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Identification of Candidate Genes Associating with Fiber Lint
Percentage Using BSA-seq
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Abstract: Lint percentage is an important index affecting cotton fiber yield. In this study, an F, segregation
population containing 2403 individual plants was constructed derived from chromosome introgression line
MBI7747-14 ( Gossypium barbadense x Gossypium hirsutum ) with high lint percentage crossing with CCRI45.
The BSA-seq was conducted using two bulked samples by pooling individual plants showing higher and lower
lint percentage, respectively. As a result, four candidate physical regions showing confidence indices higher than
95% were obtained in a total length of 5.47 Mb on chromosome D2, which contained 236 annotated genes. Out
of them, 200 genes contain SNPs, 190 genes contain Indel, and 70 genes contain non-synonymous mutation
sites. Through gene expression pattern analysis of transcriptome data, 19 candidate genes possibly associating
with lint percentage were identified. GO functional enrichment analysis showed that the 19 candidate genes
were enriched in NADP" activity, aldol metabolism, carbon utilization and regulation of cell development.
This study laid a foundation for further analyzing the genetic mechanism of cotton fiber lint percentage
formation.
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MBS E BB A TEY 2, A A
MRAELF = N R 22— RIME AR AL SRR A
BOPERRE e ke BIRER Y R &
FHOCHEDR X 55 R A Ae B i A A B L

T Ak AR i R A% T R, X%
Y5 PR A 5 ( QTL, quantitative trait loci ) 3k [A]
PEATHE 40 E L 2 iR B E TR R
2L 1 R F SSR AR ICAE 15 5 Yo ik A6 ] 2 A4
K 4y QTLs, H: h qLP-15-1 7E F, BEK FIF, , % &
rh R A I 21 5L A T AR W] 9 4 F FRid JESPR152~
NAU3040 [X [0] N, qLP-15-2 X £ F,. % % T #&
mF], AF 4 F Froid NAUS302~NAU2901 [X [i]
Mo Yu 27 F) T SSR AR A0 4> ) 46 5.7, 16 5 G
AR BAGIN Y 5 A5 QTLs, fif B AL 5 380l
15.19%~18.06% , H:H 4 2 /> QTLs i & 1R it (H A

o Qin 2 F FI SSR FRiC KT 241 {5345 46 Fh R
PR BEAT 00, EALF) 17 A543 H B QTLs,
Iy BT A2 A3, A5, A6.A9 Al2 Al13.D1.D2,
D7.D11.D12 I D13 Je A fk |, Hrf Ay 54~ QTLs
SRS — 2 B HH SSR ARit 4y
BITE A10.A12.D6 YL o f | 4% % i 14> QTL,
% A7 F bR 3¢ DPL0310, NAU2672 1 NAU3588
BT, i R R T AR SRl 5.929%~16.82% ., LI I 3E
A7 3o PR AT A 5 3 A R A B R B H B 2
(1) DNA 43 F #5 10 %F F 4 i 47 388 4% 43 B, 9% i 2
SO AR H2 AR (NGS, next-generation
sequencing ) 5 & & 43 41 /0 M7 7% ( BSA, bulked
segregation analysis ) Al %5 & 1 75 ¥, il 7% A BSA-
seq, T AP 3AT 50 Hh 72 A7 55 R IR DG R g
P AR SRR B2 T AE 2 Rl
A AR R S A7 I E ST ) Zha 250 F
BSA-seq £ AR FITEE S T 10 3L TR ( VIGS, virus-
induced gene silencing ) J5 72X} 2F 8 KL K] virescent-1
PEATHRG AN E A, I BT a2 Sz MR AR i JE
GhCHLI, BRI "7 14 BSA-seq s Fil Ky £ 7% 4
BB (0 J5  ARAE AR R A T QTL A, fe s
A3 DX ] 78 A 7E 17 5 G R 2 N IXBEN : 15.96~
25.68 Mb . 40.33~41.40 Mb, X} 2 4~ X Bt Py A it 3k
D EAT T LR 454 A 0 TR DR 6 R 1k Ak 2 AT, 1
T 3N S5TFER I RS

FIAS TR ZH N 1 LT 45 T s 2 bt
MBI7747 (BC,F;,s ) 5 i it 45 it — 2l 58 | 48
P 1Y) BCGF, fF A i 18 1] 15 4K 43 FH 5¢ QTL 1y
F Beali s Bkk (BARRS . 9174669-16, )5 il L5 4t

PR MBI7747-14, 4K 538 45% ), Z AR A o3 i3 T
SEAM B MBI7747 (K 4534 34.63% ) 5 A iy 45
(KN 36.35% ) "1, ABEFE LAFARER 45 Rl A
435 2R MBI7747-14 #4921 F, 43 B BEAA R
WIS R, LA BE AR = 4K 43 DNA i1t ( H-pool )
FIE 4 43 DNA ¥ it ( L-pool ) & ifF 52 X} 4, >k H
BSA-seq I AL X [A], £5 A R T 45 R &
ML MBI7747 FELF4E R E 6 S SR 7 25
e T R A A o0 2 B e 3L IR, AR AEAC o> & B M
S LML 5T 555 FeAth

1 MR EFZE

1.1 iXEesr

AWEFE LI MBI7747-14 4 1R A 5 5 0] 5
AR T 45 458 L A SCHHE T — AN 2403 N
BRIG F, 3 B REA, T 2018 4E R 7E b [ Ry Bl
B AR AEBIF 5T BT 0 A 3 (TR 48 22 BRI T ), 5 ML AS
B WORSE Z R A AR BRI R AR AT R AR 5
KAy
1.2 DNA ZEUE &

2019 4F 8 H ,7E F, 43 B REAA rf SRR AK 3 W i
PR BR A 50 14 #4433t ( H-pool ) FIAEEAC
43t ( L-pool ), {i HIAE 4 DNA H#EHURH & (4
TR (K ) BIRAH, kS Ui, A rkt )
FEHCARE DNA,

H A 55 DL St A0 A 4 AR A R W1 H-pool
HI L-pool 51 £k DNA 284 Qubit &2 5 14l ff | 58 4
PEYEE 5, XA AR bR ) DNA Ht IR &R IR A, 2
Jei FFR UE B Mumina 32 RE #7700 T AR, XTI
1531 Raw Reads #1751 & 1Ak H-1: €45 2] Clean
Reads, il 5 ] H§ BWA 4% {4 4t H-pool I L-pool [
Clean data [t XF 3 K 48 2 % 5L H 20 B, o3 &%
24 SAMTOOLS AR EE G T TREE
£ ( SNP, single nucleotide polymorphisms ) Fl ffi A
Bl 2% (InDel, insertion-deletion ) #1 ict B4 & W) & 13
R K GATK #1547 2 1> #E 4% SNP Al InDel
Fric ks 1 snpEff #X {4 %F SNP 1 InDEL # 17
R
1.3 FEERESHNTSERGIE

A T B0 EOUE S it SNP-index ( Single nucleotide
polymorphisms index ) 7& %% & {4 1) 53417 , 43 51l 1155
Wi~ SNP-index A1 A ( SNP-index ). LA 1 Mb
M H L, 100 kb 2B, AR SNP-index 1Y
SEI{E K S Bt H-pool 1 L-pool Y SNP-index 4317,
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H-pool I L-pool /F 2% 4% ] A ( SNP-index ), #k 47
1000 VX B A 56, B 95% & A5 /K - h i 16 B A,
153 H5 VR AY A ( SNP-index ) 75 e A I #9534
FI H QTL-seq 4 11 2% 77 i ' A ( SNP-index ) >95%
(1) B A5 KF-F G Ge it 2407 2 1Y g-value<0.01 i
FE i 3 X B, AE o 3% X [E) Y, B B snpEfT Y
BELE AL, M ek B A A [R) S 58 A% {57 A5 7E 1)
HEH
14 (REEETEE

FI R R 820 T X O AR (MBL7747 Fi A A
JIr 45 ) FELF4E % F 19 6 -1 1 (5 DPA ( Days post
anthesis ) .7 DPA . 10 DPA . 15 DPA .20 DPA . 25
DPA ) [l 24145 R %58 GFOLD [RIfH, a1k
X BN =0T 1| AEF4E & BT 25 T A 1) 5
RV hy 22 S RN BE I, 41025 S5 PR LU X 1) i e A S
FEDA L e 5 A R [A] SCEARA i HL 25 S 3Rk Y 3

®1 ROERGEITER

Table 1 Statistics of lint percentage characters

PRI M e 26 R, 3 3 Omicshare P32 (https : //
www.omicshare.com/) Xf & # 7 GO ( Gene
ontology ) w471 o

2 FERESH

2.1 ROMERFETTHH

& i Microsoft Excel 2010 % {4 %f F, #f 44 op 5
A S0 34548 11, Origin 51422 1 1o A% A< 43 TR oL 4
2Rl Ho SRR AR AL A S B/ IMELR 20.40% , 5 K AE
H 49.20% , F-HAIE g 32.34% , Wi 280K 1.27, (i
ZHCH0.01 (£ 1), UiBH F, BEA bR AL SRR A 43
BIRCRR AR, RN BRI A0 HASAEAE LU BIC R A
B IR, B O MRS L4 4. L-pool &K
93 TE 24.62%~29.12% 2 [8], H-pool 4K 43 7F 38.00%~
43.61% Z 1], 2 DRI it A o R A AR 2 2
S 1), 554 BSA b ER .

R FEAEL FME(%)  wRME(%)  PHH(%) ZRRE(%) W E e
Material Number of samples Min. Max. Mean crv Kurt Skew
F, 2403 20.40 49.20 32.34 9.20 127 0.01
A<t H-pool 50 38.00 43.61 39.35 2.93 2.88 1.58
%A 43 L-pool 50 24.62 29.12 27.87 3.90 0.38 -1.02
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Fig.1 The phenotypic value of lint percentage
in both pools

2.2 BSA-seq il #HE S 1

X} H-pool F1 L-pool 43 il i#F 47 5l J57, i U 5
JL75 5 284.21 G HY clean reads, 2 PHEA 1 R 45 5
B R 8% LU X B 2% B 2 B iy Le il R

¥IHE 96% L) I, GC % & IE &, 77 3l /& 37.69% #1I
37.70%, ¥ it ~F- ¥ 0 7 R B 7E 58.76 x LA I, 1x
reads 78 5 & L R £ 99.48 % L) I, 10 x reads 78
o JE R AE 99.12% DL (2 2), H sk nf DL AR 52
5 Fir A 00 P 50H 0 A ASCHSCH I o v T HL A TS
Yy, B A REAS I R R 8, I OE DN )T s
SR AL S L R A L 2 R, AT TR 2L
53T o

XF 2 AR T A AR TR 2 S AR S A AT
5L, SNP R I -5 v B 45 SR 3¢ B H-pool 1 L-pool
FL 3R 15 4080280 4~ SNPs, H: 4 S 28 4% fiY) SNP 47
26536 1>, [f] X 28 7% #) SNP 5 15007 4>, & |k 142
Tl SNP £ 618 4™, 4 1FF &K SNP A7 174 4>, 46t /
H{5°h 1.94, InDel HAGIN 5 1 R 45 522 B H-pool
F1 L-pool H: 3815 878785 /> InDels, H: H 5] i # 15
RAZHIA 1464 4, SNP Fll InDel 745 55 2 Al 3= %2
JEFEDA [ DR R ] R P , SER G
5 DX R AR S/ DF L R GRAS IX (6 3 ),
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Table 2 BSA-seq sequencing data statistics

ST AT R T 26 2
‘ 2 reads 3 ‘ Hestt Ll GC 45t SP-AATI R 1 xreads 7855 10 x reads 78 55
FEA Hext reads %% (x) JELEH (%) FELLR (%)
Number of (%) (%) .
Sample Mapped reads . Average sequencing 1 x reads 10 x reads
reads Mapped ratio GC content . .
depth coverage ratio coverage ratio
R A4 H-pool 869281932 851907314 98.00 37.69 58.76 99.61 99.12
A L-pool 1016199300 985046259 96.93 37.70 66.58 99.48 99.21
x3 TRUSFESITR
Table 3 Statistical table of notes of variant sites
S AE R SNP % H InDel % H AR S A SNP % H InDel % H
Variant site information Number of SNP Number of InDel Variant site information Number of SNP Number of InDel
4hEF Exon 42164 2288 i L7 Missense 26536 -
AT Intron 117647 29142 [ X %7 Synonymous 15007 -
FEPH L Upstream 719041 160073 FI %45 Frameshift - 1464
FEH R Downstream 588230 196944 4 Transitions 3452682 -
JLFE] X Intergenic 2608578 488954 Hjif#] Transversions 1777911 -
L THR-AT Stop gained 618 72 et / FUfE] TS/ Tv 1.94 -
Z k7 22k Stop lost 174 22 S Total 4080280 878785

- BB AT AE

- Indicates that data do not exist

23 RERBRSH

FIF A ( SNP-index ) Fl G-value 256 ) 515, 7
D2 YL o (AR5 5] 4 4~ QTL i 1% [X [7] ( QTL1: 37.80~
39.09 Mb, QTL2: 55.33~56.50 Mb, QTL3: 57.85~
59.58 Mb, QTLA4: 59.88~61.16 Mb ), . K /N Jy 5.47 Mb

A ( SNP-index )

(E12), X 4 Ak X (A A4 B 236 AN FEH, 198
YERE, TEMREE X EI A, A 7912 /> SNP 48 5
PSR TE 200 LA L, 2077 4> InDel 28 57403 45
SYARLE 190 ANFE L, A R R o8 AR 7 i i SE A
H 704,

~log,, (P-value)

2.

W

| |
3N N aWY \
“’M \ AI l'.a\."'\_‘"qu‘ilb\‘ [_)'\Jnlwl‘k U'/\l LV“

FEPILNIE (Mb) Genomics position
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FEPILNIE (Mb) Genomics position

A: A(SNP-index ) 75 D2 Y (LR B4 , 1 (15N A ( SNP-index ), 18 (L2  99% EHELR, B4 95% EELk,
21020 A (SNP-index ) QI % 5 iUPLE LR ; B: G value 1£ D2 YLt iR 1434 , L0028 K -log,, ( P-value ) F{HZk
A: The distribution of A ( SNP-index ) on chromosome D2, blue dot is A SNP index, orange line is 99% confidence line,

green line is 95% confidence line, red line is fitting line after A ( SNP-index ) window,

B: The distribution of G value on chromosome D2, the red line indicate the -log,, ( P-value ) threshold line
E2 ZEXREED2 LEFENDH

Fig.2 Distribution of candidate intervals on chromosome D2
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4 dl, IR 4RI 14 A 13 R, B
7E 20 DPA #1125 DPA (2] 4 40 41 rp 22 {363k 4B
2H A 16 K, EEAE 10 DPA il 15 DPA 1)
LU LUR 2 S GR; 5 3 AL 23 MR, R
£ 5 DPA Y 27 dE 2l 21 rp 22 S 23k 5 41 4 14095 22
AEEH, FEAE 5 DPA . 7 DPA il 10 DPA 14742
i LR Rk . WRARA4E LB SR UL, L E
4 YL LR 32 B2 5 45 Ak 20 A K 30 0 i R 4
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2.5 REEES

TEAGAE D[R] Y, K 74 4> 22 5 3R PR 70 4>
T AER] XA BB R A THCE AR 15 3] 19 DMHER]
SGEAR I 22 S IR A B B A A R AR Y 22
PRI T A P A AEA o O R BE A . il
CottonFGD ( https: //cottonfgd.org/search/ ) #f 17 F&
IR (3R 4 ), XHMEEIL N IETT GO B4 (A
3B ). GO &L R iR, 19 AEHW K 28 4
ZH YIS RS GO TIE i 3t 15 Fh,
KZ 5 R 2l 210 o B A0 2 A OGS
e Foiterh, KA & BT s &
UIGesc B TR 4 7, BRI IR 2 6 T
LIRS 53

3 iTig

AR, T ) R AR UE T BSA-seq
T A TKAE K TSR AR 0 MR A OGS
PR 5 37 v B i . Wang 250 F1] ] BSA-seq 7E il
A6 Y AR S 1A 5T SRS A S AR DG Y
F 2% QTL (bal ), K J5 H InDel 45 i 7€ F, Bf {4
HEATVE B AT, Fe 45 51 82 4~ 5 3h S b 4 XA AH
KB FE R, H AR B LR 5 00 S AU e I [ s 5 R
FELE R K Bnad0639380D A Ay i 52 4345 £ 14 i
JEP . Song % i JH BSA-seq 7E K & 1,11 5 4t
A e A 3 2 A4 R O R i B 2 A
3 [X 6] - qCC1 AT qCC2, 7 2 /Mg X ] P 18 7
SSR ARS8 B 1A 4l 22 7, e 2 qCC1 e 1 5] 1
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Table 4 Functional annotation of candidate genes

T X i) o FeBI i Ak IF) LG iR H

Candidate A ID R H I.)J RETERE . (bp) Number of non

interval Gene ID Gene Name Function annotation Sequence length synf)nym.ous

variant sites

QTL1 GH_D02G1303 At3g17800 UV-B %S 11 At3g17800 1658 1
GH_D02G1306 ABCGI1 ABCG 11 2941 1
GH_D02G1307 DHBK 3, 4- I - T 8374 1
GH_D02G1311 SKOR A FilE SKOR 21061 2

QTL2 GH_D02G1759 TBL2 BRI H 2654 1
GH_D02G1766 PCMP-E14 K P E BT At5g27110 1973 2
GH_D02G1771 Atl1g60420 BEAEM 1 2152 1
GH_D02G1778 NA TR R TNt 6753 1
GH_D02G1779 AOR NADPH {§ it s s ity 4150 1

QTL3 GH_D02G1845 LBD42 LOB 543125 11 42 780 2
GH_D02G1855 CSE AR P 55 P 7 it 3224 1
GH_D02G1857 AtMg00310 LRRIARTE T AtMg00310 1663 4
GH_D02G1866 alxA ALG-2 HAEHEH X 7401 1
GH_D02G1871 nadD SRR T RN T TR A5 Tty 5692 1
GH_D02G1877 LRKI0L-1.2 MR 10 PG IR B8 37 (A 1 1187 1

AR 1.2

GH_D02G1878 NA HIAIBE -6- BEIR 1- IS 3474 2
GH_D02G1892  Os08g0536000 PIFARR AR U E1 B0 B-1 5035 1

QTL4 GH_D02G1971 STAI STA1 & 3101 2
GH_D02G2006 petC YA ZE bo-f B AR LA 1820 1

AMUE 4 NTEBIEN Y 30.7 kb X, qCC2 #l 7
B 1A 9 A KR 19 67.7 kb X 4, Guo %>
FIFH BSA-seq 7 6.9 S YL A (i £ K/ 0.82 Mb
A4 3 DX, I 5 98 LA, 45 & Longjing25
F1 Longjing11 % 5 41 25 A e e DX [A] N 4k 5] 50 4>
2B FR A, 45k KEGG 1R 1 1% & 45 20
B R AE K FE 2 B E 4 DT Ik L R, AR
W 5¢ v K] 1 BSA-seq ¥ 7E D2 3¢ 4 44 4% 5] 4 4>
5 2 4 A 43 M 56 Y QTL % 3 X ], X5 g 9>
7E D2 Y¥ {5, {K 57.79~59.16 Mb F1 60.54~60.58 Mb
2N X AN A E B T AN SRS HHOE QTL, 5 HA
43 QTL 52 v 45 FAH b I3 1 4K 1 e-PCR 422 31 2
HIHA ORI, S X [E 535 /E 1.31 Mb £ 0.04
Mb. 3 &b, 3k A5 A4 75 D2 4% €5 14 58.89 Mb Fff
AL SE AL E) 1A 5 R QTL, B8 k™ 75
D2 4 {4 60.08 Mb B T 2 7 2] 1 4~ 5 4 50 4 6
() QTL., XIE:ES" 2 %f 180 11 1 KL ki Hiu A & 2 7=

AR YR T AVEE RRTRBh o S A R
15 RSB, 76 D2 e B & B 1 A4 43 G K I
IO CGR5657, FKIEC % 115 175 Rk
HEAT P B RN AT 4 5 PEA, 76 D2 ek 80 1 A
KAy IR I ARIC A S HAU3236, {H & CGR5657 Fil
HAU3236 fnic I B fifi e 7F D2 Jeafk b, HAKJH
BRIARAL, F3AMEABFSEH QTL1 F1 QTL2 MMk
XA IR KA QTL i, DL EUil] T AW
H QTL & o7 A EBf 14, IFHIE 55 BSA-seq ¥ 7 5 i
PR E S A AT T

KT R AE LT Y 7= AU AR = 1 10 E 4 R
LT 47 B T 2T 4 1 A K R AR G
R LT Y S R 6 12 )22 0% P At B A i R TR B 1) , 455
AN B2 LT AT DL K REAAR MR AR 4 MR 4
RIS T FFAE 2 K, 70 0025 SRR, 27 240
Tt 298 B A A F G A0 K R IR W 5 Uk BE
JEL 0 o R A0 i B v 2T 4 2R R I B, B
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J R S 440 P TR A — ARFR LT 4, R Rk A
R I RS 30 7 T A (1) A A K 3 5 i 1 s 1) B 9]
KL UEAH I 2 AN I 0T 2T 4 7 B i TR I B A E A
Ho ARW5EH7E BSA-seq 71 2 1 4 4~ QTL fi ik
DX B]IN , 256 SR AR B S5 20 45 S R T R T B 40 M, 4
e T 19 D 5K & B LR,
34 3t [ (GH D02G1845 . GH D02G1855 Fl GH _
D02G1857 ) A YK A< B ] ( 0~20 DPA ) 2%
Sk, H 8 1E QTL3 N, GH _D02G1845 # It B
N5 LOB 25 M3 45 111 42, J& T AS2/LOB % ik, 5
SRR B8R B A s 4 GH
D02G 1855 Bl V= F& hy Wi ME IBE T R R G 1l , 2 5 K i
A A R SRR GH_D02G1857 3
REARJN; R LIk 3 AL AT RETELF 4R P FE &
HERZEH. 550, A 2 1M (GH_D02G1866 Fi
GH_D02G1971 ) e L7 A S AR B 91 25 S 3R 8
H %8 7¢ QTL4 N, GH D02G1866 % 1F F¢ i ALIX
EHLERIEE I 25 ABA WA SR 6l
D02G1971 #{iER N STAL A, Z 5 m A AR
A=Wy iaE 2 R, QTLA P B 2 AN H AT g xt
A hnE S RS EEAEH S5, E QTL1 T
W FE P GH D02G1311 3% 3 P 9l 7 8y 40 3 18
B, S GG R S 5 78 QTL2 T
M F)E K GH _D02G1759, 1% 3 [H 8% 1 B¢}y TBL2,
J&F TBL K%, 25 4 ik 24 £ Bk 184, i 7
& B8 TBL38 £ £F 4 K & & o 72 rf H A 4 A
FHUYS SIS 2 AP A T A K A KOk S
WA ZF LA 73 o LA P i 1 35 DR X6 2 24 3 B 32 MR
AR 05T, Jagenl sEAT S P50 4007, F
— LA DR rh 9 AR 67 55 [ ) 2 R IR T 5 AR A
EHIIRE AL, W VIGS FFJE K g 5 R 85
MAAEBALHE AL T I R D BRSO IE 45

Sk
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