FIB YR IHAAR 2023, 24 (5): 1257-1266
Journal of Plant Genetic Resources DOI: 10.13430/j.cnki.jpgr.20230322002

VR IpR A P A DRI S B i F st i

AR, LA, BRI, R, R A
R IETT A BB IR BRI EIBTSE R, KK 163316)

WE: LY XREAN—FEZOHFEFNEY, QR FAL T LR, AL LR Rt A T2 R 22 A
To R e R KB LG M ARAFE BRI LS. B AT Tk KRG B L Fe 5 R BT, Tk KRS R
e EAIRT Y L AAMKMFE SN, EG R TP R AE T st 4 7= 309 F KA KRG, 3 db T 69 2 K ALARAR P 4 A 51
AREETRW LT RS T 4ER Tk KRSAr, 23 B4 X354 (GWAS, genome-wide association study ) 4% 4 48 = £
WERE R R R Z A IR & A T I RAR KK B Aot 45 K42 8, Bt AT BRI A M S 5 T A AP B e AR B
AMLESRHTHR HWRREGRRE DA, B ZRRAT EL 2 AEMRL KB 2R DESRED P, LXK
F B EFEES P RLBAT—E 3R, B, AT B 3T I Ak Kk F GWAS #4952 8 B 0B AF 70 45 R sb 47 M &, 5
xRk B R ZRE AR T @BAT T W20, AR Tk K ARG 4 KR GWAS 5 M 3R A% L AE

KHEIR: Tk KRG R AR R A XIS AT

Advances in Genome-Wide Association Study
in Industrial Hemp

LI Hongchao, WANG Xiaonan, LI Ziwei, SUN Yufeng, CAO Kun,ZHAO Yue
(Institute of Bast Fiber Crops, Daqing Branch of Heilongjiang Academy of Sciences, Daqing 163316)

Abstract: The industrial hemp (Cannabis sativa L.) as an important special economic crop, has
implemented the development of the whole industrial chain. Its bast fiber is a significant raw material and has
been widely used in textiles, papermaking, home furnishings, insulation materials, construction materials, and
auto parts and composites. China has stronger academic and applied research experiences in industrial hemp, and
the derived textile products are highly competitive in the global market. Due to the increasing yield and quality
demand for textile fibers, it is necessary for researchers to breed high-quality, high-yield fiber varieties. The
genome-wide association study (GWAS) can reveal the association between phenotype and genotype, thus
becoming of interest in gene mining, stacking of multiple elite genes alleles, analyzing the population genetic
structure and finally breeding for novel varieties showing high-yield, high-quality, disease resistance, and stress
resistance. At present, GWAS is widely used in cotton, rice, corn, wheat and other crops, and increasingly used
in industrial hemp and other major hemp fiber crop. Thus, the review summarizes the application of GWAS in
industrial hemp and briefly proposes the research focuses that remained yet conducted, in order to provide
insights for the application of GWAS technique in industrial hemp.
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TV R (Cannabis sativa L.) J&T655 5 R 4
(B — B2 A, 5 3 MR 5 Y U & KRS (THC
delta-9-tetrahydrocannabinol ) 1%, 73 7% & 4X F 0.3%,
SE NR I R LT A 2 2 AR g — Rl £
SR T AR, HAG R (a7 35 N PR R
J7a A A R PR A R AR IR AR SR
TP R RR EL R tHE LA A B S AR TR E Y 2
— B I, T KRR I B AR s A AR,
WAE AR I s & Z R oy, al T B 24 90
SR HARE 75 25 e el ) £ AR B, 2R R
PRI, EZ 20 IR e T bR | 3 AR SR AN [R] 40 A5
BN RS AT R T RE R A AR AT A 2y
Mo Bt T 37 5 SR B AN BT o, Xk it o R DRk £
SR AL R A S A T SO T R A
MR, T AEAE I A R B R FE R st A% SRl DA 4 v
7 R R i B [ B R A BR P st 1 i B %
PERAZ R YV PRAE S R JE DA 38 o R 7 A DG
RSP NNIIE =l =N Woiw ROk (= 7/ E
A AP AU B AR BT S A e R A
F I BT (GWAS, genome-wide association study )
TE Tl KRR P B B i 52 0k e O e IR 9 25 11, i
AR GWAS TEAZ 4 38 Z2 MR OCHREL R iy 1
e Tl KERUL BT i A5 &

1 EERAXBKITHEAR

TEXN NEBFR AL T FE H , Risch 2 5d i
N ZEFE DN 21 Sl M P 55 SRR S AR 45 5 i T ik
i 72 BAL B RER  BZ D7 PR GWAS. JR 2t
FEHEAN I GWAS 51 AN 8% T Fh SRS,
i AR AR E PR DR A B R R R 5 H A
PEPRFH I S BEE A I W e A ie AL 454 L R 4 3l
O TARCH B E R AE . GWAS KRS R AE . &
KEERAEY HAF 202 0 ZE TR Tl KBRS
AMEDY R R A E B ETHE 2 . A4S GWAS Fl
e e 27 1 M S T AP AR DG ) I e R [N 32245
Ry i i o311 AR KR PSR R T H bR
Bl P GWAS S (A T8 254 23 Hr i 39 0 AR
5P E BRI, SEH 7R SIS IR R AL
S LR BRI Ak, i AR AL T R AR AL 4
I AT LSRR DI AL T st (L FE A Yasir 25
XA AE o GWAS 1A= Yy etk A AR W Dy 38 A it 32
P L7 45 A SR BUR VRS RS 5 T
PEAT T A5 . GWAS FE W R AT F T2 48 T
5 A AR S AR A= 0y I3 iy iz i A ) S B R I

A7 A0 i R 5 T e A G B B R A A
(QTL, quantitative trait locus) """, XJ PR3 U 1 A8
1A 2 AR L DR 2 R4 7 T i AL R SR A
ARG E L

TERT N B o 56 R A T A id 22k .
£ R i (SSR, simple sequence repetition) ", T
GWAS Z F| Fl B #% 1f 2 £ & ¥ (SNP, single
nucleotide polymorphisms) #£17 4> FHric> . HHj
2 A M 45 M 28 B (SV, structural variation) 5
GWAS 455 BIWHE , REMSTEAVE W) rh ik 15 R AR
XTIV, T T AL, DT Rt P R 5 A1 7 o7 M
XF A I 3 FARICHEA Tk o Bl 40 2B W 2
JF AR B E 2D Kl e BAS B REALG, Tl R (1) 35
DRI 20 Bl 22 A1, B DR A B8 RS T R e i o
[R]- TR P22 A AL 3 oA GWAS 324 P05 32 PR UL
Ff AT 4R i 5 2 MR A st A BIL R PR R 5T Wt U )
FEHILE DL ST Je R GE 1) 5+ B Fh A5 R AN I F it
T HOAERUERE R HOR S5 M

2 Tl KFEH GWAS AR HE

2.1 GWASFEBHEZE M 247 T 89 bz A it e
L, KRR 259 2 A I 6000 4F /i 11 7
S A TS THC, HoAs Fn i A1 2 K %2
FI WA AR . B A OCEOR ATk 58, 77 2 1
FITUR SRV IR 2 FH 700 RN 21 4 0 S5 A [R] 28 7Y 1) R
JRER R GWAS R FH T #8283 AU R L [R] 22 [) () K
FRAL b Bz TR A A A s AR o A
Soorni % 25 & 4 BX & & J¥ 51 (STR, short
tandem repeat) 5 12 X MV it R RE A 7 3 DR 43 R 0
(GBS, genotyping-by-sequencing) , 25538 Tk ok
JRRFN 2 F KR Z IR 7E i 25 1 4 B R 4 Ak (H A
ik = 4 T P 5 R) 2 55 380 H R KRR AR s Y
TAAAEE K225 . Kovalchuk 25 5% M B & 2 1)
JIT A RRR I PR 20 A B8 s A T RS A, e AT Y
FIRFE R AATHIR A SEHE 11, 1] Murray ™ (/58 75
T — BRI B 3 I RORR 3R e RS (] ) A AR
W 2T IR 55 25 IR BR 20 A R BAL A I 5E
45 o 2 B RN 21 4 R A5 A B b KRR 43 5
A REWT IR A T R BT A A 1% KL A 21 9% 5 At
TE SR IR AR TE H, Ren 55272y T 4RI KRR BIAL T3
SO R AR B B AT T 4 R R E O ) O AT
GWAS 7t , B 15 2 i 38 (N 4l 554l 5 = 5 LR 4
CBDRx (https://www. ncbi. nlm. nih. gov/data-hub/
genome/GCF_900626175.2/) FbXiF, 25 5 & B K IR A
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Al REZs U — RV B R TBe it oe 1 i Ll KRR
R SRS RAL T Y LA, IR 43 1 A 4
BB BEE 1R . A PR TR A
M FRRFE A, SR FH B 43 A Y (SMUS, single
molecule ultra-long sequencing ) Fl /= 18 & Y& {0, {A F4)
% 4l 4k $ R (Hi-C, high-throughput chromosome
conformation capture) [ 414, Gao 5528 DL 74 i, 11
A R ARHEET 1 B Tl KRR R 2H 7471
2.2 GWAS FEam BTEIR A B Rz A 2 e

TV IR RR AR T 24 it -5 R FH A (8 DITAH G
TRAARER 5 I 5T AH G Y G B L PR 2 15 1 v ot o i
FRERTEE o S T HRSE Tl JIRR 1) FF 8 st 1] 1 531
B Y TR AR B VI R | Petit 55245 & SNP
PRICHI T GWAS 2387 T 123 AN RIBRF 5T 55 I 7E 3 il
IREETT 19 M KRR I AR B[] F: 551 e 2 1 82 4 45
Fy, 3LHiE 1T 84> QTL, Horp 6 4> 5 IF AL [A] AH O
A RES SRR BRI AL, 2 4> S hl e
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T BIFSE P B R BRI 7 27 4 it JBAH DGk
RHEAT GWAS T LEAH I 1) QTL, % 7E i 16 ARG
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R 2R ¥ [N SND2 . VNDI FI NST1, 7 H15 H
MYB46 1) 335 it e 5 , ££ H20 ' KNAT7 Fl MYBSS5
LK S AtwLIMI W E R Y RIAE T 5 A H
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AORE AN HARIE . H Lyngkjaer 55 78 K42 v & B
PSS O L H (MLO, mold resistance site O)
5 PMBTHEAR OGS | RIS e KR L F oK IR R A2
G Fh A S E H MLO RN FE R . Adams' 7E JL
AN PM A U B FRR at Bl oS B EE S B ] A7
1E — A~ 8 2 A~ i 2 11 (TLP, thaumatin-like
protein)$% D1, TLP HA B-1,3 i Wil 15 1, fEfig ™
Az R s AT L U B IZ AR 1 RE S X PML AR
PO 5 T 2 B DR 30k v & BRJL T o g AN TLP oAy
DRSS A L T BT CH25 5 PM AL
PEAHIE . Pépin % 5 AR Y KRS % L A
2l Purple Kush (https://www. ncbi. nlm. nih. gov/
assembly/GCA_000230575.5) \Finola ( https : //www.
ncbi. nlm. nih. gov/assembly/GCA _003417725.2) .
Jamaican Lion Male (https://www.ncbi.nlm.nih. gov/
assembly/GCA_013030025.1) .Jamaican Lion Female
( https : /www. ncbi. nlm. nih. gov/assembly/GCA
016415525.1) 1 CBDRx (https : /www.ncbi.nlm.nih.
gov/data-hub/genome/GCF_900626175.2/) H1 #B % &
HRAL T MLO FER FG 51 AH A G (R i 4 Hh
()8 R B A TR L BR 5519 S5 YL iR A5 47 MLO
FERA, Hogr 8 SR fhk & CsMLO B . TE
SANSER A %t CsMLO14, #£ CBDRx JE R 41
FiHIF] CsMLOIS. XFMLOEHFAIN ARG R T
TR, 4332 V B9 CsMLO1 Fil CsMLO4 1 PM
Ja e 2 B, W E R W E AT AT fE S PM 5 I
PEA G, 8 HETHGE 178205 0k s A G 1 ik
B G5 A% B Al RD AR AL 06 AS B, 78 At
HH AT 7 AR AFAE R RF R S 11, R AT LA
15 GWAS I T2 52 g H 35 eIk i) S BB LA
AW R AP R RR 0 D e S R B 12, R B I R
P Al e
2.4 GWASTEHE RN AR

H il GWAS 1 Tl RIRPL 3T 5T ik R A5
BN RN, ZHF 5T R4S AR A AR R AR A
HAAHRIAT M. T FEE 2 B KRS
BB RIRAIGNN , A K ZAG | SR LT YEFFh T
S Zes 7 g AL B B R T SR E T Tl
RIRA: B bR SR B8 % BB 5
P03 T LM B AL D o MR DAy A ) A A T
W Z—, Be AR e A AR K R E
TRV A BEAEFR T MK G5 T 2 0 S5 4 4 H s sk e
AL T A ST A A R T 2
AR T 22 R BFFE TP UE SR SO RE 8 Tl i 2 5 2 Fil

AT T R aE EA T R, Gao S5 F il RNA
WY 2 AR ST T 52 W38 FK 43 78 12 19 Tolk KRR
Z AR S 2 22 5 R 129222 SRR
(DEG, differentially expressed gene) , Fifi o X8 %)
WEE SR FE P 159 DEG B2 Fr % 1 5%
[ =S AT oy N S R SIS = 107 STE R (s
JA MR Tl R RR AR A DA R 7= i i S5 B — b i LA A=
Yo ae o A B 3T 0 4E P, Sun SE5Y B R CR A
GWAS K3 1 Tl IR - B & 4ok A vhoxo g £R
JE AT e B G EEE F A SE IR o 45 s A BY
F 5t it b 35 DR ) v B AN TR A B B A [l
4 J5 SR GWAS 452 Tolk KRR ) it 55 1 $2 41t
THFFEIT ], Cao 55k T 1 55 i it AH 5 1y
PESELA, I FH RNA I 7% 32 NaHCO, k8 1755 1 T
v KIRIES T35 s 4150HT , R BLDEG & 4 T 52K N2
LA YRGS 5 A8 R A =
BE R SR ol %, B & BLOK £ 80 DEG 7E 5% 5
NaHCO, W8 i) e ik & B, 4 f5 GTP 455 E& 1
L GTPbp W] BEFE NaHCO, B 75 S i N A vh
FEICHEVEF , #EI NaHCO, i i R AR R &
38 A A O SR DR A 5 M Ml KRR R T e R A W
Ao BT 5 Waa AR 38 A, BTl KRR AT L
FAE A GTE Y ) 4, DR ST Tl PR L 85
NI B2 YinZE SN T /8 MYB
LR FREAE Tl KRR A4 400 L0 385 52 7 P P 8 A K
e RN R 0 B0 2 Hh R 30 MY B 26K 781 5 Tl K
JBR 5 R 20 50808 12 v i) 35 DR M 8 R A7 L ) 28 5
MYB 3 H KGR P, 455 &34 MYB F
FIWGEIL 1154 CsMYB SEIR, 55 ME T (195 s 41 21
Paahf S B 7 SR A i AR DG I BRI, 14
FAT B TR S0 Tl RFRH MY B B PR Z % 1) £ )
“FIIRENST
2.5 GWASEHRAMSHHIRAi#ERE

R Tl PR FH 3 K JL S b 4 2 R Y &F
FARY Fp T FFLF 3 S A AT . KRR R R
A ) AR AE B AL B I Ge AR, R A
THC ., PY & KRR} R (THCA, tetrahydrocannabinoid
acid) . KBk T (CBD, cannabidiol ) 1 K bk — 3 ik
(CBDA, cannabidiol acid) , THC ¥ % Ji} Tk ¥ 24
Py, 1 CBD 9 iE 52 HAT AR /35 1 B2 25 (R A T g
JRUAERRIE PRI 1 AN 5248 AR5 RIRRR A U C 1Y
CHERFI LN O e . BRI B ok
ZH RN AR 11 4 s © %8 5 CBD & i AH G 1 2
B LA RESER ™, 465 THCA Fl CBDA (1) 3%
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PR 0,388 o 56 DR o R S5 T 3R 3k e 4 R AR
Laverty 558 1] F 2[5 73 B4l ¥ (GBS, genotyping-
by-sequencing) & T KRR Y HEFIEA% (3 , H1 A5
KT HRRRE A BA A LN, %8 R AL T G
% K K {4 44 TR & B (CBCAS, cannabichromenic
acid synthase) Y U & K Jik By 2 & B (THCAS,
tetrahydrocannabinoid acid synthase ) J&[H , F- I IE T
TR R (CBCA, cannabichromenic acid) i & &
SRR LU i fith CBCAS S [A  7 i K S AH 6
I EET Weiblen 45 AUAIT SRR , 76 5 BRBRR &
ARG ANUCS501 7 s | %858 H BESAEAL ORR
i P 2 ™ A 118 O A S I B RS I L A5 11 KRR T
i J&: THCAS .CBDAS Il CBCAS & U4 04538
Henry 55 3T NCBIEU () L R D RE T, %
AIE T B 58 H it G SNP (9 Dl BE , 7 THCAS & [H %
PRic i & BT 2 4 SNP AR iC K #4316 B THCAS/
CBCAS, ¥ & 3|1 2 MRICAE 5 CBD A bl (7
TEVAEENEE D b BT R AR R R A iR
S5 Tnnes 8¢ X G R R AL iB R T T
SEEHER  E T 45 R A U DG 1 S B i
FE 9 57 JE R 2 vhowl St 16 S il % 5 R A 73R AR
KRBT G AT 5 i 1Y) OLST F1 OLS2 Mt FR 3R
& W ) OAC, KR IR 45 W 19 CsPT1. CsPT4 Hl
CsPT7, KR R E AL PR AL | 1 CBCAS . THCAS il
CBCAS. ZMFE b KRR A A I b il 2 A 10 i
W2 AEANRISHILEA P )P I, 285 RS
Laverty 5 F5E 45 500 —8. 4 T #45% CBCAS 1)
YER, 38 320 52 R 29 DR Tl KRR SR A 5 b 5 [
I X KRR 2 A 1 (CBNS, cannabinoid synthase)
Gt L RITE 5 o B b 04 7 1 9 A8 S B e sk K-

F1 T KFEHEREMETSERE/QTL FHFHRIC

IIMT, K BRAE T A H R R CBCAS %% i K SEARAH
Fee , U B IZ 3 PR 06 BRE DIRE 1Y, AT RE S KRR
()2 S AH G o IR F T B UK 3 B S 2 BUHE 43 A
CBCAS 3 A 1 2 B8 R B E L AE IR R W&
A AR TR BRI, Welling 2519605 1 i 2 ) 55
GWAS J5 i 25 & & 4 b 3k KKK % (ACB, alkyl
cannabinoid ) 2 A DX 8, 78 H: Fp—> X e Hp R 0 2
Sty -l POk ik 28 A 2, 11 3 i g 1) i SE IH) BKR , %
LRGN 5 R N 17 R e 4R B T B A Aot A
R A G, (R AR XA 1 2 56 R I e R % 4
FERIALE] . BRIL 2 AN 7 T 5 2 I PR B 1Y
22 AR (R HG P AR [A) SCER ) 5 ERIE T 5B AT
E 25 RIKE A Ba& & 058 L& 5 1k 2EA8
SRR G FLAB A S5 1 T LG9.40 QTL Hh A
MEEE A WA e R IR (R 1), iIZ RN B 5 RIRE S
BRI B R IO s ORI AR f T e 2
R R b 52 )RR 28 A A 77 . Yin A8 R AR Cd i
38T CsMYB R 7E CBD & AN ] 14 i b ) 22
IS O FVRE S 3R 08 I CsMYB024 38 3 Cd
1 A5 K A S CBD & & 12 . Campbell 451
TEAS RS X6 Tl KRR 1 52 i % 35 [R5 3445 2 i)
PIAEEAE R, 20 B sa 58 5 st A4 4R, & 3 THC
1 CBD (177 A4 JLF- 56 4 f gt 1 IR R 33, BH A fT
hr = i a7 L TR - A B A BRI g, R4 R O 1
FR 53 5 & BUFF kL™ 8 5 THC & CBD &
SRR R UM 6, B SRR R TR R, KRR &
o IR RIS B KR R A A R
BIRERAE T EESE G NG E SRR
B RS A AR R A Ja R RO R E ) 4y 1 B AN 29
SEA

Table 1 Some genes/QTLs and molecular markers reported in industrial hemp

2= WiH igsatitivg FLH/QTL/ A Fhrid EZ 3TN

No. Items Sampling location Gene/QTL/molecular marker Reference

1 FEAER ] g 6~QTL [29]

2 PR E g 24~QTL [29]

3 LTYE g 161~QTL [30]

4 LY i LOC115705530 .LOC115707511 .LOC115704794 .LOC115705371 . [35]

LOCI15708688 F1LOCI115705875

s TR 20 CH25 FIMLO [44]

EH ANTR] S TR 4RI 5 14 CsMLOI1 M CsMLO4 [45]
Ly
6 B MINEZIR  FHPIESHSE S RIT IS AUXI(1) I4A(2) .SAUR(4) .GH3(5) [49]
B2l (AT =XF N

AHK2 3_4(4)FARR-A(1) [49]
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F1(48)

Fre TitH R JEH/QTL/4r Fhrid E= BTN
No. Items Sampling location Gene/QTL/molecular marker Reference

IREFR DELLA(1) [49]

Jit V& R PP2C(1) Il SnRK2(2) [49]

% iR ZE R 2R PYL4 .PP2C-1 ~ PP2C-6 .SAPK3 [50]

HERE AR 2R 2K X15-1.X15-2 JAAI IAA-2 [50]

7 iR i XM _030641043.1 XM_030641906.1 XM _030648362.1 XM_030648308.1  [51]

XM _030646898.1
8 fMha 4 CsMYB045, CsMYB016, CsMYB067,CsMYB098,CsMYB010,CsMYBO61 [ 53]
H1 CsMYB00S

9 KIKR / FZEAR THCASFEIEIR [58]

B / Wt ANUCSS01 f31 5 [59]

/ Tosm ALy OLS [31]

/ T iy S RAE 7 BKR [66]

KIS AL / SW6 FI VSSL_BtBD [60]

MRS / CBCAS . THCAS 1 CBCAS [64]

TS e £ T / OLSI 1 OLS?2 [64]

MRk / 0AC [64]

it
PN Rivaeald / CsPT1 ,CsPT4#1 CsPT7 [64]

1 : 327 SCHR A S ORI (S B AR

/: Indicate that the sampling site or specific traits is not mentioned in the literature

3 mESEE

PRI P A B B R A R LA B A AN T T o
GWAS ¥ 1 F T 55 Z A W 19 S (] 95 5l F 5
GWAS J7 1 1 AN BT 22 Ji& SRy R B R 5 TR A 42 4 A
TR PEAE A ARAEF , B & 38 19 K AN S 55 D9 ok 43
FIRITE A IEE LR B S Fh B T IR STy L
{H BT GWAS EERWAAFEA 2 , H AR R B S50 45
TEHE R DX B, I 5 4545 3 S 27 S AN [R) Jy v
T 5 DA DX S5 P 1) B R A T B B R AT Bov) D At
FERE— L i e . BEE B SETTHrHrry £ 00
b, WAL A DU AE YIS BV &
J'& 24 AR ASW S GWAS 454, Wk BT
R GrFhmid G2 R B AR SES GWAS BIR A4S
AF B A B H bR IR S DR R R R AR a5t A%
HALSEI T . o RIIFFE R, GWAS £l 512
LR ERARMEE A, ARS8 FOREEY L
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