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ABSTRACT

Soybean (Glycine max (L.) Merr.) is an important economic crop for food and feed industries. Hundred-seed
weight (HSW) is a key trait influencing seed yield and quality. This study aimed to investigate the genome-wide
associations of HSW and to develop DNA markers for soybean breeding. A panel of 101 soybean accessions was
grown at the Chiang Mai Field Crops Research Center during the 2025 dry season, and HSW was measured.
Genotyping was performed using low-pass whole genome sequencing, generating 1,076,102 SNPs for genome-
wide association study (GWAS) using four statistical models: MLM, FarmCPU, SUPER, and MLMM. Nineteen
missense SNPs significantly associated with HSW were identified across multiple chromosomes. Among them, SNPs
within Glyma.03G094400 and Glyma.07G270000 were consistently detected by multiple models and selected for
marker development. The SNP in Glyma.07G270000 was developed into a tetra-primer ARMS-PCR marker
successfully, and the testing showed that it correctly classified genotypes in agreement with genomic data. Evaluation
of the marker’s performance demonstrated an overall accuracy of 71.95% and a sensitivity of 98.1% to identify large-
seeded accessions. These results indicate that the developed SNP marker is useful as a preliminary marker for
enrichment of large-seeded genotypes to support breeding of soybean varieties with larger seeds and higher yield

in the future.
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Table 1 Primers used in the tetra-primer ARMS-PCR for detection of SNP COX1 and VWA

SNP SNP name
Primer set and sequences Product size
position
S3_27906338 COX1 OF 5" AAACTTTAATACAACCTTTTCTGATCCCG ¥ Control fragment: 410 bp
OR 5 TCCTTTTTCTACTTCTTCTTCCAAGTGC 3
IF 5 TTTCTTGTTTGGAGTAAACCAGAAAAGTT 3 T allele: 200 bp
IR 5 CAACATTTAGATCCGGCTTTACCCAT ¥ A allele: 265 bp
S7_44279246 VWA OF 5" TTCCACCAAAGGCACCTACTAGCCATCT 3’ Control fragment: 397 bp
OR 5 CCTTTCTTTAACCCTTCAACTGGGTCGG ¥
IF 5 TCTCAAACAAGCAATGGCTCTGGTGGTATA 3 A allele: 199 bp
IR 5 CAAGCGATCAGTGTGTCTGAGGGTGA 3’ T allele: 254 bp

Table 2 100-seed weight and genotypes of SNP marker VWA determined by LPWGS and tetra-primer ARMS-PCR

in 101 soybean varieties

ID Variety Wt LP AR ID Variety Wt LP AR ID Variety Wt LP AR
S1 DOA Lopburi 84-1 144 AA  AA | S46 G10478 205 AA  AA | S9% CM9306-51 (NJ) 180 AA  AA
S2 DOA SJ2 158 AA  AA | S47 TG61 150 AA  AA | S98 PT(42)No.35F79519-1 195 AA  AA
S3 DOA Chiang Mai 6 174 ND AA | S48 TG21 98 AA AA | S100  Ta Daeng 3 189 AA  AA
S4 DOA SJ5 139 AA  AA | S50 LV.Su1 16.0 AA AA | S101 Hto Nauk Ahlan 155 AA  AA
S5 Chakraphan 1 15.0 ND AA S51 LV.Su 2 14.5 AA AA S103 Dau Tuong Ba Thang Luc Ngan 18.6 AA AA
S6 DOA Si Samrong 1 17.4 ND AA S52 Tamanishiki 23.7 AA AA S105 1615-3 11.5 TT 1T
S7 DOA Khon Kaen 1 13.9 AA AA S55 PR89(15) 14.2 AA AA $107 E51 (22158) 12.5 AA AA
S8 DOA SJ1 141 ND AA | S56 TGX311-14C 106 AA  AA | S111 Korea2007 No.37 196 AA  AA
S9 DOA Chiang Mai 60 163 AA  AA | S57 F11MJ7709-93-P11 150 AA  AA | S113  Chuuhoku 2 91 TT 7T
S10 DOA SJ3 144 ND AA | S58 DLO02 (Br) 157 AA  AA | S114  Korea2007 No.39 238 AA  AA
S11 DOA Nakhon Sawan 1 15.8 AA AA S59 Hikuanda 14.3 AA AA S115 Yezin-5 15.3 AA AA
S12 DOA Sukhothai 3 14.3 TT TT S60 Yagi 246 AA AA S116 DS1099-01-03 25.8 AA AA
S13  Rajamangala 1 165 AA AA | S63  Klangdong 201 AA  AA | S117  DS1099-01-04 252 AA  AA
S14 DOA Chiang Mai 5 15.4 ND AA S64 Hazenomi Daizu 141 AA AA S118 VS1099-04-01 246 ND AA
S15 DOA SJ4 165 AA  AA | S66  Udo Magaly 182 AA  AA | S119 VS1099-04-09 243 AA  AA
S16  DOA Sukhothai 2 153 AA  AA | SB9 VS16.7 26.0 AA AA | S120 Korea2007 No.13 19.8 AA  AA
S17 | KKU 35 130 ND AA | S71  IAC73-1385 245 AA  AA | S121  Yezin-3 16.8  AA  AA
S18 DOA Sukhothai 1 13.7 AA AA S72 TGX802-244D 11.8 AA AA S122 Yezin-6 16.5 ND AA
S19 DOA Chiang Mai 3 14.0 ND AA S75 VS16.2 21.2 AA AA S131 Yundadou 3 23.5 AA AA
S20 Utsaha A 7.9 TT TT S76  Toputoppu 21.0 AA AA S132 Yundadou 5 16.0 ND AA
S21  DOA Chiang Mai 4 119 ND AA | S77 U 8084-2 158 AA  AA | S133  Yundadou 8 180 ND AA
S22  DOA Chiang Mai 7 154 AA AA | SB0 F7 MJ8011-S5-8-P7 169 TT TT | S134  YNO67 176 ND AA
S23  DOA Chiang Mai 2 164 AA  AA | S81 SSR8407Y-2-1 127 ND AA | S135 YNO69 177 ND  AA
S24  CMO0809-3 151 AA  AA | S82 1518 170 AA  AA | S137 Maejo 164 ND AA
S25 CMO0908-1 16.9 AA AA S83 TG145 12.3 AA AA S138 scol/THAI/1986/THAI-78 20.2 AA AA
S28 F117711-140-P11 19.6 AA AA S84 Khun Pae 2 14.9 AA AA S139 scol/THAI/1986/THAI-80 16.3 ND AA
S29  Ogden (USA) 229 AA  AA | S86 | TG162 95 TT TT | S140  Chiangmai Palmetto 178 AA  AA
S30  Gauraw 158 ND AA | 887 TG163 101 TT T S141 Chieneum Kong 138 AA  AA
S31 | G10470 Foster 174 AA  AA | S89 Leichhardt 4 173 AA  AA | S142 KE 32 173 AA AA
S33  Easy 88-2 148 AA  AA | S90 Leichhardt (8) 183 AA  AA | S146  Jukkoku 215 AA  AA
S35  AGS232 243 AA AA | S91 TeeraRF (22) 187 AA  AA | S147 Kisaya (Natsu) 120 AA  AA
S38 PR154-24 16.2 AA AA S92 9510-9 13.3 AA AA S148 Ooyachi 2 22.9 AA AA
S45  Corsoy 79 150 AA  AA | S93  MFL46-23 235 AA  AA | S149 | Pe Poke Alat 154  AA  AA

S94 L323 10.5 AA AA S150 PK73-54 21.9 AA AA

Note: ID = sample ID; Wt = 100-seed weight (g); LP = LPWGS genotype; AR = ARMS-PCR genotype. ND = no genotype data
from LPWGS. AA and TT indicate homozygous SNP genotypes.
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Distribution of hundred-seed weight (HSW, g) in 101 soybean varieties. (A) Scatter plot showing HSW

variation across varieties (B) Boxplot with median and quartiles (C) Histogram of HSW frequency

(D) Kemnel density plot of HSW distribution and (E) Cumulative distribution of HSW
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Figure 2 Manhattan plot showing genome-wide association signals for 100-seed weight in soybean using

four GWAS models (MLM, FarmCPU, SUPER, and MLMM)
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association analysis of 100-seed weight in soybean using four GWAS models (MLM, FarmCPU,

SUPER, and MLMM)
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Table 3 Missense SNPs associated with 100-seed weight identified by genome-wide association analysis

using multiple statistical models

No. Model Chr  Position (bp) Candidate gene Putative gene function P-value -log10(P) MAF Effect PIC
1 MLM 8] 27906338 Glyma.03G094400 Cytochrome c oxidase subunit 1 7.79E—05 411 0.020 -4.68 0.038
2 FarmCPU 2 40921515 Glyma.02G221500 28S ribosomal protein S2, mitochondrial 5.82E—05 4.24 0.015 -3.64 0.029
3 FarmCPU 8] 27906338 Glyma.03G094400 Cytochrome c oxidase subunit 1 3.88E—05 4.41 0.020 -2.29 0.038
4 SUPER 1 2216500  Glyma.01G022300  Glycosyltransferase 2.63E—05 458 0.119 -2.29  0.047
5 SUPER 1 50103435  Glyma.01G163300  ATP synthase subunit A 7.77TE—05 4.1 0.228 -1.41 0.233
6 SUPER 7 35061830  Glyma.07G182900  Dynamin 3A-like protein 9.73E—05 4.01 0.272 2.04 0.303
7 SUPER 7 35061945 Glyma.07G 182900 Dynamin 3A-like protein 8.27TE—05 4.08 0.287 2.03 0.308
8 SUPER 7 44279246  Glyma.07G270000 VWA / RING finger domain protein 3.73E—06 543  0.163 1.98 0.144
9 SUPER 8 11193044 Glyma.08G147000  Tetratricopeptide repeat protein 2.69E—05 4.57 0.173 -1.62 0.173
10 SUPER 9 5014368 Glyma.09G056100  Clock-associated PAS protein (ZTL) 4.29E—05 4.37 0.460 -1.31 0.373
11 SUPER 11 29650548  Glyma.11G207800  Pantothenate kinase 3.21E—05 449 0426 1.16  0.367
12 SUPER 16 3707634 Glyma.16G039500 Spermidine hydroxycinnamoy! transferase 5.98E—05 4.22 0.386 1.07 0.357
13 SUPER 17 38882864  Glyma.17G233300  Unknown protein 7.26E—06 514  0.416 -1.21 0.366
14 SUPER 18 20475155  Glyma.18G138200  BURP domain protein 6.90E—05 416  0.485 1.06  0.375
15 SUPER 18 36932440 Glyma.18G161500 F-box interaction domain protein 1.99E—05 4.70 0.371 2.58 0.353
16 SUPER 18 54100886 Glyma.18G254700 MDIS1-interacting receptor-like kinase 1.71E—06 5.77 0.356 2.74 0.346
17 SUPER 18 54100967 Glyma.18G254700 MDIS1-interacting receptor-like kinase 3.66E—06 5.44 0.386 2.89 0.354
18 SUPER 19 35568380  Glyma.19G105500  GRF zinc finger protein 5.13E—05 429 0.262 1.37 0272
19 MLMM 7 4231740 Glyma.07G049700 Clathrin / VPS8 region protein 5.37E—05 4.27 0.144 2.1 0.152
20 MLMM 7 44279246 Glyma.07G270000 VWA / RING finger domain protein 8.74E—05 4.06 0.163 2.19 0.144
21 MLMM 16 95753 Glyma.16G001600 Glucuronoxylan 4-O-methyltransferase (GXM) 6.05E—05 4.22 0.124 2.70 0.068

Note: Chr = chromosome; MAF = minor allele frequency; PIC = polymorphism information content. SNPs detected by multiple models

are highlighted: MLM + FarmCPU (No. 1, 3); SUPER + MLMM (No. 8, 20)

wananHwy SNP lufiu candidate 3w 9
T Glyma.01G163300 (ATP synthase) Glyma.01G022300
(glycosyltransferase) LLas Glyma.09G056100 (Clock-
associated PAS protein) TagSumsniifiunumsney
launuaR TUNaIN® MIFLANFITANAT WAZINT
WABILUR A (Table 3) (Guo et al., 2025; Harmer,
2009; McArthur & Chen, 2016) I1NNNIILATIZHAN

NANIZNUVBILEARNE (Allele effect) 1 Table 3 wuin

\A3a9many SNP AflanuduwutadnaSipddny
LLamﬁﬂmamimuqué’nwmzﬁ’mﬁfﬂ 100 LUR®
(HSW) sasfieins lagtasasmang SNP COX1 uaag
Aannd Ll uay (-4.68 uaz -2.29) FWiAuinms
wUIHUVDILORAR (allele) b FUAUIAINAIRINE LA
WNAINEARAaIEILANTA TuN19aTIn uT Y
L389MaNy SNP VWA ugasatantWndiduuan

(+1.98 uaz +2.19) uaasliiAninnIasnunadidn
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LoRRALARATIDFIESULAIANIWIN 100 WaAln
Usmnsgamaasianemn

PNHAMTIATILH GWAS ldanaiian SNP
Fum 2 @TWLL%uqﬁgﬂmmwu%ﬂwmsf[m@a
laun sNP meluiiu Glyma.07G270000 (VWA) was
Glyma.03G094400 (COX1) tii8331n SNP fiasany
sgwsl,uvmmﬂIuL@aﬁﬂaﬂquL%aﬁaqa (Korte & Farlow,
2013) Fsdrundasaalunmssanuuugalniined
fmIumMIagaudunaiia tetra-primer ARMS-
PCR & 31 SNP VWA 7@ w3isas VWA-OF, VWA-
OR, VWA-IF uaz VWA-IR gnnasaulasdsugmngd

annealing i 55, 60 Waz 65°C (Figure 4) WAWU

S20 S77 DW S20 S77

55 60

250 bp Bl
150 bp

500 bp
Rt
CRmmsre— D ems

anmnil 65°C lwuny DNA Whnanaralanuaziie
l,l,nu"l,ajﬁi'n,wwxﬁaﬂﬁq@ 1%w°u§ﬁam§aaﬁﬁ$1u1wﬂ
galulana TT 13w WiS 520 (HSW 7.9 n.) n3anga
WRATWIALAN UsInguanaIuau 397 bp Lazuny
LNIZILEARR T UU1@ 254 bp (Figure 4, S20) &7
wutzalulana AA 13w WuT S77 (HSW 15.8 n.)
wianguindarwalng Unnguauaiugu 397 bp
LAZLOLLAWIZLEARA A TW1a 199 bp (Figure 4, S77)
& %30 SNP COX1 udaunsnaanuuuinsiwes e
waldaasainU5uno DNA fisniwizdanansa

whwanela&i5a (data not shown)

4 397 bp (control)

£38 Bp R allslsy

Figure 4 DNA amplification of the SNP VWA marker using tetra-primer ARMS-PCR at annealing temperatures of

55, 60, and 65°C, in soybean varieties Utsaha A (S20), U 8084-2 (S77), and distilled water as a negative

control (DW). Arrows indicate the amplified fragments: a 397 bp control fragment, a 254 bp T allele,

and a 199 bp A allele

MIATIFAUUTEANTAIWURZAM NN UEN
P991A389%n018 SNP lwn13viungsnume HSW
mvlwsmai(maam%iawmﬂ SNP VWA AW
Qﬂﬁ,ﬂﬂmnaau%‘“[uvlﬂﬂlun%mﬁaa 101 Wug
lasldinafia tetra-primer ARMS-PCR L@a <

Lﬂ%'ﬂmﬁﬂuﬁ'uﬁagaﬂuvlwﬂmﬂ LPWGS Hang
wWisusunwuin Alulniann tetra-primer ARMS-
PCR (Figure 5) @39nuTaya?in LPWGS lunn

Madnaniideyansudiu (Table 2)
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Figure 5 DNA amplification of the SNP VWA marker using the tetra-primer ARMS-PCR technique.

PCR was performed in 101 soybean varieties. Numbers indicate sample IDs.

Tumsdszdnenuud uirvesasasnans
fnTuanEmMe HSW Iinassi mMIsuunumaluae
fIWE aIMUIN U TBININITIMINEAS (2547) D4
wsruIatude totndaianutn 12% 1
aaaluil 1inun (<10 ) 18 (11-15 n) nana
(16-20 n.) Aautnslwal (21-25 n.) uazlng (>25 n.)

o

ﬁdﬁ%l%ﬂ’]iﬂi:Lﬁ%ﬂ’N&l LA BENVDILATBIRNNLVDS

v
eaa o '

NWITURIIRIRUA AW UTN TR 100 LUAA

9
6

<15 n. sadunduiudauwiaian LRSWUEN D

9

tiamin 100 wia >15 . Jadunguuiavwalng
NNMINATZARUS 82 @‘i’aamaﬁﬁﬁagamuﬁﬁiu
Tnflussflulng wudneIaswunsdanuududn
71.95% lapdl sensitivity S1%ILUMIATIRaUNUTINES
2N lW LYY 98.1% wae specificity #FIWTUNNT
FMUNWUHTLNRAVUIALENININY 21.4% 6N

coefficient of determination (R?) YNy 0.116 LEAYIN

SNP dunsbafianu1snofuisanuuls i s
snwmziminuaaleUszunm 11.6% wananii
Loads A 289 SNP VWA Suwliusunusnusimin
WAAFINT vinliaaswang SNP fdanonwlu
msﬁﬂﬂlﬁumiﬂ”@Lﬁanw”ufﬁaLﬁﬁ BILNAATUNA

lﬂty: @28 marker-assisted selection (MAS)

F190h

HaMTIAT=w A I lnt] HSW wazanaudls
ﬁ'u’Lm%aw”ugmmn%mﬁaa (Table 2 and Figure 1)
waadlALAUI1 HSW LD uanu 1T aUSu
(quantitative trait) D913 UBNT W NMABE WUAS
TassFauaasan wonanianulndidsaiunis
NIENLULLNAREUABHANNRINEFUNVBITBYA
fMTUNMIILATEH GWAS ﬁiﬁaaﬁawﬁgmmi

A ansuwuuLndvaslluln (Zhou & Stephens, 2012)
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FatroRnlamaluminsiawy SNP MAsadasniy
SNEIRINWINES

NAN1IILATIEA LPWGS Laad RN
ﬁagaﬁiﬁﬁmmmamqugaLLazﬂ'swuLLﬂuﬂﬁiuﬂﬂs
map 1893 Iund1989681n n1InTed SNP @28
LA w9 call rate, depth waz MAF Wit g

Uszantnmwlumsaariandiuniis SNP Nidiada la

D-

v

LRSLANNERUFIRTUMTILATIER GWAS LNaA 1w’
ANURUNUEIZRINILAG BIWINDA LB wa AU N B
1391301 (Van der Auwera ef al., 2013)

MIUsztinluiaaiianzyi GWAS & 1%3u
MM3A3793U SNP AFUWREAD HSW wudnluias
SUPER uaz FarmCPU fianuhigedan1sninady
Pzt MLM a2 MLMM auqulawsailemng
@179 wazaa false positive L@@ (Figure 2 wag
Figure 3) LLaﬂﬂﬁLﬁmﬁmﬂﬁan“[m@aifuag’ﬁ’u
Tandizaidraimaiiensisenitenallums
aTaduuazanwiug lunatugulasaaiig
Uszrns edslsfiann swiseiiaaseulanls
WANUULLIDILA TR NAN WU T T 8209
Fumiha SNP AIFUWUE LA N IEMIMIINEAT

LA58993N8 SNP $1943% 19 funiafiasia
wulwnudsedt (Tavle 3) Solinumonuiisitos
v HsW ludamaasanminunmuwissmnssylu
Ta91in Ssoalufufidudaiaen (candidate genes)
InddnsuanmeaInan adn9lsiany SNP 119
ﬁﬁLL%ﬂdagjquﬂﬂNIGﬁwﬁLﬂ §8371897% QTL 7
\Asntas 1w Taslulaw 7 uas 19 (Chen et al., 2007;
Zhang et al., 2016; Zhang et al., 2026) %Gaﬁu b
AN R 08INANTILATIZE GWAS

SNP lufw Glyma.03G094400 (COX1) G9i]
UNUINEA Y IUNIZUIUMITIINA TR TZAULTAS
(Mansilla et al., 2018) ANUFIAWVDINIZLIBNILA
Lmuaﬁé?:uméi’]f'fil”ﬂ@i”%’ﬂﬂ'ﬁaﬁfuagmnmm’?fﬁ'ﬂﬁ'
Ftiwin cox Wudmnenslumsnaumuess amswan

YBIWTUAZ N INBUAUBIGBTS aIn (Gras et al., 2020)

#ONING % OsCOX5B ﬂ”dgmzqdwﬁuﬂmﬂlumi
muqum’mLlfﬁmiwaam%ﬁnmums{@miﬁ’m
L L Fé v v
MITAMINRIINY (Huang et al,, 2024) Tiaevianld
3 =3 ai A £ =
WARDILNUINTEY COXT NanaldamInaUILNaa
LREHIRUNLNAALAIIN Vs SNP luin
Glyma.07G270000 (VWA) NN 8317 84n U T Uy
— 4 -
ubiquitin—proteasome NAIWANNIIFA alusfuuay
MINWWIVBINT (Vierstra, 2009) UazlUNUING o
miﬁ'mumm@mﬁmhumsmqummﬂamaﬁ
WATNITABUAUBIG OIS INY (Li & Li, 2014;
Sadanandom et al., 2012)
LLdeﬁmu%”yﬁmmimnql SNP Ly
missense NiNgTaINU HSW lawaadumiid waes
s v o Qs lﬂl 1 v v
Jra31naanawIalszsinInedawt19%as (101
o ¢ ' ° A A '
WIT) LAz MAF 2091096 UAIaNGAN 90198 9HA
FONRIMIRAA A91h4 MIANBUNNLAN ULz NT
pwalrguaznIasagauininnuasiiv assas
SugwUNUINVBY candidate genes LaLN
Uz ANT AN INAIWILATAIRIN LA LA WLARIATL
o A o & A
rmﬂmaaﬂwuﬁqmmaaﬂuamﬂm
wamsaammuq@"lmma§°11amﬁamma
SNP §1%7LN1T032380UA8INANA tetra-primer
ARMS-PCR W13 ﬂg@"l,‘wnu as VWA a1u130 b T
AIIARAULARRNAILINARAGINA AT ALAWLAZH
anaduwizgs (Figure 4) 3lulnian tetra-primer
ARMS-PCR (Figure 5) @39nutayaain LPWGS lu
nnenateniidayanudu (Table 2) uaadliiAu
1 6 A U di A v
Iralwnuaiianugndasusnidaialdgelunis
Fuwna lnintvasdiuniis SNP % Umwen SNP
COX1 ﬁaoﬁmsﬂ%’uﬂgaLwamaw%ﬁmimmaﬁﬂ
A A & A A A a
LATINANEALEULENNIRENEY TIDNANFUWAN
fauinealalndyay SNP sdnadalszAnTAIwng
FUVDI IWTLUBTLALAMNINNIZVIN TN VLTI 4
DNA (Newton et al., 1989)
NAN1IOTIIRAUUILANTNIW (Figure 5 LA

Table 2) ugAdlALAUIILATINNNY SNP VWA
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ﬁmmﬁnrﬁaﬁaqaﬁm%’umiﬁﬁLL%ﬂW”%:fmﬁmum
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o & <
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2022) uazus AN coefficient of determination (R?) ¢ 'laj
I waziA1A2109LN1E (Specificity) §1ATUNNT
° = = A a
FALUNLNAATWIALAN 21.4% TIDUTITNTIAVDI
% a a ;:i s v . . ﬂi
aNBULIIUTU TN TUTaw (Polygenic trait) 1
muqm‘hﬂﬁuﬁﬁwammuﬁamﬁwmumwﬁu
(Minor-effect QTLs) kaiiany hdagmwiiagi GHEN
agnglsAaw Qmé’ﬂwm:@ﬁﬂmﬂ&ivlﬁa@muqm@h
A s o o & '
maqmiammﬂu’l,m:uumsﬂsuﬂgawug LEEANTD
) 6" 6 [ A a
mmﬂszﬂqnmlﬂuﬂaaq‘mmmma RIGERGE
(Negative selection) laat19ddses@nsan laald
§IMILAANY (Screen-out) ﬁu%%amﬂw”ufﬁ"smﬁadﬁ
a = 2 o v o o a =
TU0aRe T TIUANUFNNUTNURNHHSLNEAUUIE
= < RV g A @
Laﬂaaﬂ"l,ﬂml,t,@vm;umﬂ 9 wananh WouNIzaL
AMNLA I IUNINEINTDE LATaIRNNLAINENH
ﬁﬂﬂnwwgoluﬂWiﬁﬁvlﬁW‘jauﬁ’um%awmmﬁﬂ
FURUIDY 9 1u3ﬂLLumaaq@m%awmﬂmaqa
(Marker panel) 1M UIZUUNITAALABNG 8
4 té 1 QI =) a
L@ﬁawmﬂmaqa (MAS) T9asaewNysednsan

=3

uazanNS lumInaldansn Uw”ufn”’amﬁ NV

] v a v [l 1 o QI J
alnguazlinaniogeldadrandudbiu

Re

289 lsnaN asRaTTesnavaInsAnsn
Lﬁaamﬂiagamu%ﬂﬁmﬁﬂ 100 LWA® QLAY
TIUTIWIINFNNULIARONLALT Th guﬁ?a‘i’mﬁﬂs’
\Hoalna lugranguasd 2568 M3inLe3 9% Y

Imaq ad’aﬂdnvlﬂlﬂuim\imiﬂ%"uﬂgdw”uﬁq{ﬁ'amﬁad

lwnts Sndudesldsummasauuazaagay
ﬂ’J’l&lLL&J'uﬂ’]Lﬁ‘&ILawluﬂiz"ﬁ’lﬂi@i’mﬂgﬂuaﬂ%
aﬂWWLLﬁﬂﬁaNﬁ%aﬁﬂ%aﬁﬂ (Multi-environment
validation) 18 uduanuLEfi 3189163 0anaN N 8%
ﬁﬂﬂlﬁm:uuﬁmﬁanei”wm’%iammﬂ‘[maqa

(MAS) ataidiugtuuudaly

AYaUAm

20780 FIUNIUAULNTINNTHILETY
SNENAEas 35UazwIANTIY (FNE2.) NN
aﬁfuagunu’ﬁﬂlumi@ﬁLﬁumuﬂ%ﬁ VOVDLIA Tk
TATIBANT WHNNBTITMNT LASNBNIHE ATV
navidpwawinaluladdinw uszgudidunls
Teslna ﬁlﬁmmﬁuwmmmwmymﬁaiu@i”m
@19 9 ﬁawaiﬁmwﬁLﬁumsmaadﬁwﬁaaﬁNVLﬂ

v a
AL

LONETD19DY
NIATIMINEAT. (2547). PMToyaTONUTHY: 02
AR Y. Isaﬁwﬁ"gmwwmtﬁmimHmLL'ﬂ'<1

Usznelngdnng

fUNITULATHENANIINEAT. (2568). FNIUNITHE
Fudnunwasiainguazuwdliui 2567.
FUNINULATHIAINITINBAT NITNTII

NEATLRZRWNIOL.

Altman, D. G., & Bland, J. M. (1994). Statistics Notes:
Diagnostic tests 1: sensitivity and specificity.
British ~ Medical  Journal, 308, 1552.
https://doi.org/10.1136/bm;j.308.6943.1552

Chen, Q., Zhang, Z., Liu, C., Xin, D., Qiu, H., Shan,
D., Shan, C., & Hu, G. (2007). QTL analysis
of major agronomic traits in soybean.
Agricultural Sciences in China, 6(4), 399 -
405. https:/doi.org/10.1016/S1671-2927(07)
60062-5



133 Inenmaasuazina lulad yniInenaensasmans 19 15 aUun 2 2569 12

Gras, D. E., Mansilla, N., Rodriguez, C., Welchen, E.,

& Gonzalez, D. H. (2020). Arabidopsis
thaliana  SURFEIT1-ike  genes link
mitochondrial  function to early plant
development and  hormonal  growth
responses. The Plant Journal, 103(2), 690-
704. https://doi.org/10.1111/tpj. 14762

Guo, B, Fan, S, Liu, M., Yang, H., Dai, L., & Wang,

L. (2025). ATP synthase members of
chloroplasts and mitochondria in rubber trees
(Hevea brasiliensis) response to plant
hormones. Plants, 14(4), 604. https://doi.
org/10.3390/plants 14040604

Harmer, S.L. (2009). The circadian system in higher

plants. Annual Review of Plant Biology, 60,
357 - 377. https://doi.org/10.1146/annurev.
arplant.043008.092054

Hartman, G. L., West, E. D., & Herman, T. K. (2011).

Crops that feed the world 2. Soybean—
Worldwide production, use, and constraints
caused by pathogens and pests. Food
Security, 3(1), 5 — 17. https://doi.org/10.100
7/s12571-010-0108-x

Huang, C., Ji, Z., Huang, Q., Peng, L., Li, W., Wang,

D., Wu, Z, Zhao, J., He, Y., & Wang, Z
(2024). Natural variation in the cytochrome ¢
oxidase subunit 5B OsCOX5B regulates
seed vigor by altering energy production in
rice. Journal of Integrative Agriculture, 23(9),
2898 — 2910. https://doi.org/10.1016/j.jia.
2023.06.018

Korte, A., & Farlow, A. (2013). The advantages and

limitations of trait analysis with GWAS: A
review. Plant Methods, 9(29). https://doi.
org/10.1186/1746-4811-9-29

Li, N., & Li, Y. (2014). Ubiquitin-mediated control of

seed size in plants. Frontiers in Plant
Science, 5, 332. https://doi.org/10.3389/
fpls.2014.00332

Mansilla, N., Racca, S., Gras, D.E., Gonzalez, D.H.,

& Welchen, E. (2018). The complexity of
mitochondrial complex IV: an update of
cytochrome c oxidase biogenesis in plants.
International Journal of Molecular Sciences,
19(3), 662. https://doi.org/10.3390/ijms 19030
662

McArthur, J.B, &  Chen, X. (2016).

Glycosyltransferase engineering for
carbohydrate synthesis. Biochemical Society
Transactions, 44(1), 129 - 142. https:/doi.
0rg/10.1042/BST20150200

Newton, C. R., Graham, A., Heptinstall, L. E., Powell,

S. J., Summers, C., Kalsheker, N., Smith, J.
C., & Markham, A. F. (1989). Analysis of any
point mutation in DNA: The amplification
refractory mutation system (ARMS). Nucleic
Acids Research, 17(7), 2503 — 2516.
https://doi.org/10.1093/nar/17.7.2503

Novogene Inc. (2024 ). Understanding low-pass

whole-genome sequencing: Benefits and
applications. https://amea.novogene.com/re
sources/blog/understanding-low-pass-whole-

genome-sequencing-benefits-and-applications



133 Inenmaasuazina lulad yniInenaensasmans 19 15 aUun 2 2569 13

Sadanandom, A., Bailey, M., Ewan, R, Lee, J., &

Nelis, S. (2012). The ubiquitin-proteasome
system: central modifier of plant signalling.
New Phytologist, 196(1), 13 - 28.
https://doi.org/10.1111/j.1469-8137.2012.04

266.x

Sun, B, Guo, R, Liu, Z,, Shi, X,, Yang, Q., Shi, J.,

Zhang, M., Yang, C., Zhao, S., Zhang, J., He,
J., Zhang, J., Su, J.,, Song, Q., & Yan, L.
(2022) . Genetic variation and marker-trait
association affect the genomic selection
prediction accuracy of soybean protein and
oil content. Frontiers in Plant Science, 13,
1064623. https://doi.org/10. 3389/ fpls.2022.
1064623

Van der Auwera, G. A., Cameiro, M. O., Hartl, C.,

Poplin, R., Del Angel, G., Levy-Moonshine,
T., Jordan, T., Shakir, K. Roazen, D.
Thibault, J., Banks, E., Garimella, K.V,
Altshuler, D., Gabriel, S., & DePristo, M..A.
(2013). From FastQ data to high-confidence
variant calls: The Genome Analysis Toolkit
best practices pipeline. Current Protocols in
Bioinformatics, 43(1110), 11.10.1-11.10.33.
https:/doi.org/10.1002/0471250953.bi1110s43

Vierstra, R. D. (2009). The ubiquitin-26S proteasome

system at the nexus of plant biology. Nature
Reviews Molecular Cell Biology, 10,
385 - 397. https://doi.org/10.1038/nrm2688

Wu, D.,

Zhang,

Zhang,

Zhan, Y., Sun, Q., Xu, L., Lian, M., Zhao, X,
Han, Y., & Li, W. (2018). Identification of
quantitative trait loci underlying soybean
Merr.)

(Glycine max [L.] seed weight

including main, epistatc and QTLx
environment effects in different regions of
Northeast China. Plant Breeding, 137(2),

194 — 202. https://doi.org/10.1111/pbr.12574

C., Hong, H., Yuan, R., Zhao, K., Bha, Z,
Lamlom, S. F., Xi, X, Ren, H, Qiy, L, &
Wang, J. (2026). Integrating linkage mapping
and GWAS reveals novel genetic
architecture of seed weight in soybean
(Glycine max L.). Frontiers in Plant Science,
16, 1711905. https://doi.org/10.3389/fpls.

2025.1711905

J., Song, Q., Cregan, P.B., & Jiang, G-L.
(2016). Genome-wide association study,
genomic prediction and marker-assisted
selection for seed weight in soybean (Glycine
max). Theoretical and Applied Genetics, 129
(1), 117-130. https://doi.org/10.1007/s00122-
015-2614-x

Zhou, X, & Stephens, M. (2012). Genome-wide

efficient mixed-model analysis for association
studies. Nature Genetics, 44(7), 821 - 824.
https://doi.org/10.1038/ng.2310



