ThREEE BB AN &
IFE otAEE K BRRAR

Mixed-effect model development for functional mapping

Wang Zijian, Ye Meixia, Zhang Han, Wu Rongling

AL

EE, AR, SR, BRORA. DHREAE IR IR S RN AT &) JE Aol R i, 2024, 46(5):163-172. doi:
10.12171/5.1000-1522.20220416

Wang Zijian, Ye Meixia, Zhang Han, Wu Rongling. Mixed—effect model development for functional mapping[J]. Journal of Beijing
Forestry University, 2024, 46(5):163-172. doi: 10.12171/j.1000-1522.20220416

TEZL R View online: https://doi.org/10.12171/5.1000-1522.20220416

BT BRI HAB S EE

Articles you may be interested in

HT Possion[1 HTR A RV AR A Y 14 7 A — PR R A4
First—order branch number simulation for Larix olgensis plantation through Poisson regression mixed effect model

JEmTMRL K AE244], 2017, 39(11): 45-55.  https:/doi.org/10.13332/1.1000-1522.20170204
FETIRAT RN H AT AL N TR bR AR B

Individual tree mortality model for hybrid larch young plantations based on mixed effects

JEatRll K241, 2018, 40(10): 1-10.  hitps://doi.org/10.13332/5.1000-1522.20170437
FEFIRARONASI BT LU 25 A2 BUA Hf 12 A AR Ay 7

Predicting model construction of single tree DBH of Picea schrenkiana in Xinjiang of northwestern China based on mixed effects

model

JEmETMOL KB 244, 2020, 42(7): 12-22. https://doi.org/10.12171/1.1000-1522.20190236
TR AR BN T LIRS T e AL A

Construction of the height to crown base mixed model for Korean pine

B ARl 22417, 2020, 42(9): 28-36.  https://doi.org/10.12171/.1000-1522.20190366
FEFIRAT RN Y 9 AR — GBS AR T A A

Prediction model of base diameter of primary branch for Larix olgensis based on mixed effects

JEsTARlL 22447, 2020, 42(10): 1-10. https://doi.org/10.12171/.1000-1522.20200133
WA ET A ARG EIRQTL E AL S

QTL epistasis effect analysis of seedling growth—related traits in Populus euphratica

JEEAROL 242447, 2018, 40(12): 49-59.  https://doi.org/10.13332/j.1000-1522.20180332


http://j.bjfu.edu.cn/
http://j.bjfu.edu.cn/
http://j.bjfu.edu.cn/
http://j.bjfu.edu.cn/article/doi/10.12171/j.1000-1522.20220416
http://j.bjfu.edu.cn/article/doi/10.13332/j.1000-1522.20170204
http://j.bjfu.edu.cn/article/doi/10.13332/j.1000-1522.20170437
http://j.bjfu.edu.cn/article/doi/10.12171/j.1000-1522.20190236
http://j.bjfu.edu.cn/article/doi/10.12171/j.1000-1522.20190366
http://j.bjfu.edu.cn/article/doi/10.12171/j.1000-1522.20200133
http://j.bjfu.edu.cn/article/doi/10.13332/j.1000-1522.20180332

Fa6oEH S d = % I x % 2 R Vol. 46, No. 5
2024 4E 5 A JOURNAL OF BEIJING FORESTRY UNIVERSITY May, 2024

DOI:10.12171/5.1000—1522.20220416

ThEEEBIHIR S MR B &

Iy PEE K B R

BT 2 E R 2 S HOR 5, TSR 2E b, AR 100083)

THEE: (B #9 1LAK AT B B8 bk =F B R0 ) e A A B S 5 il 368 I 7 D) R AR PRTASE TR v 5| N AR 114 [ 2050 AN AN ) 5
GR G I BE LN, RATR A BN D e BB Re IR s il o (0535 1A FEAE D fie e A HERJEA -, {38 FH KA
W BN A B FR M A KR AR Sy SEBRZ2 491, K SEFF AN SNP ik PR B4 g [ 58 28082 R SR U, s [ T8 002 PR 3R RN S8 A7 ALY, 42
T QAERERRTLNY ; FEOR B A U7 21 05 ZEAE TS BE LA 22 A AT S N, A Legendre A5 B %0y B ATL 800 A%, I
Je 17 I R RIONE TN — B ) B AL RONE PO T 6 R SEASE TR R 105 ) P PR PR AL SR Ay - 0 77 Ve 3 LT 22T 7 2 23
WL 20 I ] 5 20082, FF Fe 7 I S 280 AN 5% 2% 96 3R 3 BB ATL 8L ROV S A B CRE R 20 7317 s P Zwald A 56 1041 3 5 A
WAL p T T (R 1CD2 Mg, 95% MIbRic 2B p (-5 HEEARYE 1R S, p ERE QQ B
AR R (OB 2 AHLLAAY 1 AS I B T 5 2 (19 SNP A7 5, IR 2 T 5 8 0% F i A 1) A ATL A0 AR M B
GOSNV SR BIR : FEAR BN L JTBARI , BB BAVEFE 4.77%; ZFEA RN 800, 1B4% 14 19% I, #EH
X QTL WK IR AT 70%; BUSFEAR RN 400, 8% 7 1.5% B, QTL KILF WA 70%. (4518 1A Fide
(R E T RE A PR B e 5] N Ji] 5 28800 A0 5% 25 9 R 3 S ) AL 80 B FF) VR 6 AR 1) Y 0 M 5 35 T T e s A A, o [ 58
R Hh A B AR B R B R B AR AE T R, T RCE 23 BEWLRAOS. 5 ) R R 2 s R )5 B 58 3 D AR E o, T Tl 28 RSN S
GRFR(Q+ OB RA-EABEE | R ARG

KR DhRelER: SRR s R A AR BRIV B R VAR it B VIR A7 s

FESHES: Q943 NEMFEME: A XEHRS: 1000-1522(2024)05-0163-10

SITHE: E 7, HAEEE, 5K, 55 IR /R IR A RS R ], dEattkoll K2 244, 2024, 46(5): 163—-172. Wang
Zijian, Ye Meixia, Zhang Han, et al. Mixed-effect model development for functional mapping[J]. Journal of Beijing Forestry
University, 2024, 46(5): 163—172.

Mixed-effect model development for functional mapping

Wang Zijian Ye Meixia Zhang Han Wu Rongling
(Center of Computational Biology, School of Biological Sciences and Biotechnology,

Beijing Forestry University, Beijing 100083, China)

Abstract: [Objective] Using the abundance of Escherichia coli strains and functional mapping model as
the research foundation, this study explored the impact of mixed effects on the performance of functional
mapping model by introducing fixed effects of the population and random effects caused by kinship
relationship among individuals into the functional mapping model. [Method] Based on the framework of
functional mapping, this study employed the growth data from dynamic cultures of Escherichia coli as a
practical case. Subgroups and SNP genotypes were considered as sources of fixed effects, and these fixed
effect factors were integrated into the mapping model, leading to the extension of Q-matrix model. While
maintaining the use of variance-covariance model for modeling random residuals, the Legendre model was
employed to model random effects. A mixed-effect model analysis combining fixed effects with general
random effects (model 1) was conducted. Additionally, the restricted maximum likelihood estimation

method was utilized to derive variance-covariance parameters, random effects, and fixed effects, enabling
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the analysis of a mixed model combining fixed effects with random effects arising from kinship relationships
(model 2). Finally, the Zwald test method was utilized to derive the calculation method for p-values at each
marker locus. [Result] (1) In both models, 95% of the markers exhibited p-values that were consistent with
the expected values, resulting in satisfactory upward curvature in the QQ plot. (2) Compared with model 1,
model 2 detected a greater number of SNP loci, indicating that model 2 provided a stronger explanation for
the random effects caused by kinship relationship. (3) Computer simulation results revealed that when the
sample size was small and the heritability was low, the false-positive rate of the model was 4.77%. However,
when the sample size reached 800 and the heritability was 1%, the discovery rate of quantitative trait loci
(QTL) by the model can exceed 70%. Alternatively, when the sample size was 400 and the heritability
exceeded 1.5%, the QTL discovery rate can also exceed 70%. [Conclusion] The mixed model approach
proposed in this study, which introduces fixed effects and random effects caused by kinship relationship into
the functional mapping model, effectively improves the theory of functional localization. This approach
exhibits excellent calibration capabilities for covariate factors in fixed effects and can effectively dissect
random effects from remaining residuals. This lays a solid foundation for subsequent improvements in
functional localization and the development of software packages for the fixed effects plus kinship (Q + K)
model.

Key words: functional mapping; association analysis; mixed effect; restricted maximum likelihood
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SE AL R AN 2 ) SNP A7 i X PR 2 % ) SNP
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G5 TE 5 B A s A s I R ) U7 VR L 100,
200, 400+ 600 800 3£ 5 Fi A A Ff A &, & B 15 4% /)
0.0%- 0.25%- 0.5%- 1.0%- 1.5%- 2.0% 3t 6 Fiif i,
AN FIFEAEFIA RS AE J A 3L 30 4 S xR —
FhREAS B AN I8 AL J) (4 &, 140 SNP 38R, K BT
P SNP 225 200 8B 8 & 2 R AR sh A R A,
B J T FH AN 25 RS Bl B80S R R F 2 2 R BE AL AR B
B (9 53095 43 A T R s b ik 5 . 2438 4% 18 0.0%
i, Ziit i35 SNP H B L., {0 B 78 A B 4 =%
ML TIRT 0.0% B, Giit R SNP H L LE 3R,
LA T
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3.1 ERKIIESH
HF 100 N KA BE HE AR 36 h W AE KBS

CE 24D, 8 132 48 300 37 i 28, R g5 K ALSR v 0t
100 MR PR FE S HATEKUEG . FIH %S
K, [FIF 45 A Jiang 25 PO 32 4 T i ih 28 (1) S5 i
FEAT, THE HZ B AR BERTE 5.56 h Ll 2 it 2B K
Pirle BRZBEREGERNSERNR, AT RE
ANEEFEE R AR FE RS R B AEESITF R E
2250, v vk B A2 A i AR K 261 a. b,
r 22 HURN S 2 R8T A RN (1) 38 % Wi il A Kl 6 1
a. by r ZHCEER D, Wi — DI RIEAN S H W HH
KT EMN . EREW:a. by r SHEALF LR Z
B] ) 47 AE 8. 2% 22 57, p fH 73 7124 0.000 72, 0.002 30,
0.000 58, & Z KT 0.01. & 2B &R FE#T 4 K
WA, R 1R M E T B ORE A B 10.95 +
0.03, &bT BT WA I e Ry K P s TR 3 1 K%
9 9.86 £ 0.02, &b T F AR R 2 7 1H, T
B4 M KGEF N 0.75, IR R 5 8K
HEN 0.22, RILRNG . A [F) I FF 1) B bR AR AE K
FE AR T 2 I ZE 5, R RN 25

®1 ARETEHNESENFEERBEZSH

Tab. 1 Parameters of Logistic growth curves for different subgroups
TiH Item a b r
AN FE BN Not considering subgroup effect 11.030 4 1.8715 0.569 3
WE#£1 Subgroup 1 10.956 8 1.643 1 03127
JE##2 Subgroup 2 10.577 0 1.662 6 0.204 1
WE#3 Subgroup 3 9.862 7 1.8532 0.265 5
JE#$4 Subgroup 4 10.387 2 14145 0.746 8
TEHES Subgroup 5 10.5103 1.688 8 0.227 6
# FEE N Considering subgroup effect VE6 Subgroup 6 10.864 5 1.8879 0.2743
WFE7 Subgroup 7 10.623 0 1.7355 0.3256
WF#ES Subgroup 8 10.555 8 1.736 1 0.2823
WE#£9 Subgroup 9 10.876 2 1.7517 0.283 4
JEH#£10 Subgroup 10 10.105 6 1.578 4 0.483 0
E##11 Subgroup 11 10.649 8 1.720 6 0.326 8
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IS¢ A 151 B 15¢ c
nikB*
. 2B g i
10 10 | * ydL nikB g'l s PPe 10 b ""/n;x g]dA-':‘grL.
rgB * 1 hipX ¢ ;l‘l(:;g eoc
;yabB . . “ . opgB
................... O S
51, 5, Spi. e
0L A n A n y 0 ¢t A W h n 0t A ) A n n
0 1.1 22 33 44 55 0 1.1 22 33 44 55 0 1.1 22 33 44 55
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A. D. DnaEAE B4 2 (1) 2w AT QQ 1&]: By E. — M REHL AR A5 21 1) 2 v il KA QQ 1&]: CL F. @ + K #8453 B i) S I 11 A1 QQ . A

and D, the Manhattan and QQ plot obtained from functional mapping; B and E, the Manhattan and QQ plot obtained from the general random effect

model; C and F, the Manhattan and QQ plot obtained by the @ + K model .
3 DhReAEEIRAOR 2 PR & RS AL (Y 2 G 1 E AT QQ

Fig. 3 Manhattan and QQ plots of functional mapping model and the two mixed-effect models
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Tab.2 Gene annotation information with significant SNPs
it SNPH'5  FE[H R
Model SNP No.  Gene Annotation
Th#eE Bl Functional mapping 19513 ydiL B € HIBE &5 A 55 A Putative, zinc-binding
IhEEVE K Functional mapping 20057 hipX  BEMISMEAY)EE A Zine, dependent, endoprotease
— XL, General random effect 14587 trpB 5 R GBI %L Tryptophan, synthase, subunit, beta
—&BEHLRLRE General random effect 19513 ydiL  UERIEEES & & A Putative, zinc-binding
— MBI, General random effect 20057 hipX BRI P9 V) (1B Zine, dependent, endoprotease
—BLENL B B B K R 2R 3 1 YobB
FRBEHLRN General random effect 20249 yobB Putative, carbon-nitrogen, hydrolase family protein YobB
N Ni, ABCHH I 544 15 4 1 2%
MR . 2
FRBEHL RS General random effect 44357 nikB Putative, carbon-nitrogen, hydrolase family protein YobB
A L-1, 2-79 5 fid S Al e e =0
RBEHLIR General random effect 50949 gld4 L-1, 2-propanediol, dehydrogenase/glycerol dehydrogenase
—f&BEHLALRE General random effect 51244 ppc RS R BOR (L
Phosphoenolpyruvate carboxylase
TRE I REAE & P, .
Mixed effect functional mapping 14587 trpB R R A BEBILFE Tryptophan, synthase, subunit, beta
TRE RN T REAE . L
. £} A ks ks I -
Mixed effect functional mapping 19513 yaiL fRE P4 7 8 Putative, zine-binding
TRE I REAE & S e i 7
Mixed effect functional mapping 20057 hipX FPHCHE YY) & FIE Zine, dependent, endoprotease
TRE RN REAE 20249 B e HIBR ZUK i % R H YobB
Mixed effect functional mapping yo Putative, carbon-nitrogen, hydrolase family protein YobB
AR TR A e
Mixed effect functional mapping 20285 pirB F#/kHE B Oligopeptidase B
TRE RN REAE 20455 " RuvAB-8 FlE A7) ST E S I
Mixed effect functional mapping ruy. Holliday, junction branch migration complex subunit RuvB
TRE RN A . . . .
Mixed effect functional mapping 20794 args HREUR-RNA JEHH Arginine—tRNA ligase
TR RN D REAE ] a3 - Ni, ABCHH I I 438 14 I 3
Mixed effect functional mapping 7 n Ni, ABC, transporter membrane subunit NikB
TRA BT e 49473 - AR I 2R A TR 2L I R e Y AL
Mixed effect functional mapping me Cobalamin-independent, homocysteine transmethylase
TRE RN REAE A A o
I T
Mixed effect functional mapping 49950 ginL Y FRBHE NuB Sensory histidine kinase NtrB
TRE RS I REAE I 50949 s b 2- T T i e H i T S
Mixed effect functional mapping 8 L-1, 2-propanediol, dehydrogenase/glycerol dehydrogenase
TRE RN ThREAE 1244 TR I e P R I R AL g
Mixed effect functional mapping ppe Phosphoenolpyruvate carboxylase
TRE I REAE & — "y Z 2P MR MERR L HO5HUR/Na  H S5 BUR/K " H5 R
Mixed effect functional mapping m Multidrug, efflux, pump/bile, salt: H" antiporter/Na":H(+)antiporter/K": H'antiporter
TRA RN REAE e ts-t nh
Mixed effect functional mapping 57227 opgB  WAIIITIIE Phosphoglycerol
VELA Thie [y 2y .
T3 2008 D AT ] 57749 deoC WA IZHERETR Deoxyribose-phosphate

Mixed effect functional mapping

A S 7] S5 2 2K TR 7 K P A i — e 5 D i ) KT
X R AT B ) AR A AN ) R 1 - DO RETE
R R R, ARSCRA Q@ + KA LAIE 45 3
i B 2k DA 81 1 Dl e AR T LA e R A RCR S
AR T AR SCHE T RE AT U FIT 90 5% T 5 28 I A
UEHDRE S G
3.5 HEMERL

R 3 o T AN SRR A RN (1 D REAT B AL AT
TR 5 0L By e A TEIAE ARAE AN [ 388 4% ) A0 AS TR BE A
EAGHN TR % 3 SR DiRelE R
FEFEA B BN AL F BRI, A R PR A R 2
35.71%0; TR 2N D EAF PR R AE AR A B /) 38t

& F AR, BB B PEZ 2900 4.77%, B FH
RIWE N, ARFEAR R R ELE 5% LLN.
AN, EIRAE T8 0.25% F1 0.50% I, ThEEAF E AR
T (PR T TR A RO T R AR IR Y, 25 pE i
HAEIRAE BARK BT 35.71% KIERHPER, Xf
A A6 A2 ThAEVE B AL I s B BH P R ) 45 R . Bl
FEA B FEAL 1 AW B T, UFEAR =N 800, 1Eif
J19 1% B, BCSFEA &R 400, 4% 7108 1.5% I,
Thae A BIAE BY AR G 80N Th R AF BI85 A AR I 1)
BRI TR, Y REAS BN 800, 4% /1 1.5% I, B2
FEAR BN 400, B4E 718 2% B, 184 RN Th A E
TR (AR 7R T 1, QTL R IR 70%. M
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Tab.3 Model power for different combinations of heritability and sample size

FEA & B 4% 77 Heritability/%
Sample number Model 0.0 0.25 0.50 1.0 1.5 2.0
100 0 0.357 1 0.374 6 0.438 6 0.5123 0.596 3 0.675 1
0+K 0.047 7 0.0722 0.107 5 0.186 9 0.287 6 0.397 1
200 0 0.348 6 0.396 8 0.4856 0.5542 0.6515 0.701 5
0+K 0.047 0 0.097 6 0.1659 0.3344 0.507 9 0.667 8
400 0 0.308 2 0.434 6 0.5387 0.6114 0.728 5 0.785 6
0+K 0.038 5 0.1197 0.2326 0.4950 0.7339 0.8823
600 0 0.296 3 0.448 9 0.587 4 0.668 1 0.804 2 0.869 6
0+K 0.0300 0.1319 0.278 6 0.627 2 0.847 5 0.945 4
800 0 0.232 8 0.466 2 0.627 5 0.695 1 0.886 2 0.906 1
0+K 0.019 6 0.136 1 0.3219 0.705 3 0.902 3 0.964 8

VE: Q. IR EEIREY; O + K IRA RSN EE/EEIBEY . Notes: Q, functional mapping; @ + K, mixed effect functional mapping.
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