD A R2 (%) QTL

Plant height 1 RM212-RM543 135.8–145.6 5.42 12.45 24.14 qAER1
Grains yield 1 RM212-RM543 135.8–145.6 4.19 13.87 18.70

Heading date 3 RM218-RM232 67.8–76.7 6.52 −3.5 30.00 qAER3
Grains yield 3 RM218-RM232 67.8–76.7 8.97 16.51 19.19

Heading date 9 RM218-RM232 23.7–36.8 10.38 −3.04 16.71 qAER9
Grains yield 9 RM218-RM232 23.7–36.8 3.18 13.87 16.71

A: additive effect of allele from upland rice cultivar B6144F-MR-6; R2: proportion of the phenotypic variance
explained by the QTL.
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3.4. NILs Planting and Phenotype Evaluation

Based on the BC4F5 BILs population, near-isogenic lines (NILs) for Aerobic Adaptation QTLs were
selected from the target region with introgression of smaller segments. Homozygous single-QTL NILs
for qAER1, qAER9, double-QTL pyramided lines for qAER1 + qAER9, qAER3 + qAER9, and triple-QTL
pyramided lines qAER1 + qAER3 + qAER9 were screened, but no NILs carried qAER3 alone or
qAER1 + qAER3 double-QTL pyramided lines were detected. Phenotypic verification of NILs was
conducted under aerobic and lowland conditions. For heading dates, there were no significant difference
between all NILs and MH63 except for qAER1 + qAER9 in lowland condition, but all NILs were
significantly earlier than MH63. For plant height, the NILs carried qAER1 was significantly higher than
that of MH63, qAER9, and qAER3 + qAER9 in both environments. Similarly, Maximum tillers number
per plant of the NILs carried qAER1 was significantly lower than MH63 in both conditions. Interestingly,
MH63 maximum tillers number was more in aerobic condition than in lowland. The effective panicles
number was consistent with maximum tillers number, but all NILs was significantly more than MH63.
The pyramided lines qAER1 + qAER3 + qAER9 showed more spikelets per panicle in both conditions.
There was no significant difference between near isogenic lines and MH63 for the biomass in lowland
condition. The NILs carried qAER1 + qAER3 + qAER9, qAER3 + qAER9, and qAER1 were significantly
higher than MH63 in aerobic condition. The grain setting percentage, harvest index, and yield showed
consistent performance; there was no significant difference between NILs and MH63 in lowland,
but were significantly higher than MH63 in aerobic condition. We compared QTLs NILs in both
lowland and aerobic environments and further verified the phenotype of QTLs. The results indicated
that these QTLs increased yield by affecting the plant height (appropriate plant type), not delaying the
heading dates, and increased the productive tiller percentage, grain setting percentage, and harvest
index in aerobic environment (Figure 2).
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3.5. Fine-Mapping of the Targeted QTLs

We carried out fine mapping for two main effects-QTLs (qAER1, qAER9). A NIL for qAER1
carried a 6 cM integration segment (RM6333–RM12045) was backcrossed with parent MH63 to
produce the BC5F2 population. Based on 3210 BC5F2 individuals, nine polymorphic SSR markers
were used to investigate individual genotypes. Eight homozygous lines (BC5F3) with different length
overlapping segments were screened for phenotypic investigation under aerobic condition (Figure 3a).
The phenotypes of the overlapping segment lines showed that lines L5, L6, and L7 had significantly
higher plant height and grain yield, while the other lines showed the same phenotype as the parent
MH63 (Figure 3b,c). By substitution mapping, qAER1 was fine-mapped into a 134-kb region between
RM11974 and RM11982 (Figure 3a).
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Using the same strategy, the qAER9 NIL was backcrossed with MH63 to produce a BC5F2

population. Based on 940 BC5F2 individuals, eight polymorphic SSR markers were used to investigate
individual genotypes in the qAER9 interval (RM444–RM1328, 13.1 cM), and five BC5F3 homozygous lines
with overlapping segments covered the entire qAER9 interval were screened (Figure 4a). Phenotypic
analysis of all the overlapping lines grown in the aerobic condition showed that the heading date
of overlapping lines R3, R4, and R5 were earlier than MH63; the effective panicles, grain setting
percentage and grain yield were higher than MH63, while the phenotypes of other overlapping lines
were the same as that of MH63 (Figure 4b–e). The three overlapping lines (R3, R4, R5) all carried the
introgression marker RM105. We narrowed down and fine-mapped the interval to flanking markers
RM5526–RM23966 with a length of 3.0 cM. Further investigations of the phenotype of qAER9 showed
that it resulted in no delay of heading date, but increased the effective panicles, setting percentage and
grain yield.
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3.6. Pyramiding the Aerobic Adaptation Molecular Modules for Breeding

To verify the usefulness of qAER1 and qAER9 in upland rice breeding, BC4 QTL pyramided
line U272, which carried two aerobic adaptation QTLs (qAER1 + qAER9), was chosen for breeding.
The multi-site trials were carried out from 2016 to 2018 in Hainan and Yunnan Province of China under
the provincial approval system for new upland varieties. The results showed that the yield in Hainan
and Yunnan was significantly higher than that of the control (Figure 5a,b). We named the new variety
as Zhongkexilu 2, which has been officially approved in Hainan (Approval Number: Qiongshendao
2018033), and the approval in Yunnan is pending.Life 2020, 10, x FOR PEER REVIEW 10 of 17 
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Figure 3. Different length homozygous overlapping segments lines (BC5F3) of qAER1 and phenotype
evaluation. (a) Schematic map of eight recombinants delimiting the mapping region for detailed progeny
traits analysis were presented by different bars, and black and grey bars referred to B6144F-MR-6
and MH63 homozygous alleles, respectively. The qAER1 was mapped to 134-kb region between the
markers RM11974 and RM11982 in the long arm of chromosome 1 (Chr1); (b) trait comparison of plant
height; (c) trait comparison of grain yield per 5 plants. Different lowercase letters in the charts indicated
significant differences.
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Figure 4. Different length homozygous overlapping segments lines (BC5F3) of qAER9 and phenotype
evaluation. (a) Schematic map of five recombinants delimiting the mapping region for detailed progeny
traits analysis is presented by different bars, and the black and grey bars referred to B6144F-MR-6 and
MH63 homozygous alleles, respectively; the qAER9 was mapped to 3.0 cM region between the markers
RM5526 and RM23966 in the short arm of chromosome 9 (Chr9); (b–e) Traits comparison of different
length homozygous overlapping segments lines. Different lowercase letters in the charts indicated
significant differences.
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Figure 5. Yield comparison of multi-site trials of the upland rice. (a) Hainan Province, Students’ t-test
was used to assess the differences of yield and determine significant, * p < 0.05, ** p < 0.01; (b) Yunnan
Province, significant differences among breeding lines and control were determined by multiple
comparisons of LSD values. Different lowercase letters in the charts indicated significant differences.

4. Discussion

4.1. Aerobic Adaptation of Upland Rice

During the origin and domestication of rice, human selection, and adaptation to diverse
environments have resulted in different ecotypes. Rice is grown under diverse growing conditions such
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as lowland, rain-fed lowland, rain-fed upland, and flood-prone ecosystems [37]. Thus, the lowland rice
and upland rice domesticated as the two major ecotypes of the Asian cultivated rice. In the process of
domestication from aquatic (paludal) wild rice or paddy rice to terrestrial upland rice, the growth and
development process should be consistent with the soil water supply to avoid drought, and ensure that
the water-sensitive reproductive stage is consistent with the rainy season peak through photoperiod
control. History and present application areas of upland rice in the Southwest China, Southeast Asia,
and South Asia are mainly distributed in the moist upland area. The growth period coincides with the
rainy season of the monsoon climate. Drought tolerance may not be the first driving force of upland
rice domestication, but may be a second force. Therefore, we suggest that the aerobic adaptation of
upland rice is the key genetic difference between the upland rice and lowland rice. Other studies have
put forward similar views [11].

4.2. Phenotype Differences between the Lowland Rice and Upland Rice in the Aerobic Environment

How to define the phenotype variations adaptation to the aerobic environment between the upland
rice and lowland rice is the key to dissecting the aerobic adaptation of upland rice. Those two ecotypes
of rice have high genetic variations in morphological and physiological traits [11,14]. However, most
studies focus on the difference of drought resistance (tolerance) between lowland and upland rice,
and try to design the selection criteria of drought resistance by understanding these drought-related
traits [38–40], or use marker-assisted selection (MAS) to improve breeding efficiency [41]. In fact,
whether using drought-related traits as indicators or using MAS to improve rice drought resistance
in breeding practice is not clearly clarified. As the relationship between drought-related traits and
yield is not clear, their effects on rice yield under the aerobic environment still limit [42]. Moreover,
the expression of major yield QTLs found under drought stress was not consistent in different genetic
backgrounds and environments [43]. The aerobic rice breeding progress is still jogged [34]. Comparison
the phenotypic differences of a series of typical upland rice and lowland rice verities in aerobic and
no-aerobic environments to avoid the complex drought stress, we found that dwarfing plant height and
delayed growth period of paddy rice varieties were intuitive phenotypes in the aerobic environment,
while the phenotypic differences of typical upland rice varieties in both environments were invisible.
Similar results have also been highlighted by some studies [6,8]. In our research, we confirmed two
aerobic adaptation QTLs by multiple locations and generations in the aerobic environments without
water stress, respectively, acting on plant height and heading date and increasing yield simultaneously
in the aerobic environment. These results were consistent with the observed phenotypes.

4.3. Does the Green Revolution Gene SD1 Play an Important Role in the Aerobic Adaptation of Upland Rice?

Interestingly, the qAER1 region contains the so-called Green Revolution dwarfing gene SD1.
Previous study has comprehensively analyzed co-located QTLs for yield and other traits under drought
stress [44]. The region of SD1 was considered to be the key to controlling drought resistance or
aerobic adaptation of upland rice [45–48]. The Green Revolution involved the widespread adoption of
semi-dwarf rice varieties carried sd1, and produced more than doubled the global rice yields [49,50].
The high yield potential of modern semi-dwarf varieties was mainly attributed to their improved
harvest index, lodging resistance and response to high inputs (mainly nitrogen and water) [51,52].
But most modern semi-dwarf (sd1) rice cultivars performed poorly in the rain-fed ecosystems of Asia
and Africa [6,53]. Recent studies have shown that SD1 haplotypes, unique to deep-water rice, promoted
internode elongation and the plants adaptation to flooding conditions when submerged. Evolutionary
analysis showed that the deep-water rice-specific haplotype was derived from standing variation in
wild rice and selected for deep-water rice cultivation [54]. Study of japonica rice domestication also
proved that the SD1 locus has been a target of human-mediated selection since prehistoric times [55].
The Green Revolution gene sd1 related to the plant height of rice; meanwhile, the yield and other traits
were also affected [6]. Previous studies have shown that there were abundant genomic variations in
SD1 [56,57]. During the long-term domestication of different eco-types of rice, selection of different
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haplotypes of SD1 led to different ecological adaptability. For example, “Green Revolution” haplotypes
adapted to a high-input paddy field environment, and deep-water rice haplotypes adapted to the rapid
elongation of internodes in a flooded environment. Building on the fine mapping of qAER1, we will
further analyze the functions of SD1 haplotypes and other candidate genes in the qAER1 region of
upland rice in the aerobic condition.

4.4. The Yield of Plants Largely Depends on the Successful Transition from Vegetative Growth to
Reproductive Growth

Flowering is not only an indispensable part of reproduction but also a key stage of development that
is vulnerable to environmental stress. However, it is becoming increasingly clear that changing flowering
time is an evolutionary strategy for maximizing plant reproduction under different pressures [58].
The aerobic environment of upland rice has more complex environmental stress than that of paddy rice,
notably a more erratic water supply. The typical upland rice varieties adapt to the aerobic environment
by following mechanisms: Dehydration avoidance characterized by significantly higher growth rate
and biomass, efficient partitioning characterized by improving harvest index, and drought escape by
accelerating heading [40]. In contrast, most paddy rice varieties show poor adaptation to the aerobic
environment, with only some spikelets flowering and fruiting, which results in a large number of
ineffective tillers and reduces seed setting rate, in turn leading to reduced yield [8]. We identified
qAER9 on chromosome 9, which acted on orderly heading in the aerobic environment, and improved
effective panicle and seed setting rate, ultimately increased the yield. Recent studies have shown
that the OsWOX13 gene enhanced rice drought resistance and induced early flowering, and might be
a regulator of other rice drought resistance genes [59]. Further study still need to be conducted for
elucidation the molecular function and mechanism of qAER9.

Our study detected and validated two aerobic adaptation QTLs in upland rice, and carried
out fine mapping. Aerobic adaptation is a complex agronomic trait controlled by multiple genes.
The gene regulatory networks for complex traits often present the characteristics of modularization,
in which gene expression is regulated by other major genes and their interactions. Combining into
a functional unit, such regulatory genes are responsible for the development of related functions and
the formation of target traits as a whole [60,61]. Taking the work forward into breeding practice,
we pyramided two QTLs as corresponding molecular modules and introduced them into a lowland
rice background. In BC4, we observed that the pyramided lines had similar yield potential to the
lowland rice parents in the upland environment. By submitting to the Hainan and Yunnan provincial
upland rice certification procedures, the stable pyramided line became a variety named as Zhongkexilu
2 that has been approved through Hainan Province. Trials in Yunnan Province also showed excellent
field performance. To verify the effects of the QTLs in different genetic backgrounds, we have also
screened rice varieties mainly used in Myanmar, Bangladesh, and Nepal as the recipients. We have
used molecular marker-assisted selection (MAS) to confirm the introduction of the molecular modules
into different genetic backgrounds.

Author Contributions: Conceptualization, D.T. and Z.L.; methodology, D.T., Z.L. and P.X.; validation, P.X. and
J.Z.; formal analysis, P.X.; investigation, P.X., J.Y., Z.M. and J.Z.; resources, D.T. and P.X.; data curation, P.X.;
writing—original draft preparation, P.X.; writing—review and editing, Z.L., D.T. and D.Y.; supervision, Z.L.
and D.T.; funding acquisition, P.X. and D.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (31360330), “One-Three-Five”
Strategic Planning of Chinese Academy of Sciences (2017XTBG-T02) and Strategic Leading Science & Technology
Programme of Chinese Academy of Sciences (XDA08020203).

Acknowledgments: The authors thank the Public Technology Service Center, Xishuangbanna Tropical Botanical
Garden, Chinese Academy of Sciences for technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Life 2020, 10, 65 14 of 17

References

1. Hanson, A.D.; Peacock, W.J.; Evans, L.T.; Arntzen, C.J.; Khush, G.S. Drought resistance in rice. Nature 1990,
345, 26–27. [CrossRef]

2. Eisenstein, M. Plant breeding: Discovery in a dry spell. Nature 2013, 501, S7. [CrossRef] [PubMed]
3. Bridhikitti, A.; Overcamp, T.J. Estimation of Southeast Asian rice paddy areas with different ecosystems

from moderate-resolution satellite imagery. Agric. Ecosyst. Environ. 2012, 146, 113–120. [CrossRef]
4. Pandey, S.; Khiem, N.T.; Waibel, H.; Thien, T.C. Uplands and upland rice: An overview. In Upland Rice,

Household Food Security and Commercialization of Upland Agriculture in Vietnam; Hardy, B., Ed.; International
Rice Research Institute: Makati, Philippines, 2006; pp. 1–4.

5. Sandhu, N.; Jain, S.; Kumar, A.; Mehla, B.S.; Jain, R. Genetic variation, linkage mapping of QTL and
correlation studies for yield, root, and agronomic traits for aerobic adaptation. BMC Genet. 2013, 14, 104.
[CrossRef] [PubMed]

6. Paterson, A.H.; Li, Z.K. Paleo-Green Revolution for rice. Proc. Natl. Acad. Sci. USA 2011, 108, 10931–10932.
[CrossRef] [PubMed]

7. Kumar, A.; Verulkar, S.B.; Mandal, N.P.; Variar, M.; Shukla, V.D.; Dwivedi, J.L.; Singh, B.N.; Singh, O.N.;
Swain, P.; Mall, A.K. High-yielding, drought-tolerant, stable rice genotypes for the shallow rainfed lowland
drought-prone ecosystem. Field Crops Res. 2012, 133, 37–47. [CrossRef]

8. Lafitte, H.R.; Courtois, B.; Arraudeau, M. Genetic improvement of rice in aerobic systems: Progress from
yield to genes. Field Crops Res. 2002, 75, 171–190. [CrossRef]

9. Vikram, P.; Swamy, B.P.M.; Dixit, S.; Singh, R.; Singh, B.P.; Miro, B.; Kohli, A.; Henry, A.; Singh, N.K.;
Kumar, A. Drought susceptibility of modern rice varieties: An effect of linkage of drought tolerance with
undesirable traits. Sci. Rep. 2015, 5, 14799. [CrossRef]

10. Sandhu, N.; Yadaw, R.B.; Chaudhary, B.; Prasai, H.; Iftekharuddaula, K.; Venkateshwarlu, C.; Annamalai, A.;
Xangsayasane, P.; Battan, K.R.; Ram, M.; et al. Evaluating the performance of rice genotypes for improving
yield and adaptability under direct seeded aerobic cultivation conditions. Front. Plant Sci. 2019, 10, 159.
[CrossRef]

11. Phule, A.S.; Barbadikar, K.M.; Maganti, S.M.; Seguttuvel, P.; Subrahmanyam, D.; Babu, M.B.B.P.; Kumar, P.A.
RNA-seq reveals the involvement of key genes for aerobic adaptation in rice. Sci. Rep. 2019, 9, 5235.
[CrossRef]

12. Chang, T.T. The origin, evolution, cultivation, dissemination, and diversification of Asian and African rices.
Euphytica 1976, 25, 425–441. [CrossRef]

13. Carroll, S.B. Evo-devo and an expanding evolutionary synthesis: A genetic theory of morphological evolution.
Cell 2008, 134, 25–36. [CrossRef] [PubMed]

14. Manickavelu, A.; Nadarajan, N.; Ganesh, S.K.; Gnanamalar, R.P.; Babu, R.C. Drought tolerance in rice:
Morphological and molecular genetic consideration. Plant Growth Regul. 2006, 50, 121–138. [CrossRef]

15. Zheng, H.G.; Babu, R.C.; Pathan, M.S.; Ali, L.; Huang, N.; Courtois, B.; Nguyen, H.T. Quantitative trait loci
for root-penetration ability and root thickness in rice: Comparison of genetic backgrounds. Genome 2000, 43,
53. [CrossRef] [PubMed]

16. Shen, L.; Courtois, B.; Mcnally, K.L.; Robin, S.; Li, Z. Evaluation of near-isogenic lines of rice introgressed
with QTLs for rootdepth through marker-aided selection. Theor. Appl. Genet. 2001, 103, 75–83. [CrossRef]

17. Uga, Y.; Okuno, K.; Yano, M. Dro1, a major QTL involved in deep rooting of rice under upland field conditions.
J. Exp. Bot. 2011, 62, 2485. [CrossRef]

18. Zhao, Y.; Zhang, H.; Xu, J.; Jiang, C.; Yin, Z.; Xiong, H.; Xie, J.; Wang, X.; Zhu, X.; Li, Y.; et al. Loci and natural
alleles underlying robust roots and adaptive domestication of upland ecotype rice in aerobic conditions.
PLoS Genet. 2018, 14, e1007521. [CrossRef]

19. Cairns, J.E.; Namuco, O.S.; Torres, R.; Simborio, F.A.; Courtois, B.; Aquino, G.A.; Johnson, D.E. Investigating
early vigour in upland rice ( Oryza sativa L.): Part II. Identification of QTLs controlling early vigour under
greenhouse and field conditions. Field Crops Res. 2009, 113, 207–217. [CrossRef]

20. Abe, A.; Takagi, H.; Fujibe, T.; Aya, K.; Kojima, M.; Sakakibara, H.; Uemura, A.; Matsuoka, M.; Terauchi, R.
OsGA20ox1, a candidate gene for a major QTL controlling seedling vigor in rice. Theor. Appl. Genet. 2012,
125, 647–657. [CrossRef]

http://dx.doi.org/10.1038/345026b0
http://dx.doi.org/10.1038/501S7a
http://www.ncbi.nlm.nih.gov/pubmed/24067764
http://dx.doi.org/10.1016/j.agee.2011.10.016
http://dx.doi.org/10.1186/1471-2156-14-104
http://www.ncbi.nlm.nih.gov/pubmed/24168061
http://dx.doi.org/10.1073/pnas.1107959108
http://www.ncbi.nlm.nih.gov/pubmed/21693643
http://dx.doi.org/10.1016/j.fcr.2012.03.007
http://dx.doi.org/10.1016/S0378-4290(02)00025-4
http://dx.doi.org/10.1038/srep14799
http://dx.doi.org/10.3389/fpls.2019.00159
http://dx.doi.org/10.1038/s41598-019-41703-2
http://dx.doi.org/10.1007/BF00041576
http://dx.doi.org/10.1016/j.cell.2008.06.030
http://www.ncbi.nlm.nih.gov/pubmed/18614008
http://dx.doi.org/10.1007/s10725-006-9109-3
http://dx.doi.org/10.1139/g99-065
http://www.ncbi.nlm.nih.gov/pubmed/10701113
http://dx.doi.org/10.1007/s001220100538
http://dx.doi.org/10.1093/jxb/erq429
http://dx.doi.org/10.1371/journal.pgen.1007521
http://dx.doi.org/10.1016/j.fcr.2009.05.007
http://dx.doi.org/10.1007/s00122-012-1857-z


Life 2020, 10, 65 15 of 17

21. Lilley, J.M.; Ludlow, M.M.; Mccouch, S.R.; O’Toole, J.C. Locating QTL for osmotic adjustment and dehydration
tolerance in rice. J. Exp. Bot. 1996, 47, 1427–1436. [CrossRef]

22. Robin, S.; Pathan, M.S.; Courtois, B.; Lafitte, R.; Carandang, S.; Lanceras, S.; Amante, M.; Nguyen, H.T.; Li, Z.
Mapping osmotic adjustment in an advanced back-cross inbred population of rice. Theor. Appl. Genet. 2003,
107, 1288–1296. [CrossRef] [PubMed]

23. Li, J.J.; Li, Y.; Yin, Z.G.; Jiang, J.H.; Zhang, M.H.; Guo, X.; Ye, Z.J.; Zhao, Y.; Xiong, H.Y.; Zhang, Z.Y.; et al.
OsASR5 enhances drought tolerance through a stomatal closure pathway associated with ABA and H2O2
signalling in rice. Plant Biotechnol. J. 2017, 15, 183–196. [CrossRef] [PubMed]

24. Lyu, J.; Zhang, S.L.; Yang, D.; He, W.M.; Jing, Z.; Deng, X.N.; Zhang, Y.S.; Xin, L.; Li, B.Y.; Huang, W.Q.; et al.
Analysis of elite variety tag SNPs reveals an important allele in upland rice. Nat. Commun. 2013, 4, 2138.
[CrossRef]

25. Li, J.Z.; Han, Y.C.; Liu, L.; Chen, Y.P.; Du, Y.X.; Zhang, J.; Sun, H.Z.; Zhao, Q.Z. qRT9, a quantitative trait locus
controlling root thickness and root length in upland rice. J. Exp. Bot. 2015, 66, 2723. [CrossRef]

26. Jeong, J.S.; Kim, Y.S.; Baek, K.H.; Jung, H.; Ha, S.H.; Do Choi, Y.; Kim, M.; Reuzeau, C.; Kim, J.K. Root-specific
expression of OsNAC10 improves drought tolerance and grain yield in rice under field drought conditions.
Plant Physiol. 2010, 153, 185–197. [CrossRef]

27. Uga, Y.; Sugimoto, K.; Ogawa, S.; Rane, J.; Ishitani, M.; Hara, N.; Kitomi, Y.; Inukai, Y.; Ono, K.; Kanno, N.; et al.
Control of root system architecture by DEEPER ROOTING 1 increases rice yield under drought conditions.
Nat. Genet. 2013, 45, 1097–1102. [CrossRef]

28. Hanzawa, E.; Sasaki, K.; Nagai, S.; Obara, M.; Fukuta, Y.; Uga, Y.; Miyao, A.; Hirochika, H.; Higashitani, A.;
Maekawa, M. Isolation of a novel mutant gene for soil-surface rooting in rice (Oryza sativa L.). Rice 2013, 6,
30. [CrossRef]

29. Dharmappa, P.M.; Doddaraju, P.; Malagondanahalli, M.V.; Rangappa, R.B.; Mallikarjuna, N.M.;
Rajendrareddy, S.H.; Ramanjinappa, R.; Mavinahalli, R.P.; Prasad, T.G.; Udayakumar, M.; et al. Introgression
of root and water use efficiency traits enhances water productivity: An evidence for physiological breeding
in rice (Oryza sativa L.). Rice 2019, 12, 14. [CrossRef]

30. Kumar, R.; Venuprasad, R.; Atlin, G.N. Genetic analysis of rainfed lowland rice drought tolerance under
naturally-occurring stress in eastern India: Heritability and QTL effects. Field Crops Res. 2007, 103, 42–52.
[CrossRef]

31. Vikram, P.; Swamy, B.M.; Dixit, S.; Ahmed, H.U.; Ma, T.S.C.; Singh, A.K.; Kumar, A. qDTY1.1, a major QTL
for rice grain yield under reproductive-stage drought stress with a consistent effect in multiple elite genetic
backgrounds. BMC Genet. 2011, 12, 89. [CrossRef]

32. Venuprasad, R.; Dalid, C.O.; Valle, M.D.; Zhao, D.; Espiritu, M.; Cruz, M.T.S.; Amante, M.; Kumar, A.;
Atlin, G.N. Identification and characterization of large-effect quantitative trait loci for grain yield under
lowland drought stress in rice using bulk-segregant analysis. Theor Appl. Genet. 2009, 120, 177–190.
[CrossRef] [PubMed]

33. Mishra, K.K.; Vikram, P.; Yadaw, R.B.; Swamy, B.P.; Dixit, S.; Cruz, M.T.; Maturan, P.; Marker, S.; Kumar, A.
qDTY12.1: A locus with a consistent effect on grain yield under drought in rice. BMC Genet. 2013, 14, 12.
[CrossRef] [PubMed]

34. Vinod, K.K.; Krishnan, S.G.; Thribhuvan, R.; Singh, A.K. Genetics of drought tolerance, mapping QTLs,
candidate genes and their utilization in rice improvement. In Genomics assisted Breeding of Crops for Abiotic
Stress Tolerance; Senthil-Kumar, M., Ed.; Springer: Cham, Switzerland, 2019; Volume Sustainable development
and biodiversity; pp. 145–186.

35. Bernardo, R. What proportion of declared QTL in plants are false? Theor. Appl. Genet. 2004, 109, 419–424.
[CrossRef]

36. Xu, P.; Zhou, J.W.; Li, J.; Yi, H.F.; Deng, X.N.; Feng, S.F.; Ren, G.Y.; Zhang, Z.; Deng, W.; Tao, D.Y. Mapping
three new interspecific hybrid sterile loci between Oryza sativa and O. glaberrima. Breed Sci. 2014, 63, 476.
[CrossRef]

37. Khush, G.S. Origin, dispersal, cultivation and variation of rice. Plant Mol. Biol. 1997, 35, 25–34. [CrossRef]
38. Torres, R.O.; Henry, A. Yield stability of selected rice breeding lines and donors across conditions of mild to

moderately severe drought stress. Field Crops Res. 2018, 220, 37–45. [CrossRef]

http://dx.doi.org/10.1093/jxb/47.9.1427
http://dx.doi.org/10.1007/s00122-003-1360-7
http://www.ncbi.nlm.nih.gov/pubmed/12920518
http://dx.doi.org/10.1111/pbi.12601
http://www.ncbi.nlm.nih.gov/pubmed/27420922
http://dx.doi.org/10.1038/ncomms3138
http://dx.doi.org/10.1093/jxb/erv076
http://dx.doi.org/10.1104/pp.110.154773
http://dx.doi.org/10.1038/ng.2725
http://dx.doi.org/10.1186/1939-8433-6-30
http://dx.doi.org/10.1186/s12284-019-0268-z
http://dx.doi.org/10.1016/j.fcr.2007.04.013
http://dx.doi.org/10.1186/1471-2156-12-89
http://dx.doi.org/10.1007/s00122-009-1168-1
http://www.ncbi.nlm.nih.gov/pubmed/19841886
http://dx.doi.org/10.1186/1471-2156-14-12
http://www.ncbi.nlm.nih.gov/pubmed/23442150
http://dx.doi.org/10.1007/s00122-004-1639-3
http://dx.doi.org/10.1270/jsbbs.63.476
http://dx.doi.org/10.1023/A:1005810616885
http://dx.doi.org/10.1016/j.fcr.2016.09.011


Life 2020, 10, 65 16 of 17

39. Kumar, A.; Bernier, J.; Verulkar, S.; Lafitte, H.R.; Atlin, G.N. Breeding for drought tolerance: Direct selection for
yield, response to selection and use of drought-tolerant donors in upland and lowland-adapted populations.
Field Crops Res. 2008, 107, 221–231. [CrossRef]

40. Guan, Y.S.; Serraj, R.; Liu, S.H.; Xu, J.L.; Ali, J.; Wang, W.S.; Venus, E.; Zhu, L.H.; Li, Z.K. Simultaneously
improving yield under drought stress and non-stress conditions: A case study of rice (Oryza sativa L.).
J. Exp. Bot. 2010, 61, 4145–4156. [CrossRef]

41. Shamsudin, N.A.A.; Swamy, B.P.M.; Ratnam, W.; Cruz, M.T.S.; Raman, A.; Kumar, A. Marker assisted
pyramiding of drought yield QTLs into a popular Malaysian rice cultivar, MR219. BMC Genet. 2016, 17, 30.
[CrossRef]

42. Ouk, M.; Basnayake, J.; Tsubo, M.; Fukai, S.; Fischer, K.S.; Cooper, M.; Nesbitt, H. Use of drought response
index for identification of drought tolerant genotypes in rainfed lowland rice. Field Crops Res. 2006, 99, 48–58.
[CrossRef]

43. Yadav, S.; Sandhu, N.; Majumder, R.R.; Dixit, S.; Kumar, S.; Singh, S.P.; Mandal, N.P.; Das, S.P.; Yadaw, R.B.;
Singh, V.K.; et al. Epistatic interactions of major effect drought QTLs with genetic background loci determine
grain yield of rice under drought stress. Sci. Rep. 2019, 9, 2616. [CrossRef] [PubMed]

44. Trijatmiko, K.R.; Supriyanta; Prasetiyono, J.; Thomson, M.J.; Cruz, C.M.V.; Moeljopawiro, S.; Pereira, A.
Meta-analysis of quantitative trait loci for grain yield and component traits under reproductive-stage drought
stress in an upland rice population. Mol. Breed. 2014, 34, 283–295. [CrossRef] [PubMed]

45. Courtois, B.; Ahmadi, N.; Khowaja, F.; Price, A.H.; Rami, J.F.; Frouin, J.; Hamelin, C.; Ruiz, M. Rice root
genetic architecture: Meta-analysis from a drought QTL database. Rice 2009, 2, 115–128. [CrossRef]

46. Khowaja, F.S.; Norton, G.J.; Courtois, B.; Price, A.H. Improved resolution in the position of drought-related
QTLs in a single mapping population of rice by meta-analysis. BMC Genom. 2009, 10, 276. [CrossRef]

47. Kanagaraj, P.; Prince, K.S.J.; Sheeba, J.A.; Biji, K.R.; Paul, S.B.; Senthil, A.; Babu, R.C. Microsatellite markers
linked to drought resistance in rice (Oryza sativa L.). Curr. Sci. 2010, 98, 836–839.

48. Zhang, F.; Jiang, Y.Z.; Yu, S.B.; Ali, J.; Paterson, A.H.; Khush, G.S.; Xu, J.L.; Gao, Y.M.; Fu, B.Y.;
Lafitte, R.; et al. Three genetic systems controlling growth, development and productivity of rice (Oryza
sativa L.): A reevaluation of the ‘Green Revolution’. Theor. Appl. Genet. 2013, 126, 1011–1024. [CrossRef]

49. Tilman, D. The greening of the green revolution. Nature 1998, 396, 211–212. [CrossRef]
50. Peng, J.; Richards, D.E.; Hartley, N.M.; Murphy, G.P.; Devos, K.M.; Flintham, J.E.; Beales, J.; Fish, L.J.;

Worland, A.J.; Pelica, F.; et al. ‘Green revolution’ genes encode mutant gibberellin response modulators.
Nature 1999, 400, 256–261. [CrossRef]

51. Matson, P.A.; Parton, W.J.; Power, A.G.; Swift, M.J. Agricultural intensification and ecosystem properties.
Science 1997, 277, 504–509. [CrossRef]

52. Li, S.; Tian, Y.H.; Wu, K.; Ye, Y.F.; Yu, J.P.; Zhang, J.Q.; Liu, Q.; Hu, M.Y.; Li, H.; Tong, Y.P.; et al. Modulating
plant growth-metabolism coordination for sustainable agriculture. Nature 2018, 560, 595–600. [CrossRef]

53. Lafitte, H.R.; Yongsheng, G.; Yan, S.; Li, Z.K. Whole plant responses, key processes, and adaptation to
drought stress: The case of rice. J. Exp. Bot. 2007, 58, 169–175. [CrossRef] [PubMed]

54. Kuroha, T.; Nagai, K.; Gamuyao, R.; Wang, D.R.; Furuta, T.; Nakamori, M.; Kitaoka, T.; Adachi, K.; Minami, A.;
Mori, Y.; et al. Ethylene-gibberellin signaling underlies adaptation of rice to periodic flooding. Science 2018,
361, 181–186. [CrossRef] [PubMed]

55. Asano, K.; Yamasaki, M.; Takuno, S.; Miura, K.; Katagiri, S.; Ito, T.; Doi, K.; Wu, J.; Ebana, K.;
Matsumoto, T.; et al. Artificial selection for a green revolution gene during japonica rice domestication.
Proc. Natl. Acad. Sci. USA 2011, 108, 11034–13039. [CrossRef] [PubMed]

56. Abbai, R.; Singh, V.K.; Nachimuthu, V.V.; Sinha, P.; Selvaraj, R.; Vipparla, A.K.; Singh, A.K.; Singh, U.M.;
Varshney, R.K.; Kumar, A. Haplotype analysis of key genes governing grain yield and quality traits across 3K
RG panel reveals scope for the development of tailor-made rice with enhanced genetic gains. Plant Biotechnol.
J. 2019, 17, 1612–1622. [CrossRef]

57. Hu, Z.Q.; Wang, W.S.; Wu, Z.C.; Sun, C.; Li, M.; Lu, J.Y.; Fu, B.Y.; Shi, J.X.; Xu, J.L.; Ruan, J.; et al. Novel
sequences, structural variations and gene presence variations of Asian cultivated rice. Sci. Data 2018, 5,
180079. [CrossRef]

58. Kazan, K.; Lyons, R. The link between flowering time and stress tolerance. J. Exp. Bot. 2016, 67, 47–60.
[CrossRef]

http://dx.doi.org/10.1016/j.fcr.2008.02.007
http://dx.doi.org/10.1093/jxb/erq212
http://dx.doi.org/10.1186/s12863-016-0334-0
http://dx.doi.org/10.1016/j.fcr.2006.03.003
http://dx.doi.org/10.1038/s41598-019-39084-7
http://www.ncbi.nlm.nih.gov/pubmed/30796339
http://dx.doi.org/10.1007/s11032-013-0012-0
http://www.ncbi.nlm.nih.gov/pubmed/25076836
http://dx.doi.org/10.1007/s12284-009-9028-9
http://dx.doi.org/10.1186/1471-2164-10-276
http://dx.doi.org/10.1007/s00122-012-2033-1
http://dx.doi.org/10.1038/24254
http://dx.doi.org/10.1038/22307
http://dx.doi.org/10.1126/science.277.5325.504
http://dx.doi.org/10.1038/s41586-018-0415-5
http://dx.doi.org/10.1093/jxb/erl101
http://www.ncbi.nlm.nih.gov/pubmed/16997901
http://dx.doi.org/10.1126/science.aat1577
http://www.ncbi.nlm.nih.gov/pubmed/30002253
http://dx.doi.org/10.1073/pnas.1019490108
http://www.ncbi.nlm.nih.gov/pubmed/21646530
http://dx.doi.org/10.1111/pbi.13087
http://dx.doi.org/10.1038/sdata.2018.79
http://dx.doi.org/10.1093/jxb/erv441


Life 2020, 10, 65 17 of 17

59. Minh-Thu, P.T.; Kim, J.S.; Chae, S.; Jun, K.M.; Lee, G.S.; Kim, D.E.; Cheong, J.J.; Song, S.I.; Nahm, B.H.;
Kim, Y.K. A WUSCHEL homeobox transcription factor, OsWOX13, enhances drought tolerance and triggers
early flowering in rice. Mol. Cells 2018, 41, 781–798.

60. Peleman, J.; Sorensen, A.; Voort, J. Breeding by design: Exploiting genetic maps and molecular markers
through marker-assisted selection. In Handbook of Plant Genome Mapping Genetic & Physical Mapping;
Meksem, K., Kahl, G., Eds.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2005; pp. 109–129.

61. Xue, Y.B.; Duan, Z.Y.; Chong, K.; Yao, Y. A new generation of biological breeding technology for the
future—Molecular breeding by modular design. Bull. Chin. Acad. Sci. 2013, 28, 308–314.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Introgression of Aerobic Adaptation from the Upland Rice to Lowland Rice 
	Performance of the ILs under Lowland and Aerobic Conditions at Sanya and Menglian 
	QTLs Mapping of Traits Based upon the ILs 
	Identification of QTLs in the BC4F5 Backcross Inbred Lines 
	Planting and Phenotypic Verification of QTLs Near-Isogenic Lines (NILs) 
	Fine-Mapping of Targeted QTLs 
	Pyramiding Aerobic Adaptation Molecular Modules for Breeding 

	Results 
	Performance of the Introgression Lines under Lowland and Rain-Fed Aerobic Condition 
	QTL Mapping of Traits Based upon the ILs 
	Identification of QTLs in the BC4F5 Backcross Inbred Lines 
	NILs Planting and Phenotype Evaluation 
	Fine-Mapping of the Targeted QTLs 
	Pyramiding the Aerobic Adaptation Molecular Modules for Breeding 

	Discussion 
	Aerobic Adaptation of Upland Rice 
	Phenotype Differences between the Lowland Rice and Upland Rice in the Aerobic Environment 
	Does the Green Revolution Gene SD1 Play an Important Role in the Aerobic Adaptation of Upland Rice? 
	The Yield of Plants Largely Depends on the Successful Transition from Vegetative Growth to Reproductive Growth 

	References

