
1Scientific RepoRts |          (2019) 9:9948  | https://doi.org/10.1038/s41598-019-46405-3

www.nature.com/scientificreports

the opening of phenome-assisted 
selection era in the early seedling 
stage
song Lim Kim1, Yong suk Chung2, Renato Rodrigues silva3, Hyeonso Ji1, Hongseok Lee1, 
Inchan Choi1, Nyunhee Kim1, eungyeong Lee1, JeongHo Baek1, Gang-seob Lee1,  
taek-Ryoun Kwon1 & Kyung-Hwan Kim1

Faster and more efficient breeding cycle is not an option to deal with unpredictable and fast global 
climate changes. phenomics for collecting huge number of individuals in accurate manner could be an 
answer to solve this problem. We collected image data to measure plant height and manual data for 
shoot length to be compared. QTLs clustered of plant height and shoot length were detected in 2-week 
old seedlings, which was consistent with many other reports using various genetic resources in matured 
stage. Further, these traits are highly correlated with yield by pleiotropism or tight linkage of those 
traits. It implies the “phenome-assisted selection” can be applied for yield trait in rice in the very early 
stage to shorten the breeding cycle significantly in fast but low-cost manner.

Recent radical climate changes demand faster and more efficient breeding cycle. Fortunately, newly emerging 
and fast developing area, phenomics, take attentions in this circumstance. It enables the target phenotypic traits 
to be collected in the accurate and repeatable manner in large scale. However, this technology cannot reduce the 
life cycle time of any crops. To shorten the breeding cycle even further, developing new method is required to 
screen traits, which associated with the target traits such as yield, in the early growth stage. This is true for any 
breeding target. The initial stage of breeding requires very large number of populations. In general, the final goal 
of breeding is high yield. Thus, screening the high yield potential individuals before screening may save a lot of 
time, resources, and effort; this can be very true especially in the case of rice because large number of non-vigor 
seedling could be eliminated before transplanting.

Seedling vigor in rice (Oryza sativa L.) is associated with many traits such as plant viability, height, thickness 
of stems, and uniformity1. Further, it is known indicator for increasing quality of tillering and yield2. It could be 
expressed by several components such as primary/secondary tiller, shoot length, biomass, and leaf area index. 
The efficient screening method for seedling vigor using any suitable evaluating components could be useful for 
selecting elite lines for high yield potential. Those components in the early stage of rice growth has to be collected 
in a short period before the next stage comes. However, the conventional screening methods cannot achieve 
this in the short period. More importantly, they cannot screen the large-scale population, which is essential to 
accelerate breeding cycle. To overcome the problems in the conventional screening methods, the current study 
evaluated three components for seedling vigor including projected plant height using image analysis as well as 
shoot length and fresh weight manually to compare with image data. QTL analysis was followed to reveal the 
loci that are associated with those collected traits. The reason why plant height was targeted for high throughput 
phenotyping was because it is relatively easy to measure and correlated with yield of rice3. Here we are excited to 
report the opening of phenome-assisted selection for initial screening for high yield lines in the breeding program 
and accelerate the speed of breeding.

We measured plant height (PH) (image data), shoot length (SL) (manual data), and fresh weight (FW) of 162 
recombinant inbred lines derived from a cross between ‘Milyang23’ and ‘Gihobyeo’ (MGRILs) for analysis of 
QTLs. All components collected were following normal distribution (data is not shown). For PH was as accurate 
as SL based the subsampling residuals variance (Table 1). Significant and high correlations were found between 
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the image data and manual data (Table 2). Among the manually collected components, SL and FW showed sig-
nificant correlation (0.66), which is indirectly consistent with the result using dry weight instead of fresh weight 
in 16-day old seedlings4.

Seven QTLs of the 3 components, PH, SL, and FW, collected in this study for seedling vigor were detected in 
2-week old seedlings. Detailed information is in Fig. 1. Among them, 3 QTLs of PH were from image analysis, 
which was found on chromosome 1, 4, and 12 as 3 QTLs of SL from manual measure were. This is consistent with 
the previous results using matured plants on chromosome 13,5–9, on chromosome 46, and on chromosome 126,10. 
Interestingly, QTL of FW was found only on chromosome 1 in the same region as PH and SL.

Notably, mesocotyl length of 10 days old seedlings11 and leaf sheath length and culm length of 30 days old 
seedlings12 were also associated with the same region on chromosome 1 for PH; while QTLs of PH of matured 
plant were detected on chromosome 4 and chromosome 126.

PH in rice is determined by the top leaf length in conventional method. However, it is more complicated trait. 
For matured plants, PH of can be determined by the length of culm (node and internode) and top leaf attached to 
culm. Leaf length can be divided by leaf blade and leaf sheath. Culm is comprised of nodes and internodes, which 
is wrapped by leaf sheath. Thus, culm and leaf sheath length should be highly correlated. Mesocotyl is extended 
part from root to be connected with culm, which has a stem-like function. However, in shoot establishment stage, 
seedling above ground is dissected by primary leaf and secondary leaf, and mesocotyl. Thus, PH in young seedling 
stage is determined by the length of mesocotyl, shooting leaf, and culm. Interestingly, the overlapping peaks of QTL 
in matured plants and young seedlings associated with PH was located in chromosome 1. In addition, the biomass, 
FW, shared the same peak of QTL only on chromosome 1, which should be because the determinant factors for plant 
weight are culm and mesocotyl rather than top leaf. The recent result for PH3,9 in matured plants using high through-
put phenotyping method showed very strong peak on the same region on chromosome 1. The former utilized the 
sonic sensor which should be more related with the culm length than with top leaf because it measures the length 
from the ground to the top not the stretched leaf length. The latter could not detect the leaf length bent over the other 
side in the three dimension which could be the longest leaf. These cues lead to presume that those peaks of QTL in 
chromosome 4 and 12 might be associated with the length of leaf blade on the top node which is connected with 
culm. Therefore, the image analysis appears to be able to differentiate the length of culm and leaf in the very early 
stage, 2-week old seedlings because the leaf is erect in this stage which is easy to detect in two-dimension.

df 1 df 2 F P value

1187 1272 880.1829 1

Table 1. Results from F test for variances. It tests the null hypothesis that residual variance of plant height and 
shoot length are equals.

Plant height Shoot length Fresh weight

Plant height 1 0.88 P < 0.0001 0.66 P < 0.0001

Shoot length 1 0.62 P < 0.0001

Table 2. Correlations among traits measured. Pearson’s Correlation among least square means of plant height, 
shoot length, and fresh weight.

Figure 1. Genetic map showing initial growth related QTLs in the current population. Abbreviation of each 
trait means as follow. qPH, projected plant height in red; qFW, fresh weight in blue; qSL, shoot length in green. 
C1, C2, and C12 mean chromosome numbers.
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The peak of QTL on chromosome 1 was known area where semi-dwarf 1 (sd1) gene is located. This gene is 
associated with one of the most important determinants of plant height, gibberellin (GA)13 as confirmed in many 
other studies as well. Thus, this gene seems to be the major component for PH and it seems to be responsible for 
especially for culm size due to the reason stated above. The fact that it could be detected in the early stage may 
imply that this gene is activated from early to matured stage.

This QTL region on chromosome 1 seems to be stable across environments8. It is also associated with biomass, 
FW, which was consistent with previous studies3,7,8. Further, it is known to be associated with root traits includ-
ing maximum root number6, root dry weight per tiller and root and shoot ratio14, panicle traits such as panicle 
length, number of panicle per plant, and panicle exertion6, and yield traits, for instance, grain yield and harvest 
index3,7, and grain weight7,10. It was even associated with several indexes for photosynthesis using remote sen-
sors3. Hittalmani et al. (2003)7 concluded that peaks of QTL for different traits, including projected plant height, 
panicle number, and panicle length suggest that pleiotropism and or tight linkage of those traits. In that study, 
traits such as harvest index, number of panicles, panicle length, and 1000 grain weight were very stably detected 
in the same QTL region on chromosome 1 across different environments as well as plant height. A few year later, 
Ashikari et al. (2005)5 suggested that sd1 allele could have pleiotropic effects on grain number and Tanger et 
al. (2017)3 confirmed that PH and yield are in pleiotropic QTL region, which is matched with the result on the 
chromosome 1. Furthermore, the fact that this QTL region is associated with many important agronomic traits, 
especially yield, in rice in highly reliable manner across different environments is important for breeding using 
high potential selection technique area, phenomics, using relatively easy trait to collect, PH.

Conclusions
So far, the yield related studies have used matured plants due to the technical limit and lack of studies of rela-
tionship between traits in early and matured stage. Even after recent emergence of phenome, the application for 
selections for breeding purpose was not presented. However, current study could detect 3 QTLs associated with 
PH in only 2 weeks old seedlings, which was consistent with many other reports using various genetic resources 
in matured stage. This means that the “phenome-assisted selection” can be applied for yield trait in rice in the very 
early stage. This phenome-assisted selection is crucial advance for breeding purpose in terms of the following 
aspects other than earliness compared to genomic method. First, it does not destruct any tissue to collect data. 
Second, it does not need extra cost once the facility and equipment are set up. Third, the data process is very fast. 
Last but not least, it does not require the full genome sequencing or QTLs studies. Over all, it is much faster and 
less-cost method with accuracy even compared with marker assisted selection, which could accelerate breeding 
cycles.

Methods and Methods
plant growth and experimental materials. In this study, 162 recombinant inbred lines derived from a 
cross between ‘Milyang23’ and ‘Gihobyeo’ (MGRILs) were used for analysis of QTLs related with initial growth 
rate. These populations were progressed more than F25 generation from F2 of two parents with single seed decent 
(SSD) methods. Genetic analysis and physical map were made from InDel, STS, and RTM markers15. Because 
tongil type cultivar ‘Milyang23’ and japonica type cultivar ‘Gihobyeo’ showed different germination speed, they 
were induced in low temperature of 23 °C for 3 days after hot water dipping in 60 °C for 10 minutes. Germinated 
seeds were grown in 50-hole seedling tray. MGRILs was grown in day length of 14 h light/10 h dark for 2 weeks, 
and also growth temperature (32 °C in day and 22 °C in night) and humidity (~52%) were constantly maintained. 
To eliminate edge effect, outermost plants were removed (Fig. S1)

survey of growth patterns in MGRILs. Growth patterns of plants were searched with shoot length, fresh 
weight, and dry weight in 2 weeks day after sowing (DAS). They were actually measured with a ruler and balance 
for 8 plants per lines. Shoot length was measured from the ground to the longest leaf tip, and the measurement 
of fresh weight was used to shoot part of above ground. Meanwhile dry weight was weighed after dry of 70 °C 
for 5 days in drying oven. The plants grown for two weeks on a 50-hole tray were placed on a car equipped with 
adaptors one by one, and then rotated by a conveyor belt to take photographs sequentially.

Image acquisition. Image of rice phenotypes were analyzed with matlab program after shooting through 3D 
scanalyzer imaging system (LemnaTec, Germany). RGB (Red, Green, Blue) images of Plants had the resolution 
of 6,576 × 4,384. At this time, light condition was constantly set with camera gamma value, 65; gain value, 1000; 
exposure time, 38,000 μs. Each line of MGRILs was photographed in maximum area of plants body (Fig. S1).

Algorithm application on image analysis. Acquired images were transferred into PNG files, and they 
were loaded through Matlab program (MathWorks, USA, https://www.mathworks.com/products/matlab.html). 
First of all, RGB images were transformed into HSI (Hue, Saturation, Intensity) and Lab (L for lightness and a and 
b for the colour opponents green–red and blue–yellow) channel, and performed background removal. To easily 
calculate change of colour space, each channel was converted into range of 0 to 255 as follows;

= + ×⁎
⁎Y_ {(a 100)/200} 255a LAB

= + ×⁎
⁎Y_ {(b 100)/200} 255b LAB
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= ×Y_ (H /360) 255H HSI

•	 Y_a*: The value obtained by changing the range of a* channel of LAB color space from 0 to 255
•	 Y_b*: The value obtained by changing the range of b* channel of LAB color space from 0 to 255
•	 Y_H: The value obtained by changing the range of HUE channel of HSI color space from 0 to 255
•	 a*

LAB: The a* channel value of the LAB color space
•	 b*

LAB: The b* channel value of the LAB color space
•	 HHSI: The HUE channel value of the HSI color space

HIS-H, one of separated hue channel, was used to colour range from yellow to green colour region. Lab-a was 
used to region of green colour. On the other hand, Lab-b was used to region of yellow colour. After that, ROI (region 
of interest) were extracted through masking from background removed images. Extracted images eliminated noise 
to median filer16, and multi-step morphology was continuously applied in order to clarify ROI structure using ero-
sion and dilation filer17,18 Fill area is filtering method that paints a region surrounded by dots in an image. It is used 
to fill in the interior of a plant image that has been emptied by image conversion after image capture19,20. Colour clas-
sification and binary images were obtained using the noise and the filtered images. Using the obtained binary image, 
the number of pixels and the projected plant height were extracted from rice images (Fig. S2, S3).

QtL analysis and correlation coefficient survey. For the QTL analysis, we used genetic maps of 
MGRILs that were originally written with 224 PCR-based markers15. This was done using the Windows QTL 
Cartographer V2.521 program. Significant LOD (logarithm of the odds) threshold was adopted by performing 
1000 permutations at 95% significance level for each trait. Correlation coefficients between the measured values 
(plant length, biomass weight, dry weight) and image analysis values (number of pixels, projected plant length) of 
the growth characteristics of rice were examined.

References
 1. Matsuo, T. & Hoshikawa, K. editors. Science of the rice plant. Tokyo: Food and Agriculture Policy Research Center (1993).
 2. TeKrony, D. M. & Egli, D. B. Relationship of seed vigor to crop yield: a review. Crop Sci. 31, 816–22 (1991).
 3. Tanger, P. et al. Field-based high throughput phenotyping rapidly identifies genomic regions controlling yield components in rice. 

Sci. Rep. 7, 42839 (2017).
 4. Uga, Y. et al. Genomic regions responsible for seminal and crown root lengths identified by 2D & 3D root system image analysis. 

BMC genomics 19, 273 (2018).
 5. Ashikari, M. et al. Cytokinin oxidase regulates rice grain production. Science 309, 741–745 (2005).
 6. Hemamalini, G. S., Shashidhar, H. E. & Hittalmani, S. Molecular marker assisted tagging of morphological and physiological traits 

under two contrasting moisture regimes at peak vegetative stage in rice (Oryza sativa L.). Euphytica 112, 69–78 (2000).
 7. Hittalmani, S. et al. Molecular mapping of quantitative trait loci for plant growth, yield and yield related traits across three diverse 

locations in a doubled haploid rice population. Euphytica 125, 207–214 (2002).
 8. Hittalmani, S. et al. Identification of QTL for growth-and grain yield-related traits in rice across nine locations of Asia. Theor. Appl. 

Genet. 107, 679–690 (2003).
 9. Yang, W. et al. Combining high-throughput phenotyping and genome-wide association studies to reveal natural genetic variation in 

rice. Nat. Commun. 5, 5087 (2014).
 10. Zhuang, J. Y. et al. of QTL × environment interaction for yield components and plant height in rice. Theor. Appl. Genet. 95, 799–808 (1997).
 11. Redona, E. D. & Mackill, D. J. Mapping quantitative trait loci for seedling vigor in rice using RFLPs. Theor. Appl. Genet. 92, 395–402 (1996).
 12. Yano, K. et al. Efficacy of microarray profiling data combined with QTL mapping for the identification of a QTL gene controlling the 

initial growth rate in rice. Plant Cell Physiol. 53, 729–739 (2012).
 13. Sasaki, A. et al. Green revolution: a mutant gibberellin-synthesis gene in rice. Nature 416, 701 (2002).
 14. Champoux, M. C. et al. Locating genes associated with root morphology and drought avoidance in rice via linkage to molecular 

markers. Theor. Appl. Genet. 90, 969–981 (1995).
 15. Ji, H. et al. Development of rice molecular genetic and physical map using PCR-based DNA markers with the recombinant inbred 

population derived from Milyang23/Gihobyeo cross. Korean. J. Breed. Sci. 44, 273–281 (2012).
 16. Zheng, L., Zhang, J. & Wang, Q. Mean-shift-based color segmentation of images containing green vegetation. Comput. Electron. 

Agric. 65, 93–98 (2009).
 17. McDonald, T. & Chen, Y. R. Application of morphological image processing in agriculture. Trans. ASAE 33, 1346–1352 (1990).
 18. Serra, J. & Soille, P. Mathematical morphology and its applications to image processing (Vol. 2). Springer Science & Business Media (2012).
 19. Matthies, L., Kanade, T. & Szelisk, R. Kalman filter-based algorithms for estimating depth from image sequences. Int. J. Comput. Vis. 

3, 209–238 (1989).
 20. Chen W. Y. et al. 2005. Efficient depth image based rendering with edge dependent depth filter and interpolation. In Multimedia and 

Expo, ICME (2005).
 21. Wang S., Basten C. J. & Zeng Z. B. Windows QTL Cartographer 2.5. Department of Statistics, North Carolina State University, 

Raleigh, NC, (http://statgen.ncsu.edu/qtlcart/WQTLCart.htm) (2006).

Acknowledgements
This work was supported by a grants from the National Institute of Agricultural Sciences(NIAS), project number 
PJ01246801, Republic of Korea.

Author Contributions
S.L. Kim executed and supervised experiments, Y.S. Chung provides research idea and wrote manuscript, R.R. 
Silva did statistical analysis, H. Ji did genetic mapping and Q.T.L. analysis. H. Lee analyzed using algorithm 
phenotype images, I. Choi operated and optimized imaging system, N. Kim cultivated and photographed of R.I.L. 
population, E. Lee cultivated and photographed of R.I.L. population, J Baek analyzed using algorithm phenotype 
images, G. Lee advanced generation of R.I.L. population, T. Kwon organized and controlled rice cultivation 
condition of greenhouse, K. Kim supervised all the experiments and reviewed manuscript.

https://doi.org/10.1038/s41598-019-46405-3
http://statgen.ncsu.edu/qtlcart/WQTLCart.htm


5Scientific RepoRts |          (2019) 9:9948  | https://doi.org/10.1038/s41598-019-46405-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46405-3.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46405-3
https://doi.org/10.1038/s41598-019-46405-3
http://creativecommons.org/licenses/by/4.0/

	The opening of phenome-assisted selection era in the early seedling stage
	Conclusions
	Methods and Methods
	Plant growth and experimental materials. 
	Survey of growth patterns in MGRILs. 
	Image acquisition. 
	Algorithm application on image analysis. 
	QTL analysis and correlation coefficient survey. 

	Acknowledgements
	Figure 1 Genetic map showing initial growth related QTLs in the current population.
	Table 1 Results from F test for variances.
	Table 2 Correlations among traits measured.




