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Genome-wide Association Study of Total Root Weight at the Seedllng Stage in
Korean Rice Cultivars (Oryza sativa L.)
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Abstract Root biomass is an important determinant of seedling vigor that contributes to
water and nutrient acquisition in rice (Oryza sativa L.). In this study, we evaluated the total
root weight (TRW) of 127 Korean rice cultivars, comprising 110 temperate japonica (TEJ)

Miryang, 50463, Republic of Korea and 17 Tongil-type cultivars, under hydroponic conditions. Population structure analysis
2Bl MOIARIS BN separated the accessions into two major groups corresponding primarily to the TEJ and
Life and Industry Convergence Tongil-type cultivars. A genome-wide association study (GWAS) was conducted using the
Research Institute, Pusan National FarmCPU, BLINK, and MLM approaches, all three of which detected a common association

University, Miryang, 50463, Republic

of Korea signal for TRW on chromosome 7. Further GWAS analysis using only the 110 TEJ cultivars

revealed an association signal in the same genomic region, thereby providing evidence of
a possible relationship between this region and the variation in TRW within the TEJ cultivars.
Additionally, by performing linkage disequilibrium block analysis, we identified a candidate
region spanning approximately 369 kb, containing 43 genes. On the basis of gene expression
and haplotype analyses, Os0/g0577000, Os07g0520400, and Os07g0520900were selected
as putative candidate genes. However, given that the observed haplotype differences
were partially associated with the varietal-group composition, their effects should be in-
terpreted with caution. These results will provide genomic information for gaining a better
*Corresponding to understanding of variations in seedling root biomass and contribute to further validation of

Soon-Wook Kwon genes associated with root development in rice.
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(Oryza sativa L) A A|A Q15-2] AHl o]4o] 207 AH|Sh= 39 AlFAE0|H, §35] oprfo} A H9
A1t H 9} =] AAF A A oA F83 YA & AA|5FL Ith(Bandumula 2018). %L 7| &Hslof w2t 7123 I&F
HIAEA AEY AV AE AAke] 9 Algtaclor B4R glow Olﬂi* oA H ARl B LS
Shely] PIEAl A4 QAR obuje SRt oo Gl M Wolshe We) YAe] 47 olse} Aol
% Q sltf(Calleja-Cabrera et al. 2020, Comas et al. 2013).

B A4EAE AR EF U] 48T} $7RE Faoto] AT GG E SATH o 2
we] o], 4, 2% W AEET 2o AL 4BAIL B BUS BuT 42L
Yo} = o] YrkGowda et al. 2011). EF Belt 718, 9R L G AU 2L ¢
A R 24 2 AT wlEE 28 7S UEE, ot S
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FAok= ©l 7103tk Calleja-Cabrera et al. 2020, Comas et al. 2013).

Fdj H2] Fo](maximum root length, MRL)= 52| 7| 7o|A 71 2] AR B2 E704]9] ZolzA FE]9]
A% 83 EQF U Y =24 HYE wrsith & B FA|(total root weight, TRW)= B2 Ao 225 A
AAFE AR Uetdle F4=, f17] A9 dg J=F B7lok= b o832 4= Utk 59 H FAIFY
S7hs da, /l 2 2T 22 78 FUIFRY F5e a7 o8] 719E 4 Uth(Du et al. 2022).

2| QTL E4 7} genome-wide association study (GWASYE &-&olo] ¥ B A3} AHH 4 Y92 eAlsk=
A7) &S] A= 3l QItH(Courtois et al. 2013, Li et al. 2017, Xu et al. 2020, Yun et al. 2019). 7]%— AF A=
2a) o), Be] 4, o) 2% @ Wel Zojo) 2L Me) 71X FAW opfel Be) AL T Bl AAT
G 0 B4 GOZ ol§TIo] S 55| FHA) Bope S A0 HLH FUSA B 4 90
EOF ZAA BT 4= Q= 314 A HolE Zo|WA] 9A4E 7F 7] Ba] v xjo|E Frlsk= ¢ & ?Jo}l‘J{Coudert

et al. 2010, Kim et al. 2015, Meng et al. 2019, Zhang et al. 2020).

2 AToAL 3 4% B tiow §uy] Bel Lol Be] FAE AL, ojoh weH 94 AL
©4517] 98] FarmCPU, BLINK 9 MIM 23& 0|88 A4 A ABEAS 2519t ol 9] o el

o3} linkage disequilibrium (LD) ¥4, S A%} &g 24 9 51=Z2ErQ] BAS 4985 o
2 AFE 9 ¥ f27] 82 s 11 FAAE A6k, I f17] B dgo] £t ¥ 55 4

AT 7 2ARE ABHIA SRt

>

iz X UH

A= M= 2 SNP H|O|E

2 AFolME =UiolA e S/44F W £5 12785 SAISISIH. ©] 5 1107} 2 AFEY7Ktemperate japonica,
TE)) &35°1H, 177l 593 F35°Ith. 3AIE 1277] F59 A% §44 9714 L2 llumina HiSeq 2500 A&
(llumina Inc., San Diego, CA, USA)Z o]-&sto] Hat oF 10x9] Alis AHERXZ EAoto] SR HAA-HA|
A o] AREEH SNP H|o]E+= PLINK AXE¢|o]& 0]85}o] minor allele frequency (MAF) = 5%, missing
rate < 1%, 12|11 heterozygosity rate < 5%2] 7|F0.2 HE|Folo] ARSI tH(Purcell et al. 2007). £4]0] AME-H
% SNP&= 9F 1209H7 %t
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7] B ASEAS Hrtelr] Y Fo ®eE] Zo](maximum root length, MRL)Q} & B FA|(total root
weight, TRW)E ZA1elch 2 59 S2H FHEIE 9o s0ColA 307 Asiea, FRshwe Sae
2% AOIGSAER(NACIO) OO 1580 B AT F SHAE 351 AN ofF F4F HEATA)
ZAYsto] 30T ol 4] 347 HobA|Zl & 96-well PCR S0 Eo]| 74 Yoshida nutrient solutionol| A 47 A 8fs}3ict
(Yoshida 1976). S-HE= A o)A F - of7t % 30T /29T, AHEE 70% 2 12 h light/12 h dark 270 &
AT, Folo] pHE FAHHCY) Fi SAISFIER(NaOH)S olslo] 5.3 - 58 Zgaiglon], ole o 5o
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g 715elA 7P 71 gele] 27A19] AR
Z¥ HEe AE st AEety wEoR 4 0}01
}3}%‘9@}. Fo] Hatde WSHA| th= %% RINT (rank-based

TRW #= SHs13oH, 59 SHP o% X
inverse normal transformation)E& ©]-&5lo] WH3Fslo] GWAS E40] ARE-51TtH(Beasley et al. 2009).
GWAS 24

AA 1277] E59 HAALZRE H7167] 98] ADMIXTURE (v.1.3.0)2}; principal component analysis (PCA)S
£33} tHAlexander et al. 2009). ADMIXTURE B4 K = 1-10 Y04 £3sl¥0oH, K& K FL cross-vali-
dation (CV) errorE 71&°2 ZAoIAt}. PCA2F GWASO&= GAPIT (Genome Association and Prediction Integrated
Tool) AL E J0](v.3.5)F o|-&dlFHtH(Lipka et al. 2012). GWAS+= FarmCPU (Fixed and Random Model Circulating
Probability Unification), BLINK (Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway)
4 MLM (Mixed Linear Model)2 #-&5}tH(Huang et al. 2019, Liu et al. 2016, Zhang et al. 2010).

TH FHR FH GWASO|A dojl {9 AP HollA] A¥HEH P (Linkage Disequilibrium, LD) £ &4,
d g _\—J‘.

HF A d SRERENY] a7 B4 59 TR FAXE g0t A3EH P (Linkage Disequilibrium, LD) &5
242 LDBlockShow AZE0](v.1.4)E 0]&3lo] 35} th(Dong et al. 2021). FE7} A= SNP7} ZFHE

LD £5 oA FH FAAE FA5IT. FH fA%e] 2d sfjd2 8Q15t7] £13f EMBL-EBIQ| H|o]EfH]o] A
(https://www.ebi.ac.uk/gxa/, accessed on 8 July 2026)°]|4] RNA-seq H|o|HE 5ttt Eol & 7U(E-MTAB-2037)
7} 14Q4(E-MTAB-4123)9] ¥4 H|o|E]E o]-85}0] v FA35}%TH(Sakai et al. 2011, Zhang et al. 2014). SF=ZEFY
YEQIE= PopART AZEQ0|(v.1.7)E o]&oto] A|ZE}olth(Leigh & Bryant 2015).

QE7| 2| $Ho| EHHY HO)

S 842 ¥ 12788 YO R §H7] MRLY TRWES ARSI THFig. 1). A £39 MRLS 4.30-11.23 cm
A on, B2 843 cmGirh. TRW:E 3.20-12.87 mg H&%Oﬂglﬂ% B2 6.81 mgAThTable 1). MRLY} TRW 2F

temperate japonica (TEJ)°] SUPET} F-2otA =2 712 Ueldth(Figs. 1A, 1B, 1D). HA| 5529 MRL tjFi&
7-10 cm 7£74] F&E Ath(Fig. 1C). TRW 2 X]-iv« 4-?{-—.—3&— w2 2] gro} RINTE A-85}% © H(Supplementary
Fig. 1), ¥4 2 GWAS©| ©]&35}tHFig. 1E). 1%1*61 AT B A7ATolA] Q17| B FAo| et 28

EHY Wol7} A5, TEI®F Tongil-type 7+ F2] A 1 AT S2of] Zpol7t &S HojE
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Fig. 1. Phenotypic variation of maximum root length (MRL) and total root weight (TRW) in Korean rice cultivars. (A) Representative
root phenotypes of temperate japonica (TEJ) and Tongil-type rice cultivars. (B) Comparison of MRL between TEJ and Tongil-type cultivars.
(C) Frequency distribution of MRL. (D) Comparison of TRW between TEJ and Tongil-type cultivars. (E) Frequency distribution of
rank-based inverse normal transformed TRW. Boxplots show the median, interquartile range, and 1.5x interquartile range. Asterisks
(***) indicate significant differences between groups at p<0.001.

Table 1. Distribution of MRL and TRW.

Maximum root length (cm) Total root weight (mg)
Maximum 11.23 12.87
Minimum 4.30 3.20
Average+SD 8.43+1.37 6.81+1.43

SD: Standard deviation.

U GWAS 4

M
A

YEE

ADMIXTURE £4 A3}, CV error’} K = 194 K = 22 IA 4% & 4Hst HelE Ho K = 258 dF
Aok 222 AAsIACHFig 2A). PCA AT} PC1T} PC2= 7H7h AA| 982 Moo 54.27%9} 4.46%2 AH519ITHFig.
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Fig. 2. Population structure and genome-wide association study (GWAS) for MRL and TRW in Korean rice cultivars. (A) Cross-validation
(CV) error estimated by ADMIXTURE analysis, showing a marked decrease from K = 1 to K = 2. (B) Principal component analysis
(PCA) of 127 Korean rice cultivars. (C) Population structure inferred by ADMIXTURE (K = 2), where each vertical bar represents
an individual accession and colors indicate the estimated ancestry proportions. (D) Manhattan plots and quantile-quantile (Q-Q) plots
of GWAS for MRL. No significant association signals were detected across the three GWAS models (FarmCPU, BLINK, and MLM).

(E) Manhattan plots and Q-Q plots for TRW. A significant association signal was consistently detected on chromosome 7 across the three
GWAS models.
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2B). AZ Y79} EUY Zxo =7 pC1S wel LEE O W, ADMIXTURE B4 T F ZEo] sl
A Je2rt FEEICKFg. 20). o]23t 2ike 2 A FAdolld F5kof thE F3e 734 Bt 2AeS
HolF3

MRL¥} TRW ¥ 94 9IS eh4s}7] 98 FarmCPU, BLINK %! MLMS 0]-835F GWASE $=8J5}13]t}. MRLOIA]
Al 2dl n% 9014 7|22 235H= SNP7} BR1E]A] Q9rKFig. 2D). MRLE] Q-Q plot THaE Zho] 7|dighsct
O urgFo 7 WEky|o], H|w A HSFQl AA RS Ve Wb TRWOAE Al Bdl BZ= AR 7Ho] A
det %4 AT 257} SIS Ah(Fig. 2E). 55 lead SNPE chr07_199744749.0.9 -logio(p) F 5.530] it
AT YA qTRW7= st 34 2A0f| o] &siyict. AA| HdolM HEF qTRW7 4157} TEIS} Tongil-type
Ay §P°ﬂ o] YRS 7HsS HESH| dll, 1107] TE] FEUH-E R 371 GWASE =5ttt
FarmCPU, BLINK % MLM 2404 G874 7919] qTRW7 Qo] F5221 A 457} 2= 9o Supplementary
Fig. 2).
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GWAS 2A40]4 % Ma] FATRW)S e ooz e Gus] 7do] qTRW7 549 T8 $AXS
2A5l7] 98] A4 7H19) 1077520144 Mb 7+ O 2 LD B2 B Sslgt. F84 TR $47
2 oo

o oJ2 oF 369 kbof 3F5tn, th=2] SNP 7 =2 pairwise * ZFo] 2= Itk Supplementary Fig. 3). ©] <
3 4ol G EPEo] slon, ol wel Hneh SHERE R4S B T AR SIS Sgstaic

RNA-seq 7|8t 22 RTX} M

qTRW7 FH o] EFE F349] Hd L Flshy] A Pol F 7% 9 1499] RNA-seq HlojE]
(E-MTAB-2037 @ E-MTAB-4123)2 ZA}5}9ItHFig. 3). Ba& =
st 5 Z2nE 9 SH2; gojo] SNPE 7|Hlo 2 S1EZERR
TRW x}ol& &3t A3}, 0s07g0517000, 0s07g0520400 L Os07g0520900~% S4 AFo] WQSH TH JFHAR
47459t

oS ZEIY =4

AdbE 37) |-ARM] e slEREFY A4S 49513t 0507805170002 DEAD-box ATP-dependent RNA helicase
32 (OsRH32)Z annotationZ|o] glom, A 7]9] sEZE}Q]o] ERIE Ath(Fig. 4A). Hap2+ Hapl ¥ Hap3Hth

2+ TRWE YERH O™, Hapl¥} Hap3 Afoofl+= 308t ZJo]7} QIith. 13y Hap2+= F2 F= X 02 Tongil-type
F5o=2 F/44% W, Hapl¥} Hap3= -2 TE] 5528 FAE I WahA s TRW Aol= sig Ak
shEReRRlo] ojg Ze=el et ohel BT 7 491 v Aolg vkl 75Ao] itk A12e) DED/Hbox
RNA helicase= rRNA processing?} ribosome biogenesisol| T3, 0s07g0517000-2> DDX10 AQ2] ribosome-bio-
genesis factor?} AE5AE 2= Ao0F RIEo0] QIti(Liu & Imai 2018).

0507805204002 potyviral helper component protease-interacting protein 22} -FAFSE A2 annotation¥] 0]
Stk 5 719] £ SFEREII0] FRAHAOH, Hapl Hap2it} $2151] £ TRWS UEPck(p<001, Fig,
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Fig. 3. RNA-seq expression patterns of genes located within the gTRW7 candidate region. (A) Expression profiles based on the E-MTAB-2037
dataset. (B) Expression profiles based on the E-MTAB-4123 dataset. Expression values were normalized within each dataset for
visualization. Red and blue indicate relatively high and low expression levels, respectively.

4B). 184 F SIERENIZ 22t TEJ} Tongil-type 50 HE o] RESIFOHR, SHEZENY Ao} £5
BIE Fgo] £2517] oAU

050705209002 patatin-related phospholipase A I (OspPLADZ, galactolipase/phospholipase®} S-ASH Thl 2 2
annotation®]©] It} 0s07g0520900° 4= A 719] slEZEFYo] B91% QI th(Fig. 4C). Hap32] TRWE Hapl ¥
Hap21th 91511 WoLom, Hapla} Hap2 Aololi= $-0J3k Zo]7 ¢igich. ejL} Hap3i Tongil-type B
EU WY, Hapli}h Hapos %3 TEI B50.2 245lo] S-SR 71 Holo] EE29 §47 wio] MAHAL
7Rs4o] QIek. SUR patatin-related phospholipase A Q] A LA ¥ie] GO T ARo] Bofo RO
Hrejo] gloj(Liu et al. 2015), 0507805209009 #2] A7 I 7Fs/dS AAFSHARE AHAQ] 7]5 HEo] a5ttt
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Fig. 4. Gene structures showing SNP distribution and haplotype effects of candidate genes associated with TRW. (A) Os07g0517000,
(B) 0s07g0520400, and (C) Os07g0520900. For each gene, the gene structure and SNP positions are shown at the top, the haplotype-defining
SNPs and corresponding phenotypic statistics are summarized in the table, and TRW distributions among haplotypes are presented
as boxplots. Yellow boxes indicate coding sequences (CDS), blue boxes represent untranslated regions (UTRs), gray boxes indicate promoter
regions, gray lines represent introns, and red arrows denote SNP positions identified from the resequencing data. Boxplots show the
median and interquartile range, with whiskers extending to 1.5 times the interquartile range; individual points represent rice varieties.
Different lowercase letters in (A) and (C) indicate significant differences among haplotypes based on Duncan’s multiple range test (p<0.05).
In (B), double asterisks indicate a significant difference between haplotypes based on Student’s t-test (**p<0.01).
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2 A= A SAES W 2772 e E FR7] o Rl do|(MRL)eE & HeE| FA(TRW)2] EHF ¥ol&
AL, TRW B 54 J9& M| 9o A3R-AAAEAE 385ttt TR S5+ Tongil-type F5wkH
t} MRL¥} TRWZ} 8-9]5}4] +=9)t}. FarmCPU, BLINK % MLM-& ©]83%F GWAS Z3}, MRLOJAE §9)5t At
o7t AEEA] ko, TRWolA= dAA| 799] qTRW7 FGoA 5521 At Als7} ERI= I TR S55F
< 0|83t F7F BEHAE FUT FGof FAZQ] AT AV TEE oY, I FAY A AA JAd £AHEG
A5 qTRW7 389 oF 369 kb S H Jdo|= 4379 S-x7F mEE| o] Ql9lon, U HH o} stE2EY)
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