

  agronomy-10-00075




agronomy-10-00075







Agronomy 2020, 10(1), 75; doi:10.3390/agronomy10010075




Article



Identification and Verification of Quantitative Trait Loci Affecting Milling Yield of Rice



Hui Zhang 1,2,3, Yu-Jun Zhu 2, An-Dong Zhu 2, Ye-Yang Fan 2, Ting-Xu Huang 3, Jian-Fu Zhang 3,*, Hua-An Xie 1,3,* and Jie-Yun Zhuang 2,*[image: Orcid]





1



College of Crop Science, Fujian Agriculture and Forestry University, Fuzhou 350002, China






2



State Key Laboratory of Rice Biology and Chinese National Center for Rice Improvement, China National Rice Research Institute, Hangzhou 310006, China






3



Rice Research Institute and Fuzhou Branch of the National Center for Rice Improvement, Fujian Academy of Agricultural Sciences, Fuzhou 350018, China









*



Correspondence: jianfzhang@163.com (J.-F.Z.); huaanxie@163.com (H.-A.X.); zhuangjieyun@caas.cn (J.-Y.Z.); Tel.: +86-591-83408726 (J.-F.Z. & H.-A.X.); +86-571-63370369 (J.-Y.Z.)







Received: 25 November 2019 / Accepted: 2 January 2020 / Published: 5 January 2020



Abstract

:

Rice is generally consumed in the form of milled rice. The yield of total milled rice and head mill rice is affected by both the paddy rice yield and milling efficiency. In this study, three recombinant inbred line (RIL) populations and one F4:5 population derived from a residual heterozygous (RH) plant were used to determine quantitative trait loci (QTLs) affecting milling yield of rice. Seven traits were analyzed, including recovery of brown rice (BR), milled rice (MR) and head rice (HR); grain yield (GY); and the yield of brown rice (BRY), milled rice (MRY) and head rice (HRY). A total of 77 QTLs distributed on 35 regions was detected in the three RIL populations. Four regions, where qBR5, qBR7, qBR10, and qBR12 were located, were validated in the RH-derived F4:5 population. In the three RIL populations, all the 11 QTLs for GY detected were accompanied with QTLs for two or all the three milling yield traits. Not only the allele direction for milling yield traits was unchanged, but also the effects were consistent with GY. In the RH-derived F4:5 population, regions controlling GY also affected all three milling yield traits. Results indicated that variations of BRY and MRY were mainly ascribed to GY, but HRY was determined by both GY and HR. Results also showed that the regions covering GW5–Chalk5 and Wx loci had major effects on milling quality and milling yield of rice. These two regions, which have been known to affect multiple traits determining grain quality and yield of rice, provide good candidates for milled yield improvement.
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1. Introduction


As a major cereal crop, rice (Oryza sativa L.) provides staple food for at least half of the global population. Rice food is mainly consumed in the form of cooked milled rice. Farmer’s incomes are based on both the paddy rice yield and the milling efficiency. In the postharvest processing, paddy grains are firstly de-hulled into brown rice and then milled into milled rice. Milled rice is separated into head rice (also called whole rice) and broken rice. Milled rice whose length is longer than or equal to 3/4 of its unbroken length falls into the category of head rice, and the rest is called broken rice. Head rice has a higher price than broken rice [1]. Three parameters, recovery of brown rice (BR), milled rice (MR) and head rice (HR), are used to evaluate rice milling quality and efficiency of the milling processing [2,3,4]. Generally, BR is defined as the percentage of brown rice to grains, MR the percentage of milled rice to grains, and HR the percentage of head rice to grains. Alternatively, MR is measured as the percentage of milled rice to brown rice, and HR the percentage of head rice to milled rice [5]. In some reports, these traits are called percent milling yield, brown rice yield, milled rice yield, total milled yield, or head rice yield [3,6,7,8].



In the past two decades, analysis of quantitative trait loci (QTLs) was employed to study the genetic basis of rice milling quality. A larger number of QTLs were identified using various populations developed from crosses of the same subspecies [3,9], between the indica and japonica subspecies [6,10,11,12], or between different species [2]. In these studies, clustering of QTLs for different milling traits was commonly observed. Some of them detected only one cluster. For example, Tan et al. [9] located QTLs for MR and HR in the C1087–RZ403 region on chromosome 3; Aluko et al. [2] detected br8 and hr8 in RM126–RM137 on chromosome 8; and Lou et al. [12] found qMRR-3 and qHRR-3 in RM3204–RM6283 on chromosome 3. Other studies detected more clusters. Li et al. [6] located qBR-4 and qMR-4 in the C975–C734 interval on chromosome 4, qBR-9 and qMR-9 in R1751–R2272 on chromosome 9, qBR-10 and qMR-10 in C488–R716 on chromosome 10, and qBR11 and qMR11 in R728–G202 on chromosome 11. Zheng et al. [11] detected QBr6 and QMr6 in the Wx region on chromosome 6, and QBr7 and QMr7 in RM505–RM118 on chromosome 7.



When QTL mapping for milling quality traits and components of grain yield was performed using the same population, a proportion of genomic regions were found to be associated with both types of traits. Using 240 backcross introgression lines derived from the Ce258/IR75862 cross, three QTL regions were found to simultaneously affect components of milling quality and grain yield [5]. In the RM71–RM300 interval harboring qBR2, the Ce258 allele increased BR and panicle weight. In RM348–RM349 harboring qBR4, the Ce258 allele increased BR and grain weight but decreased spikelet number. In RM250–RM482 harboring qHR2, the Ce258 allele increased HR, grain number and spikelet number but decreased grain weight. Using 205 recombinant inbred lines (RILs) developed from the L-204/01Y110 cross, two QTL regions were found to simultaneously affect milling traits and grain weight [8]. For QTLs located in RM5638–RM1361 on chromosome 1, the L-204 allele increased BR and HR but decreased grain weight. For QTLs linked to RM3283 on chromosome 10, the L-204 allele increased HR but decreased grain weight. These results provide evidences for genetic association between milling quality and grain yield in rice, but it remains unknown whether this association has a consequence on the yield of milled and head rice.



In the present study, QTL analysis was employed to determine the dependence of milled and head rice yield on milling quality and grain yield. Firstly, three RIL populations were used to detect QTLs for brown, milled and head rice recovery; grain yield; and brown, milled and head rice yield. Then, QTL validation was performed using one secondary population derived from a residual heterozygote (RH) identified from one of the RIL populations.




2. Materials and Methods


2.1. Plant Materials


Four populations of indica rice (Oryza sativa subsp. indica) were used, including three RIL populations and one RH-derived F4:5 population.



The three RIL populations were previously used to detect QTLs for components of appearance quality and physiochemical traits for eating and cooking quality [13,14,15]. The TI population consisting of 204 lines was constructed from crosses between Teqing (TQ) and IRBB lines. The IRBB lines are near isogenic lines carrying different bacterial blight resistance genes [16] in the background of IR24, including IRBB50, IRBB51, IRBB52, IRBB54, IRBB55, and IRBB59. The ZM population consisting of 230 lines was constructed from a cross between Zhenshan 97 and Milyang 46 (MY46). The XM population consisting of 209 lines was constructed from a cross between Xieqingzao and MY46. All the parental lines of these populations have been widely used in the breeding and production of three-line hybrid rice in China.



The RH-derived F4:5 population was previously used to validate minor QTL for gel consistency [15]. It was derived from one RH plant that was an F7 progeny of the cross TQ/IRBB52. Of the 135 polymorphic markers included in the TI map, 33 were heterozygous and 102 were homozygous in the RH plant. This plant was selfed to produce an F2-type population consisting of 250 individuals. Single seed descent was applied to advance the population to F4. Seeds of the F4 plants were harvested and a population consisting of 250 F4:5 families was constructed.




2.2. Field Experiment and Trait Measurement


All the populations were planted in the middle rice growing season (from May to October) at the China National Rice Research Institute (CNRRI), Hangzhou (30°04′ N, 119°54′ E), China. The three RIL populations were tested for 2 years, including 2008 and 2009 for TI, 2009 and 2010 for ZM, and 2003 and 2009 for XM. The RH-derived F4:5 population was tested for 1 year in 2017. The experiments followed a randomized complete block design. Twelve plants per line were transplanted in a single row with 16.7 cm between plants and 26.7 cm between rows. Field management followed common practice in rice production.



At maturity, five plants from the 10 middle plants of each line were randomly sampled and harvested. The grains were dried and weighted to calculate grain yield per plant (GY, g). Dried grains were stored at room temperature for three months. Then, two replicates of filled grains were processed independently. Filled grain of 100 g was de-husked using a Satake Rice Machine (Suzhou, China). The brown rice was milled using a JNMJ3 rice miller (Taizhou, China). Head rice of which the length was longer than or equal to 3/4 of the full length was separated from broken rice. Three traits for milling quality, i.e., BR, MR and HR, were calculated as the percentage of the weight of brown, milled and head rice to grain weight, respectively. Three traits for milling yield, i.e., brown, milled and head rice yield per plant, were calculated as follows:


Brown rice yield per plant (BRY, g) = BR × GY



(1)






Milled rice yield per plant (MRY, g) = MR × GY



(2)






Head rice yield per plant (HRY, g) = HR × GY



(3)








2.3. Marker Data and Genetic Maps


Marker data and genetic maps of the four populations have been available [15]. The TI, ZM and XM maps were 1345.3, 1814.7 and 2080.4 cM in length, consisting of 135, 256 and 240 DNA markers, respectively. Genomic coverage and distances between neighboring markers are satisfactory for primary QTL mapping in the ZM and XM populations. A number of large homozygous segments remain in the TI map due to low polymorphism between the female and male parents of the TI population. For the RH-derived F4:5 population, the map consisted of 35 markers, including 28 simple sequence repeats, six InDels and one single nucleotide polymorphism.




2.4. Data Analysis


For the three RIL populations that were tested for 2 years, phenotypic data averaged over 2 years were used for computing the descriptive statistics, plotting the frequency distribution and calculating the Pearson correlation coefficient, and the data of each year were used for QTL mapping. QTL analysis was performed using the default setting of the MET (multi-environmental trials) approach in IciMapping V4.1 [17], taking the 2 years for each population as two environments. LOD thresholds for genome-wide type I error of p < 0.05 were calculated with 1000 permutation test and used to claim a putative QTL. QTL effects and the proportions of phenotypic variance explained (R2) were estimated. When a QTL was shown to have a significant genotype-by-environment (GE) interaction, the effect and R2 due to GE interaction were also measured. QTLs were designated as proposed by McCouch and CGSNL [18].



For the RH-derived F4:5 population that was tested for 1 year, QTLs were determined with the BIP (bi-parental populations) approach in IciMapping V4.1 [17]. LOD > 2.0 was used as the threshold to claim a putative QTL. QTLs were designated as proposed by McCouch and CGSNL [18].





3. Results


3.1. Phenotypic Performance of the Three RIL Populations


Descriptive statistics of the seven traits in the three RIL populations are presented in Table S1. Two of the seven traits, BR and MR, showed similar coefficients of variation (CV) among the three populations, ranging from 0.0116 to 0.0119 and 0.0140 to 0.0180, respectively. The CV of the five other traits were higher in the ZM and XM populations than in the TI population, ranging from 0.1266 to 0.2642 in ZM, 0.1288 to 0.2942 in XM, and 0.0967 to 0.1871 in TI (Table S1). Continuous distributions were observed for all the traits in the three populations (Figure S1), suggesting polygenic inheritance of these traits.



Correlations between the seven traits were either non-significant or positive highly significant (p < 0.01) (Table 1). Regarding the three traits for milling quality, the correlation was strong between BR and MR but weak between these two traits and HR. The correlation coefficients (r) between BR and MR ranged from 0.764 to 0.815 in the three populations, but their correlations with HR were either non-significant or had low r values (0.230–0.363). These results suggest that the control of properties for maintaining whole milled rice may differ greatly from that for achieving high brown and milled rice recovery.



Regarding the four yield traits, GY, BRY, MRY and HRY, not only the correlations were all significant but also the coefficients were all high. Near-perfect correlation was observed between GY, BRY and MRY, with the r values ranging from 0.996 to 0.999. Lower r values were found between these three traits and HRY, ranging from 0.816 to 0.826, 0.902 to 0.907 and 0.900 to 0.907 in the TI, ZM and XM populations, respectively. These results suggest that GY is the main source of variations for BRY, MRY and HRY, and the postharvest processing has a more significant influence on HRY than on BRY and MRY.



Regarding the three pairs of corresponding traits for milling quality and yield, the correlation was stronger between HR and HRY than between the other two pairs of traits. The r values ranged from 0.505 to 0.710 between HR and HRY in the three populations and decreased to 0.292–0.055 between BR and BRY, and 0.136–0.425 between MR and MRY. These results also suggest that the postharvest processing has a more significant influence on HRY than on BRY and MRY.




3.2. QTL Detected in the Three RIL Populations


In the TI, ZM and XM populations, a total of 27, 33 and 17 QTLs were detected for the seven traits analyzed, of which one, four and none showed significant GE interactions, respectively (Figure 1; Table 2, Table 3 and Table 4). Based on the physical position of DNA markers, it was found that all the five QTLs having significant GE effects were located in the region covering the Wx locus on the short arm of chromosome 6.




3.3. QTLs Detected in the TI Population


The 27 QTLs identified in the TI population were distributed across nine of the 12 rice chromosomes (Figure 1, Table 2). Numbers of QTLs detected for BR, MR, HR, GY, BRY, MRY, and HRY were 8, 3, 2, 4, 4, 4, and 2, having overall R2 of 59.55%, 21.93%, 23.40%, 25.05%, 26.13%, 25.49%, and 12.93%, respectively. Twenty-two of these QTLs formed six clusters distributed on chromosomes 2, 3, 4, 5, 6, and 8.



The largest cluster consisted of five QTLs, followed by three clusters of four QTLs. It was found that the 14 QTLs detected for grain yield and the three traits for milling yield were all included in these four clusters. In the RM437–RM18189 region on chromosome 5, the TQ allele increased BR, MR, GY, BRY, and MRY by 0.51%, 0.39%, 1.30 g, 1.25 g, and 1.13 g, respectively (Table 2). In the RM6–RM240 region on chromosome 2, the TQ allele increased GY, BRY, MRY, and HRY by 1.89 g, 1.54 g, 1.30 g, and 1.21 g, respectively. In the RM6992–RM349 region on chromosome 4, the TQ allele decreased GY, BRY, MRY, and HRY by 1.44 g, 1.14 g, 0.99 g, and 0.89 g, respectively. In the RM547–RM22755 region on chromosome 8, the TQ allele increased BR, GY, BRY, and MRY by 0.20%, 1.10 g, 0.98 g, and 0.79 g, respectively.



The fifth cluster consisted of three QTLs, which were located in the RM190–RM587 region covering the Wx locus [19] on chromosome 6. The TQ allele increased BR, MR and HR by 0.30%, 0.28% and 1.40%, respectively. The sixth cluster consisted of two QTLs, which were located in the RM15139–RM15303 region covering the GS3 locus [20] on chromosome 3. The TQ allele decreased BR by 0.41 g but increased HR by 2.51 g.



In the other five regions, one QTL was detected in each region. Included were qBR3.2 located in the interval RM16048–RM16184 on chromosome 3, qBR5.2 in RM274–RM334 on chromosome 5, qBR7 in RM70–RM18 on chromosome 7, qBR10 in RM6100–RM3773 on chromosome 10, and qMR12 in RM20–RM27610 on chromosome 12.




3.4. QTLs Detected in the ZM Population


The 33 QTLs identified in the ZM population were distributed across 10 of the 12 rice chromosomes (Figure 1, Table 3). Numbers of QTLs detected for BR, MR, HR, GY, BRY, MRY, and HRY were 5, 1, 5, 5, 5, 6, and 6, having overall R2 of 19.55%, 3.25%, 24.34%, 23.57%, 23.08%, 26.20%, and 28.39%, respectively. Twenty-four of these QTLs formed six clusters distributed on chromosomes 1, 3, 5, 6, and 10.



Two clusters on chromosome 1 and one on chromosome 6 were the three largest clusters consisting of five QTLs. Each of them affected one milling quality trait and all the four yield traits. In the RG532–RM5359 region on the short-arm chromosome 1, the MY46 allele increased HR, GY, BRY, MRY, and HRY by 2.21%, 0.89 g, 0.74 g, 0.69 g, and 0.70 g, respectively (Table 3). In the RZ730–RG381 region on the long arm of chromosome 1, the MY46 allele decreased BR by 0.24% but increased GY, BRY, MRY, and HRY by 1.12 g, 0.86 g, 0.76 g, and 0.67 g, respectively. In the RZ516–RM197 region covering the Wx locus on chromosome 6, the MY46 allele decreased HR, GY, BRY, MRY, and HRY by 1.56%, 0.79 g, 0.63 g, 0.58 g, and 0.66 g, respectively.



The other three clusters consisted of four, three and two QTLs, respectively. The RZ613–RG418A region on chromosome 3 affected all four yield traits, with the MY46 allele decreasing GY, BRY, MRY, and HRY by 0.76 g, 0.61 g, 0.56 g, and 0.65 g, respectively. The RZ811–RZ583 region on chromosome 10 affected three yield traits, with the MY46 allele decreasing GY, BRY and MRY by 0.83 g, 0.73 g and 0.68 g, respectively. The CDO348–RG480 region on chromosome 5 affected the recovery and yield of head rice, with the MY46 allele decreasing HR and HRY by 1.61% and 0.79 g, respectively.



Two other QTLs, qHRY4 and qHR4, were mapped in close positions on chromosome 4 (Figure 1). The MY46 allele increased HRY and HR by 0.76 g and 1.31%, respectively (Table 3). In the other seven regions, one QTL was detected in each region. Included were qHR2 located in the interval A5–RM71 on chromosome 2, qBR3 in RM251–RG393 on chromosome 3, qMR6 in RM276–RZ667 on chromosome 6, qBR7 in RG650–RZ395 on chromosome 7, qMRY9 in RG667–RM201 on chromosome 9, qBR11.1 in RZ816–RM332, and qBR11.2 in RM187–RM254 on chromosome 11.




3.5. QTLs Detected in the XM Population


The 17 QTLs identified in the XM population were distributed on four of the 12 rice chromosomes (Figure 1, Table 4). Numbers of QTLs detected for BR, MR, HR, GY, BRY, MRY, and HRY were 3, 3, 2, 2, 2, 2, and 3, having overall R2 of 11.68%, 13.11%, 8.86%, 13.62%, 13.21%, 13.80%, and 13.98%, respectively. Twelve of these QTLs formed four clusters distributed on chromosomes 3, 5, 6, and 10.



The clusters on chromosomes 6 and 10 were the two largest clusters consisting of four QTLs, both of which affected all four yield traits. In the RM190–RM204 region covering the Wx locus on chromosome 6, the MY46 allele decreased GY, BRY, MRY, and HRY by 1.74 g, 1.43 g, 1.32 g, and 0.99 g, respectively (Table 4). In the RM1859–RM184 region on chromosome 10, the MY46 allele decreased GY, BRY, MRY, and HRY by 1.36 g, 1.11 g, 1.04 g, and 1.11 g, respectively.



The other two clusters each consisted of two QTLs. In the RM6849–RM14629 region on the short arm of chromosome 3, the MY46 allele increased BR and MR by 0.21% and 0.28%, respectively. In the RM163–RG470 on the long arm of chromosome 5, the MY46 allele decreased HR and HRY by 1.62% and 0.80 g, respectively. Two other QTLs, qBR5 and qMR5, were mapped in close positions on the short arm of chromosome 5 (Figure 1). The MY46 allele increased BR and MR by 0.19% and 0.43%, respectively (Table 4). The remaining three QTLs were loosely linked on the long arm of chromosome 3, including qBR3.2 for brown rice recovery, qMR3.2 for milled rice recovery, and qHR3 for head rice recovery.




3.6. Validation of Five QTL Regions in an RH-Derived F4:5 Population


In the Ti52-3 population that was derived from an RH-plant of TQ/IRBB52, correlations between the seven traits (Table S2) are much the same as in the three RIL populations. Regarding the three traits for milling quality, the correlation between BR and MR (r = 0.773) was much stronger than between these two traits and HR (r = 0.243 and 0.266). Regarding the four yield traits, near-perfect correlation was observed between GY, BRY and MRY (r values ranging as 0.993–0.998), and their correlations with HRY were slightly weaker (r values ranging as 0.923–0.929). Regarding the three pairs of traits for milling quality and yield, the correlation between HR and HRY (r = 0.440) was much stronger than between the two others (r = 0.065 and 0.159).



Among the 16 segregating regions distributed on 12 chromosomes in the Ti52-3 population, QTLs were detected in 10 regions across nine chromosomes (Figure 2; Table 5). A total of 26 QTLs were found, including 6, 6, 1, 3, 3, 3, and 4 for BR, MR, HR, GY, BRY, MRY, and HRY, which had overall R2 of 33.39%, 45.99%, 6.01%, 22.75%, 22.93%, 23.73%, and 23.27%, respectively.



Of the QTLs detected in the TI population, four were covered by the segregating regions of the Ti52-3 population (Figure 2), including qBR5.2 located in the interval RM274–RM334 on chromosome 5, qBR7 in RM70–RM18 on chromosome 7, qBR10 in RM6100–RM3773 on chromosome 10, and qMR12 in RM20–RM27610 on chromosome 12. They were all well validated. The TQ alleles consistently increased BR in the qBR5.2 and qBR10 regions, decreased BR in the qBR7 region, and decreased MR in the qMR12 region (Table 2 and Table 5). Additionally, significant effects were newly detected on MR in the qBR5.2, qBR7 and qBR10 regions, and on BR and HRY in the qMR12 region. The QTL region qBR8/qGY8/qBRY8/qMRY8 found in the TI population was overlapped with the segregating region RM22755–RM23001 in the Ti52-3 population (Figure 2). These QTLs were not detected in Ti52-3. Since one side of this putative QTL region was homozygous in the new population, it is possible that the QTLs were not segregated in Ti52-3.



The other six QTL regions found in the Ti52-3 population were not detected in the TI population. One of them, Tw31911–Tw32437 on chromosome 2, showed significant effects on four traits. In the neighboring region RM6–RM240, QTLs for the same four traits were detected in the TI population. However, the QTL directions were opposite between the two regions. It is noted that RM6–RM240 segregated in the TI population was homozygous in the Ti52-3 population (Figure 2). The gene underlying this QTL cluster may be located between RM6–RM240 and Tw31911–Tw32437, and crossover may have occurred between the gene and Tw31911.



Five other QTL regions detected in the Ti52-3 population included three QTL clusters and two regions affecting a single trait. The RM14302–RM14383 region on chromosome 3 affected two traits, in which the TQ allele increased BR and MR by 0.13% and 0.31%, respectively. The RM107 region on chromosome 9 affected four traits, in which the TQ allele increased GY, BRY, MRY, and HRY by 0.93 g, 0.76 g, 0.73 g, and 0.62 g, respectively. The RM167–RM287 region on chromosome 11 affected five traits, in which the TQ allele decreased BR, GY, BRY, MRY, and HRY by 0.10%, 0.76 g, 0.63 g, 0.55 g, and 0.36 g, respectively. The remaining two QTLs were qHR6 and qMR9, of which the TQ allele decreased HR and MR by 1.34% and 0.20%, respectively.





4. Discussion


Milled and head rice yield, two of the most important commercial traits in rice production, are determined by grain yield and milling quality. Understanding the genetic relationship among these traits is critical for the improvement of milled and head rice yield in breeding. In this study, QTL analysis for seven traits—brown, milled and head rice recovery, grain yield, and brown, milled and head rice yield—was performed using three RIL populations and one RH-derived F4:5 population. New knowledge on the genetic basis underlying the control of brown, milled and head rice yield is provided.



In the four populations investigated in this study, correlations between the four yield traits were all highly significant. Near-perfect correlations were observed between GY, BRY and MRY, and their correlations with HRY were slightly weaker. These results were supported by QTLs detected for the four traits. Four, five, two, and three QTLs were detected for grain yield in the TI, ZM, XM, and Ti52-3 populations. It is worth noting that each of these QTL regions had significant effects on all or two of the three traits for milling yield. For multiple QTLs accompanied in the same region, not only the allelic direction remained unchanged, but also the effects were consistent. Of the four regions controlling GY in TI, the qGY2 and qGY4 regions controlled all four traits, but the qGY5 and qGY8 regions were non-significant for HRY (Table 2). No other QTLs for these traits were detected in TI. Of the five regions controlling GY in ZM, the qGY1.1, qGY1.2, qGY3, and qGY6 regions controlled all four traits, but the qGY10 region was non-significant for HRY (Table 3). One more QTL for MRY, qMRY9, was detected alone. One more QTL for HRY, qHRY4, was detected and accompanied with a QTL for HR, qHR4. In XM, the two regions controlling GY both affected all four traits (Table 4). One more QTL for HRY, qHRY5, was detected and accompanied with a QTL for HR, qHR5. Similarly, all three regions controlling GY in Ti52-3 affected all four traits (Table 5). These results have two implications. Firstly, variation on paddy grain yield might be the only main source of variation for brown and milled rice yield. Secondly, variations on the paddy grain yield and head rice recovery both make important contributions to the variation of head rice yield.



Significant correlations between different quality traits in rice have been commonly observed [7,8,12,21], which could be partly ascribed to the influence of a QTL region on multiple traits [7,12]. By comparing the locations of genes or QTLs reported for various grain quality traits in rice, it is found that some regions harboring QTLs for milling quality are associated with other traits that determine appearance quality or eating and cooking characteristics. Two typical examples are the GW5–Chalk5 region on chromosome 5 [22,23] and the Wx region on chromosome 6 [19]. In the GW5–Chalk5 region, QTLs having major effects for MR were detected in the TI and XM populations. In a previous study reported by Zheng et al. [11], one QTL for MR, QMr5, was also detected in this region, having an additive effect of 1.10% and R2 of 11.5%. In addition, this region was reported to affect various traits for grain chalkiness, endosperm transparency and grain size in the TI and XM populations [13,14].



The Wx gene not only plays a key role in controlling eating and cooking quality of rice, but also influences other traits including protein content, head rice recovery, grain chalkiness, and grain weight [2,3,8,9,24]. The Wx locus was segregated in the TI, ZM and XM populations, having major effects on amylose content and gel consistency [15]. The Wx region also showed significant effects on grain chalkiness, grain width and endosperm transparency in TI; on grain chalkiness and grain length in ZM; and on grain chalkiness, grain length and endosperm transparency in XM [13,14]. In the present study, this region was found to have significant effects on BR, MR and HR in TI; on HR, GY, BRY, MRY, and HRY in ZM; and on GY, BRY, MRY, and HRY in XM.



In conclusion, the GW5–Chalk5 and Wx regions are good targets for studying the genetic control of multiple traits determining grain yield, appearance quality, eating and cooking quality, milling quality, and milling yield.




5. Conclusions


A total of 77 QTLs for seven traits affecting milling yield in rice were detected using three RIL populations. All the regions harboring QTLs for grain yield were found to affect two or all three milling yield traits. QTLs for head rice yield were usually accompanied with grain yield and head rice recovery. Variations of brown and milled rice yield were mainly ascribed to grain yield, but head rice yield was determined by both grain yield and head rice recovery. Two regions covering GW5–Chalk5 and Wx loci, respectively, had a major contribution to milling quality and milling yield of rice.
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Figure 1. Genomic distribution of QTLs for seven traits detected in three RIL populations. TI = Teqing/IRBB lines; ZM = Zhenshan 97/Milyang 46; XM = Xieqingzao/Milyang 46. Marker positions in each chromosome are indicated by solid lines and the distances are in proportion to the physical length. Solid rectangles refer to the approximate positions of centromeres. QTLs are drawn on the left side of the corresponding interval. Significant genotype-by-environment interaction is indicated by the number “1”. 
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Figure 2. Genomic distribution of QTLs for seven traits detected in the RH-F4:5 population. BR = Brown rice recovery; MR = Milled rice recovery; HR = Head rice recovery; GY = Grain yield per plant; BRY = Brown rice yield per plant; MRY = Milled rice yield per plant; HRY = Head rice yield per plant. Markers within the blue rectangle are flanking markers of QTLs detected in the TI population. 
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Table 1. Simple correlation coefficients between seven traits in three RIL populations of rice.
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	Population
	Trait
	MR
	HR
	GY
	BRY
	MRY
	HRY





	TI
	BR
	0.764 **
	−0.157
	0.229 **
	0.292 **
	0.287 **
	0.107



	
	MR
	
	0.160
	0.205 **
	0.253 **
	0.287 **
	0.275 **



	
	HR
	
	
	−0.064
	−0.074
	−0.046
	0.505 **



	
	GY
	
	
	
	0.998 **
	0.996 **
	0.816 **



	
	BRY
	
	
	
	
	0.998 **
	0.809 **



	
	MRY
	
	
	
	
	
	0.826 **



	ZM
	BR
	0.815 **
	0.148
	−0.006
	0.055
	0.054
	0.063



	
	MR
	
	0.230 **
	0.063
	0.112
	0.136
	0.157



	
	HR
	
	
	0.354 **
	0.362 **
	0.368 **
	0.710 **



	
	GY
	
	
	
	0.998 **
	0.997 **
	0.902 **



	
	BRY
	
	
	
	
	0.999 **
	0.905 **



	
	MRY
	
	
	
	
	
	0.907 **



	XM
	BR
	0.784 **
	0.233 **
	0.246 **
	0.292 **
	0.296 **
	0.300 **



	
	MR
	
	0.363 **
	0.365 **
	0.398 **
	0.425 **
	0.449 **



	
	HR
	
	
	0.224 **
	0.232 **
	0.241 **
	0.605 **



	
	GY
	
	
	
	0.999 **
	0.998 **
	0.900 **



	
	BRY
	
	
	
	
	0.999 **
	0.903 **



	
	MRY
	
	
	
	
	
	0.907 **







TI = Teqing/IRBB lines; ZM = Zhenshan 97/Milyang 46; XM = Xieqingzao/Milyang 46; BR = Brown rice recovery; MR = Milled rice recovery; HR = Head rice recovery; GY = Grain yield per plant; BRY = Brown rice yield per plant; MRY = Milled rice yield per plant; HRY = Head rice yield per plant; **, p < 0.01.
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Table 2. QTLs for seven traits detected in the TI population.
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	Chr
	Interval
	QTL
	LOD
	LOD (A)
	LOD (ge)
	A
	ge
	R2 (A)
	R2 (ge)





	2
	RM6–RM240
	qGY2
	8.84
	8.25
	
	−1.89
	
	10.75
	



	
	
	qBRY2
	8.76
	8.09
	
	−1.54
	
	10.37
	



	
	
	qMRY2
	8.15
	7.61
	
	−1.30
	
	9.78
	



	
	
	qHRY2
	7.44
	6.57
	
	−1.21
	
	8.38
	



	3
	RM15139–RM15303
	qBR3.1
	26.64
	25.34
	
	0.41
	
	14.16
	



	
	
	qHR3
	14.07
	13.17
	
	−2.51
	
	17.81
	



	
	RM16048–RM16184
	qBR3.2
	8.02
	7.46
	
	0.21
	
	3.75
	



	4
	RM6992–RM349
	qGY4
	4.90
	4.88
	
	1.44
	
	6.23
	



	
	
	qBRY4
	4.59
	4.58
	
	1.14
	
	5.64
	



	
	
	qMRY4
	4.53
	4.52
	
	0.99
	
	5.69
	



	
	
	qHRY4
	3.90
	3.85
	
	0.89
	
	4.55
	



	5
	RM437–RM18189
	qBR5.1
	35.75
	34.08
	
	−0.51
	
	20.20
	



	
	
	qMR5
	11.22
	10.51
	
	−0.39
	
	11.99
	



	
	
	qGY5
	4.18
	3.52
	
	−1.30
	
	4.52
	



	
	
	qBRY5
	5.66
	4.81
	
	−1.25
	
	6.02
	



	
	
	qMRY5
	6.17
	5.06
	
	−1.13
	
	6.48
	



	
	RM274–RM334
	qBR5.2
	3.11
	2.93
	
	−0.13
	
	1.38
	



	6
	RM190–RM587
	qBR6
	15.18
	14.32
	
	−0.30
	
	7.45
	



	
	
	qMR6
	6.30
	5.96
	
	−0.28
	
	6.44
	



	
	
	qHR6
	10.08
	4.35
	5.73
	−1.40
	−1.20
	5.59
	4.28



	7
	RM70–RM18
	qBR7
	5.82
	5.54
	
	0.19
	
	2.75
	



	8
	RM547–RM22755
	qBR8
	8.00
	6.82
	
	−0.20
	
	3.31
	



	
	
	qGY8
	2.85
	2.82
	
	−1.10
	
	3.55
	



	
	
	qBRY8
	3.42
	3.33
	
	−0.98
	
	4.09
	



	
	
	qMRY8
	2.85
	2.82
	
	−0.79
	
	3.53
	



	10
	RM6100–RM3773
	qBR10
	14.93
	12.44
	
	−0.28
	
	6.60
	



	12
	RM20–RM27610
	qMR12
	3.48
	3.36
	
	0.21
	
	3.50
	







QTLs are designated as proposed by McCouch and CGSNL [18]. A: additive effect of replacing a maternal with a paternal allele; ge: effect due to genotype-by-environment interaction; R2: percentage of phenotypic variance explained by the additive or GE effect.
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Table 3. QTLs for seven traits detected in the ZM population.
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	Chr
	Interval
	QTL
	LOD
	LOD (A)
	LOD (ge)
	A
	ge
	R2 (A)
	R2 (ge)





	1
	RG532–RM5359
	qHR1
	9.34
	9.14
	
	2.21
	
	8.95
	



	
	
	qGY1.1
	5.25
	4.35
	
	0.89
	
	4.79
	



	
	
	qBRY1.1
	5.53
	4.56
	
	0.74
	
	4.93
	



	
	
	qMRY1.1
	5.68
	4.73
	
	0.69
	
	5.01
	



	
	
	qHRY1.1
	6.16
	4.60
	
	0.70
	
	4.59
	



	
	RZ730–RG381
	qBR1
	7.34
	6.67
	
	−0.24
	
	5.91
	



	
	
	qGY1.2
	6.63
	6.61
	
	1.12
	
	7.51
	



	
	
	qBRY1.2
	5.96
	5.93
	
	0.86
	
	6.59
	



	
	
	qMRY1.2
	5.58
	5.58
	
	0.76
	
	6.02
	



	
	
	qHRY1.2
	4.69
	4.30
	
	0.67
	
	4.34
	



	2
	A5–RM71
	qHR2
	3.30
	3.30
	
	−1.29
	
	3.00
	



	3
	RM251–RG393
	qBR3
	6.00
	5.77
	
	−0.22
	
	5.02
	



	
	RZ613–RG418A
	qGY3
	4.17
	3.14
	
	−0.76
	
	3.42
	



	
	
	qBRY3
	4.17
	3.04
	
	−0.61
	
	3.24
	



	
	
	qMRY3
	4.00
	2.98
	
	−0.56
	
	3.18
	



	
	
	qHRY3
	5.06
	4.08
	
	−0.65
	
	4.03
	



	4
	RZ69–RM3317
	qHRY4
	5.72
	5.68
	
	0.76
	
	5.52
	



	
	RM401–RM3643
	qHR4
	3.76
	3.51
	
	1.31
	
	3.20
	



	5
	CDO348–RG480
	qHR5
	4.95
	4.94
	
	−1.61
	
	4.69
	



	
	
	qHRY5
	5.80
	5.79
	
	−0.79
	
	5.81
	



	6
	RZ516–RM197
	qHR6
	5.72
	4.78
	
	−1.56
	
	4.51
	



	
	
	qGY6
	7.97
	3.30
	4.67
	−0.79
	0.80
	3.72
	3.72



	
	
	qBRY6
	7.74
	3.22
	4.52
	−0.63
	0.63
	3.54
	3.54



	
	
	qMRY6
	7.38
	3.13
	4.24
	−0.58
	0.54
	3.39
	3.03



	
	
	qHRY6
	7.41
	4.15
	3.27
	−0.66
	−0.64
	4.11
	3.89



	
	RM276–RZ667
	qMR6
	3.16
	3.01
	
	0.20
	
	3.25
	



	7
	RG650–RZ395
	qBR7
	4.08
	3.50
	
	0.18
	
	3.25
	



	9
	RG667–RM201
	qMRY9
	4.13
	3.59
	
	0.60
	
	3.77
	



	10
	RZ811–RZ583
	qGY10
	4.46
	3.68
	
	−0.83
	
	4.13
	



	
	
	qBRY10
	5.21
	4.34
	
	−0.73
	
	4.78
	



	
	
	qMRY10
	5.17
	4.45
	
	−0.68
	
	4.82
	



	11
	RZ816–RM332
	qBR11.1
	3.12
	3.10
	
	0.16
	
	2.63
	



	
	RM187–RM254
	qBR11.2
	3.20
	3.18
	
	−0.16
	
	2.73
	







QTLs are designated as proposed by McCouch and CGSNL [18]. A: additive effect of replacing a maternal with a paternal allele; ge: effect due to genotype-by-environment interaction; R2: percentage of phenotypic variance explained by the additive or GE effect.













[image: Table] 





Table 4. QTLs for seven traits detected in the XM population.
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	Chr
	Interval
	QTL
	LOD
	LOD (A)
	A
	R2 (A)





	3
	RM6849–RM14629
	qBR3.1
	3.97
	3.58
	0.21
	4.57



	
	
	qMR3.1
	3.76
	3.01
	0.28
	2.96



	
	RZ696–RG445A
	qBR3.2
	3.14
	2.99
	−0.19
	3.58



	
	RZ519–RZ328
	qMR3.2
	3.35
	3.26
	−0.28
	3.10



	
	RM85–RG418A
	qHR3
	3.39
	3.12
	−1.61
	4.28



	5
	RM13–RM267
	qBR5
	3.94
	3.02
	0.19
	3.53



	
	RG182–RG413
	qMR5
	6.86
	6.86
	0.43
	7.05



	
	RM163–RG470
	qHR5
	3.78
	3.28
	−1.62
	4.58



	
	
	qHRY5
	3.02
	3.00
	−0.80
	3.09



	6
	RM190–RM204
	qGY6
	7.14
	6.64
	−1.74
	8.46



	
	
	qBRY6
	7.14
	6.65
	−1.43
	8.25



	
	
	qMRY6
	7.31
	6.73
	−1.32
	8.53



	
	
	qHRY6
	4.97
	4.30
	−0.99
	4.85



	10
	RM1859–RM184
	qGY10
	4.56
	4.06
	−1.36
	5.15



	
	
	qBRY10
	4.51
	4.00
	−1.11
	4.96



	
	
	qMRY10
	4.70
	4.17
	−1.04
	5.28



	
	
	qHRY10
	6.11
	5.39
	−1.11
	6.05







QTLs are designated as proposed by McCouch and CGSNL [18]. A: additive effect of replacing a maternal with a paternal allele; R2: percentage of phenotypic variance explained by the additive effect.
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Table 5. QTLs for seven traits detected in the RH-F4:5 population.
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	Chr
	Interval
	QTL
	LOD
	A
	D
	R2 (%)





	2
	Tw31911–Tw32437
	qGY2
	8.93
	1.87
	0.41
	11.60



	
	
	qBRY2
	8.88
	1.52
	0.29
	11.59



	
	
	qMRY2
	9.25
	1.40
	0.20
	12.03



	
	
	qHRY2
	7.35
	1.29
	0.16
	10.67



	3
	RM14302–RM14383
	qBR3
	2.34
	−0.13
	0.05
	2.82



	
	
	qMR3
	6.41
	−0.31
	0.08
	7.30



	5
	RM3321–RM274
	qBR5
	4.88
	−0.17
	−0.18
	6.25



	
	
	qMR5
	5.92
	−0.26
	−0.33
	6.54



	6
	RM549
	qHR6
	8.05
	1.34
	0.31
	6.01



	7
	RM10–RM70
	qBR7
	7.23
	0.23
	−0.09
	9.28



	
	
	qMR7
	12.89
	0.44
	−0.15
	15.51



	9
	RM219–RM1896
	qMR9
	3.06
	0.20
	0.12
	3.34



	9
	RM107
	qGY9
	2.83
	−0.93
	−0.84
	3.35



	
	
	qBRY9
	2.81
	−0.76
	−0.65
	3.35



	
	
	qMRY9
	3.09
	−0.73
	−0.52
	3.68



	
	
	qHRY9
	2.04
	−0.62
	−0.28
	2.67



	10
	RM6704–RM7300
	qBR10
	2.20
	−0.10
	−0.21
	2.52



	
	
	qMR10
	2.92
	−0.18
	−0.24
	3.29



	11
	RM167–RM287
	qBR11
	2.20
	0.10
	0.20
	2.52



	
	
	qGY11
	3.30
	0.76
	3.05
	7.80



	
	
	qBRY11
	3.48
	0.63
	2.52
	8.00



	
	
	qMRY11
	3.46
	0.55
	2.30
	8.03



	
	
	qHRY11
	2.43
	0.36
	2.34
	7.19



	12
	Tv963–RM3246
	qBR12
	2.84
	0.10
	−0.57
	9.99



	
	
	qMR12
	3.74
	0.12
	−0.88
	10.01



	
	
	qHRY12
	2.04
	0.62
	−0.32
	2.73







QTLs are designated as proposed by McCouch and CGSNL [18]. A: additive effect of replacing a maternal with a paternal allele; D: dominance effect; R2: proportion of the phenotypic variance explained by the QTL.
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