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(1. Abmpol RS 32EBE Jbat 1000835 2. ALEAROM KM A TR 1B Mk alH 0 Jbat 1000835
3. HAWB RS S Bi Yamagata 9903; 3 [E 5= A% B WK% Hershey, PA 17033)

8 E: [HM] WA ERKE RPN FER B B R G B RT, a5aRARE K R VR IE A BLAR A G
#, M BEAMERIEAT QTL AL, RN A MR B AR SO Y 8L S5, X ARbas & DS e pRoR AR
PR EERE L U7 AT LA 64 />4 R A A A BEAS RSB RY, SRR i AT ELAS 1-24 AR I3 A KU,
FIH Lotka - Volterra (LV) f43J7 PR HR G M AMEARIIARELAE, 2 A logistic B MR REIEK R H, #
SEE AL BUE R (OMG) . FF SEBr BN BE logistic BIRIHHT L. FT 2 mMBEAA KM —nIES il
FGUAE I 7R )2 - AR BUAE KO R ORI QTL AT e L. LE5R T ML TR Logistic BB BANPIBT B KA
T, OMG BUAN& Mt Zamm M ELARAE KBRS TR . B RGUE RT3 i th 64 A 2052 QTL A 117 MRFERZL
QTL X2 m- AR 2 BAE K A A EZEREEM, AP REMQIL#E 1. 2, 5. 8. 9. 11, 12, 13, 14, 16, 17, 18 K 19

SYOAR I 1L QTL 45 255 A EARI BOT AR Z5 A (s 18], B BT Ree (S [], B BEe AR KIS 1], LARAEANB
BAEKFTE S R AUE AR KRR . (45181 ONG BIASE B TR Z MR 2 BUE KT, 8 AR R UM 2+
bRid BRI SR A R R R

KR ZOBAEK: QTL BN EAEKER, Za-Hit B

QTL mapping analysis for multi-stage height-diameter growth of Populus

Abstract: [Objective] The purpose of this study was to explore the developmental genetic program of the transition between
different stages in the process of poplar growth. Combined with the interaction relationship between traits growth, QTL mapping was
carried out on the composite traits of height and diameter to analyze genetic structure of multi-stage growth and transition, which is of
great significance for the forest cultivation and improvement of forest production. [ Method] In this study, dynamic growth data of
stem height and diameter over the first 24 years of a full-sib family of Populus including 64 hybrids along with two parents were
studied. We present a complex multi-stage growth model (CMG) by incorporating Lotka—Volterra (LV) differential equations to
describe the juvenile interaction between the two traits and two logistic functions to describe the growth and development of adults.
CMG model are compared with the monophasic and diphasic logistic models. Based on the binary normal distribution of height and
diameter, the associated QTLs controlling the growth transition of stages were identified by system mapping. [Result] Compared with
the traditional monophasic and diphasic logistic growth models, the CMG model fitted poplar height and diameter growth data with
higher accuracy. 64 testcross QTLs and 117 intercross QTLs were detected to play an important role in regulating multi-stage height-
diameter growth and these significant QTLs were distributed on chromosomes 1, 2, 5, 8, 9, 11, 12, 13, 14, 16, 17, 18 and 19. These
QTLs control the onset and offset, the duration , the phase transition time, and the maximum phenotypic value and growth rate of
stages. [ Conclusion] Our CMG model provided useful tool for the analysis of multi-trait and multi-stage growth of trees, and the

identified significant sites provided important reference for improving the quality of molecular marker breeding of forest trees.

Key words: multi-stage growth; QTL mapping; complex growth model; height-diameter; Populus
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T A AR T4 — RPN AE KR E MBS, ARG S 3 1 sl 3 R0 E; 37 30 51 AR 3 1 o
A5, DL RS A R R B AR (%%, 2021; Baurleeral.,2006) . JEJEIAZERIR BB E RAEE=
ANBZ Blb BB [RIBY B : gl A, R RI AR B, s E i N ZE I o B B A A A R A
MRAEKARU . A RRELFRE SR TERR, MY S AWM E LA, Y0 B L
R S0 R A B AR S ORI N R S o, F AR S AR AE T AR 3 2% B P BN A W A A
KK E W EATiTH (Poethig, 2003) o X FhZELE I B AR BT R AL IR, B2 RARF R, F0)
SETEARAAE Y IXAN 5 A8 T B LA 4F (R B IR 58 o AEUI % 82 1R I B A 3% DAKE: Wff (1 25 i 7 QR B AR i AR K
T LLIE B AR5 138 (Huijser ef al., 2011), X HFF0M AL Kid 78 B B B A& L.

TEAD K GE it L, Y SR B AR T DA 3ol 7 N7 i B e T 894 e e e A 2 XRaRa o FH OB B
PRI AT B R 58 B Ao 20 1 KA A | 2R R L Z B Logistic 34K AR AL LK Z B Bt Misherlish 3
KA GREKEE, 1986) o AT 28 A K oR B0 22 B B AR KRR 20l F SI2 LU B B B AP 45 A K B s
(Grossman et al., 1988; Koops et al., 1991) . U1, Mendes fR¥EAK th L& AR UE, 43 AIESH T =B
FOP T BEH logistic A=K bR BTN AN [F] 071 372 25 i T A1 XS 220 (Mendes et al., 2010) . 46, STAEPIAEK R,
Dasgupta 383 73 A7 SR Fr 1R B R0 b 5 o e A A K el [RIRRSE S 1 2 A AR K, VT A SRR P A
22T )1 BoAT B3 L (Dasgupta, 2015) . B2, 25 18 3 8 2 MR A A A7 AE AR LA B SR R (T2 55
2014; {ZERNEF, 2019), TS MRENZ M BRI AEY R SR AR 1ERIFEA L 8UE F=-P 5 R FH R
RITEGL T, AT DUod i 4 — AR AR, K BEUR 1 23 BC 5% 4% 1) 578 FR R SORE 5% 1) a2 v AT 3 K
WH SR (Falster et al., 2015). ik, Z5& 5050 /7 B2 MG A R MR AE K AT IS & — PP BUR R B
VES T3 1, Wu 55 AR = 85 R0 T AR R s, 25, FIRAEY &2 A KL R (Gai
etal.,2011),

BEE > TR AR B, RN CEIAT T KB SRR S35 6] AL VAN IR B B 2 8]k i 1) R asi A%
FEFF. —2& MicroRNAs (miRNAs) /&2 5K B U B A T2 7, Hd, miR156 Ml miR172 /5
FE P 4% g B B AR I 548 (Ma. et al., 2020; Yunmin ef al., 2018; Ahsan et al., 2019), iXE8 %I /e 1 Fe K]
FIEROBAE M LR BN, FIFSE VRO AUE SIS AT & 24 MR B B A e —Fh 143
ARFB, Xu S5 NIEHBGHEY BB AT AESE, 2007 7 # i T 3G K BOd I QTL (Xu
etal.,2016). QTL &ERLXHF TR B AL @& o0 A EEH, AG Bh T It W R ) AH AR 1 R B A% PR AL . AN SCHE
TR ELAR AN B AR R A BRI, DL AR KRR A B BB A, R ik — AR KA 106
Ik QTL #EAT AL AMARBYBUR EALHISR UL TR AR, RN XSRS Fhric B P pt 2 2.

1 MRS

1.1 SEIMRY

PR EHE Wu 58 N CRA LMY (Populus deltoides) K HE (Xu et al., 2016), XFHH1E
20 40 70 AT L E Pk ol N A8 1987, FI PN 2 & BTG B0 R AN MO SEAR AT R 3245 31 450
AN A [ AR B . FEVL ISR M T Tk SE AR BB PE I . /K90 R 3R 4 & & 48 — B— Yt | (34.14°N,
117.38°W), KHIBENL MR AT R . 7E 1987 - 2010 4F 4 24 £E18], FEMLGEEL T #EE T 64 ASTACLLK
MATTIIAC BEARSL 66 ANAMA, K REAFAG 1) 25 i R 2558350 B AR AR AR BRI AT 7o b o XX S A R AT A
R LR 20 2, 15304 fE 19 2 getofhk E 299 155 MR L S PE(SNPs), 45 94591 MASHRIC

1048



55 )\ Jaiep AR 22 AROR 2 S16 MABIE T M7 2

61771 N3 Aric. K Applied Biosystems QuantStudio 12K 3£} % ¢ 7€ & PCR R4 db {7 3K 43, &k
AR B TR IR, 53] SNP LR

1.2 K%k

H R 2 Fh A8 v] U R & MR S B34 46, 41 W1 Gompertz, Richards, Logistic #1 Von
Bertalanffy &84, #f—, KA RE ST DA il B R A R B A4, Hd Logistic
2k & R HR A A KR B S -G 2R (Sheehy er al., 2004), H e HOE Ul H KR W T -

a
f©) = 1+ bexp(—rt)

)
FHTAE K R

% Hh 28 EUR T AR ZE R A B AR AR AR, (H R EAS AR S i 7 AN TR 2 TR AR LA T 95 &R . IR,
AT NIRRT 55 4+ 95 R Lotka—Volterra (LV) 17> J7#24H (Fujikawa et al., 2014) XTEMM 4140 1 2505
FHEAM EAER K AEKBATEE T, LV IEACN:

dH Hy + By.pD H <pD
( 1=aHH1(1— 1+ Buep 1)=aHH1(1——1)—aHHlﬁH bt
{m Ky K, K, @
db, Dy + BpeyH, D, BpuHty

dt K, K K,

Horfr: HMDy 73 AR Z S M EARE L ENERRE, ay, ap TRERKER, Ky, Kp R BiL(E,
Byp Bpen ETCEA IS HRAFEIE I TERBIH EAE IR AR . M AN Logistic BR A7 Ron 2= i A EL
FRAE AR A A

H, = 4
{ 27 1+ byexp(—nyt) 3)
D, = 2

27 1 4 byexp(—nyt)

Ferf: Hy D, 73 AR 2 A BARAE AR I R BUEL,  aye, by, 1y 72 BN ZE R AN ELAR X L (LA, #
SRAEAADN AR KR . 458 LV Gl J7 PR Logistic RAUEE G HIZ M BUAE KA (CMG) TER T

{D=m+% )

1.3 QTL ENLF53%

n KREFIMEK RN MEEE, gy Mg MERE | MMEZEMERBANMER. BT CMG #
B, ZERMERZBAERKTTUEE—MRARNE MR B —A QTL & j MERB A » 2
WEFNR AR A IR — A2 ICIES AT, T f(Guis 9p) Fom IR AT RE A2 L pR K. e BB )
;= (wjms mjp)- H CMG*E@@%@I(%H,K/H,[?]H(_D, 5 Kipy By ajl,bjl,rjl,ajz,bjz,qz), (=1, ) Hik.
PR W 07 256 R =

Iy X
s = ( H HD) 5
pn  Zp ®)

S M, R MR TT Z RS, Zyp FIEp 9 — X IR Z TA) B B 75 225
EEXI A SNP ARic, IR T AR e
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J N
Lgwign) = | [] [fiami a0 ©)

j=11i=1

Hr: TR QTL HFE .

1.4 RigMRL

TR AR AL RO [R5 (3 R 15 BT B3 E R A — A QTL 2\ RE WM BAK,
R R

Ho: (aiH'KjH’ Bine %o Kips Bipy 41 b1 11, @2, bja,s 7}'2)

= (aH;KHlﬁHeDl aDIKD’ﬁD(—Hl alr bllrll az,bz,rz),for ]: 1,...,]
Hy: UL E55ER & D — AN AL
Iy AR REAMB R B BRI Lo AL, , 3E— D@t Rt giit & (likelihood ratio, LR):

Lo
LR = —210g(L—) @)
1

THE R A S SNP () LR Gtit &, R4 — R REACHE i FHE, #e R QTL fir

2 ERE5

2.1 ZMEEKERNINE5EE

A KA 2RI BN QTL fEALRE FE A BRI . 2 T 5iE CMG 58 800 25 i Al AR R AU I G A 1
S EET — Bt Logisticn. PIFTEL Logistic 1 CMG AT A IF L SR R 1, W& 1. AT —B
B Logistic B8, PIBTBLH Logistic 1 CMG BRI G 45 R, H CMG B HLE TR R R BE (1)
RE A I EARYE = BUEN AIC. BIC A1 HQ XA R DA RIRS fff 5 5 4 70 43 % B 3 47 LU, CMIG
BRL AIC. BIC F1 HQ MBI /N T S AR, DRI A 708 2 v A ELAR BB BOAE I, AN B
CMG HER BAT S AE B4 ARG BE R AR R A

R 1 ARITEUESHEMEMN R HE

Tab.1 Fitting parameters and goodness of fit comparison of growth equations

—B B Logistic Wi B Logistic CMG
Height Diameter Height Diameter Height Diameter
a =24.4223 a = 29.8502 a,=16.3464 a,=12.9462 ay = 0.6486 ap = 0.6134
b=4.6948 b=5.2662 b,=11.7182 b,=227.7987 Ky =7.2091 K, = 38.1332
¢=0.2181 c=0.2615 r,=0.2173 1,=0.2835 Buep =—0.2913 Bpey = 1.1811
— — a,=8.9608 a,=21.9812 a=11.1379 a=12.7997
— — b,=7.9006 b,=11.0025 b=55.4032 b=248.5138
- — 1,=0.6855 1,=0.5606 ¢=0.2919 ¢=0.2883
R?=10.9903 R?=0.9761 R? =0.9984 R?=10.9912 R%=0.9990
adj.R? = 0.9900 adj.R* = 0.9754 adj.R? = 0.9983 adj.R? =0.9910 adj.R? = 0.9989
AIC= 13.1655 AIC=10.5508 AIC= 4.8789
SC=13.3645 SC=10.9490 SC=5.4588
HQ=13.2441 HQ=10.7081 HQ=5.2180
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FA TR (P B 22 M EAR AT TS (B D, YRR AR A F AR KB BL. Hh R
LV JRERIIE, MOIRTESD A 00 AR A AT A4 S AR R B AN 43 o P 35 25 R Bk o7 A A il 2%
W i TR BC— I ARG, 3 B 2 AR K B EARAE K E D (B 1AD: TP 2 BLAR RS L A K B
BATHEBAEAER, WU ZEmA R T BERnAERK (& 1B). MIEERERNR D 545 KERR R
THE PN LI BOT 4R LA S5 18], RIS 2B K BE R — BUE B RO 18], 3K BN [ FR 9B B e
ARSI ZEmP AR BRI AN 6.13 4, BEAR TR KA (50 5.08 4, ZEmAEM B
AR DI TR B EAR B K

A B
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1 2 EARAE K CMG B it 22
Fig. 1 CMG model fitting curves for stem height and diameter growth

2.2 EE-HEEZMEEKRN QTL B

HRHE QTL jEAL Tk, SNP A7 w2 K Y 1) 22 S R IAE MR B A K CMG RS H b o oof BRI AH 5
FRAYFN I AL KRBT fig —FpIE R YY) CMG *ﬁﬂ%ﬁ(%,mmﬂmw ¥ Kjps By @1 D 11, G2, b, rjz)iﬁ
AT, R S HOT EROME, WS — MR RS T E LR, M3k P {H2:H] Manhattan ] (&
2. M 2 AW, fE1074 R E /KT, #id Bonferroni F21E, MIASSEIIAT f 428 KBTI S R B
EhL. o, EALBAZ KM R ER S 64 A, RERMIBEM A 117 4, £ 1. 2.5, 8,9, 11,
12, 13, 14, 16+ 17, 18 K& 19 SYfk FIHE S M. SHBAK BN nT LU —DARYEIE K Th
REVERRSIE. fan, Fetufl 12 BRI SE SNP110720 fi7 T F K KEAS HIGEHEIN s Chr5/48794 T2 5 CBS
XA, ZHEFEGID CBS 23R, 1ENMMRAEENIL KA WASH Chr14/117854 AT 2K QWRF2 [X 1
SECE VIR A DGR, FEAEM Y B E EE T Chrl3/ 111190 £7 T2 [ RING/U-box 5 HZEASE
HUE L E SO E AP a8 B 87 4 D REAE 5% o
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K 2 - EARZ I BUE KR QTL E4h
Fig. 2 Manbhattan plot of multi-stage stem height - diameter growth

2.3 £ QTL XM EZ £ KHYIE RIEH

i QTL A ik, WAMEK: HizHM AZEEMEANZHBAEKNES QTL, BA&EH IS
BOIFAa NG A [a], B B AR 1], DA SRR AN BUAE KPS B 1) R B A KA K 3 . FRATTIEH—
AR ERRAAL A Chr5/48971 BEAT X BARAE K HBAL M1 0 (B 3). X T EHAAZEMIMAEK, FEEA
AA BB A GE FF (R GE T H AN AN JER R CA FI CC (12,7 vs 11.54, 11.67). HR3ELEIIE R K CMG
BRL, A R] DA — 35 3 R AR K DL RO HAE AR K IR AN 4 o 7T LB HAE Chr5/48971 X4~ SNP fif
R =N ERRRY R OR B ST AR T 2R E SR AR K i e b, X UL BRI AR K2 B AR K
MFEIER « Fod, FERAN CA MM RAE A ST A KA I KT R AR RIS, Rk, 7R IR AN E KB B,
FEPRA CA IR AL A R A A KT8 77 o L R R CC IR A BLAR 10 RAE AR K A R AR st ) 1 T2 (R B CA,
AA  (10.14vs9.75, 9.82). 74k, MIHIRAERKAME BILEL, fE4NFH, FEFE A CC M AR BEAEKMEXT
R CA, HRKAEHR/NIRZER IS AA IR (24.63 vs 22.53 vs 19.45), Tk & B K26 24 4,
ZANBER AL R AR AE BSOS A A L e, o BRI AL AA IR ARER /N T S 4N BRI AL (8.67 vs
9.97, 9.68). BRI BAE KA Lk I TR0 AE KAB A7 A B R B BE R AR 22 S, IR BHIX AN SNP AN Az il 47 4
EEAEAAR SRR, T H R AN ER B K B R A

A cc B ca c AA
10— me- . 70 4 — Bl i ]
e g L 40
3 R ER '
Fik= 60 Bir B '
30 - |
z 463 2 50 fo e
5 / X /o
Snd 20 / :
Z / & J . £ 20
R : 5 30 / Q// :
w 10 w5 E—’i -------- -= o 253 /_,f
m / - 20 ] v 10 -|
0 i 10 w// ------------------- s
1014} | 116 0 “gFs T 114 0
1 T T T T
2 6 0 14 13 2 2 6 0 14 18 2 2 6 0 14 18 2
i Age/ year i Age/ year i Age/ year

B 3 EARIBAE R R R 2k

Fig. 3 Genotype curves of diameter multi-stage growth
BRI K R BRI KR JUE TR 3R, AR 25 8 R B AE S () A e i B 0 0 R A K o 3 e g A il
(f7o FATLL Chr5/48971 Xt HARA KE R BN ML G, X Hadt A HldE AT IR Tt (B 4D fELhE], FEPIA
CC IR R KA IR A G T o AP AN JE R, HUGR IR CA, R AA s KA R 4R/ (3.39
vs 3.18 vs 2.5) 0 IR TR A KR, S KA R A = P R R ) 22 5 A0 IF AR (1.03 vs 1.01 vs
0.9,
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Diameter Rate

BZERE Stem

Kl 4 BAEM B A K R AR i 2
Fig.4 Curves of diameter multi-stage growth rate

3 Wi

WA BRI Re AT R B e i PR A 2 MBI AE KRS, BT K MAFEM B R
B BORZE Z I B e WEARTEAS [ AR KB BUIK R B LA AE B BEIR] (4% A8 U8 52 3 A EEN LI s E . 7
AR B AR KR, AMEF BTN B SRR E L], 1 B iR SRR s sk g f TERE
HERN. BETAVZ) 2N AR AR R 2, #14 Schumacher, Mitscherlich, Gompertz,
Richards, Korf, Logistic &5HA%0 s AAE 14 & HA IR A O (WREE-F48, 2018; BhiEHRSE,
2018; XI/NEZE, 2019). HA G BRM A KM E AR, F 2SR &I B, ARMERERZ
) R L A AE X TR 354 55 R o A UM BIAE A% Lotka-Volterra #E BB 70 X MR (] I AR R R . G54
Logistic fA! . Z G Z B BUE KA (CMG), 950 H i i FELAR BB B AR K AR A T 80 b P 40 S A
",

WA A R B 2 B AL FIERBE I RE I, 7E B & AR KRB N R B — B A K st e 454, 42
PEANTERAE KL . 6T 25 - AR BUAE KIXFP HE LB RS mI R MR A MR, &3ER QTL e Al af
DAHR i i PR S8 AL AERA P DL B B R R (Klasen eral., 2016). ABFFLHEET CMG KR 0 25 - ELAR 2 Hr B
AR QTL #HATE AL, FEERIT QTL X AEKHUHI gL 42H. CMG BB AR T A K I 72 R B 1
A, BT RGUEMAHERE, KR WA E A KBS B R HEAT ORI, 5 R (M8t A% s Aor 1] UG A8 g A o
i€ SNP [1)HE R R Ry 3 M 26 2 0 1)

WALH] T b QTL M5 m A EARTELNAE I CRUFE ML AE KR BEAEA KD R I sh &P . 1
Keut, ELFEIAZE S EREK RS SRR, WA I G4 25 0 4% ) A R Bl B A K AT 3145 5 1y
(1 e B B B AR R . DR, R KB B AR KB i IR R B R IR R T — MR S R . HRIRAE K
NS, BRI A KB SN T4 ], R m] DATE AR KR ) Rt 28 BT DA . X CMG
BB TE, FRATH QTL @A/l AR /R — S e s e, O - AR K R, R
2L B A K G R BT IR B R A B TR — 20 T MR /NIRRT, EAiE
PRITE AR IRBE TR AN 254 S AL AR A S P i de 5

W AR BHTE IR PER R 72 4k, il A TR B B 1) Ik 1 T 38 A R 7 0 52 381 TS5 e 8 4
TER, JERFRATRIRE T2 AT AR J& DAER 5 45 6 PR 5T ORI P 5P 0 80 ol 1) B 5 R R I B AR KWL 55— D T
BATR M TG B — D0 BUAE K QTL XIS ik LR R T DhRe 4L 2= M oy FAE I 7, XEB T
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