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Abstract: The problem of abnormal heading in hybrid rice caused great economic losses in recent years. The genetic
basis of this phenomenon is still ambiguous and not documented up to now. Four test-crossing populations were
constructed using 38 introgression lines (ILs) from Shuhui 527/Fuhui 838 population as male parents and four male
sterile lines (II-32A, XieqingzaoA, Gang 46A and Jin 23A) as female parents. The phenotypic evaluation was
conducted in Hefei, Hangzhou and Guangzhou in late season. QTL associated with photosensitivity (PS) was identified
using one-way analysis of variance (ANOVA) and two-way ANOVA methods with the genotypic and phenotypic data.
Progeny testing showed that 55 combinations did not head in Hefei, but normally headed with delayed heading date in
Hangzhou and Guangzhou. A total of 12 QTL for PS was found in more than two environments or populations. Using
two-way ANOVA, 31 epistatic QTLs affecting PS were detected in Hangzhou and Guangzhou, five of which were
stably expressed in different populations and environments. The loci interaction between RM331-RM2, RM331-
RM5346, RM3395-RM16 and RM3325-RM53 played an important role in controlling the formation of Daqingke for
combinations from test-crossing WD57, WD71, WD77, WD78, WD80, WD85 and WD88 with four-types of male
sterile lines.
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Table 1. The performances of heading date and yield related traits of four test-crossing populations, introgression lines, and recipient parent.

Hi g ok il B 1) Bk BORRA RO R R AL KL
Site Material HD/d PH/cm PN SN
4 A8 Hefei Q44" Combination Q° — — — —
XF IR 41 A 1-32A/ %1% 527 11-32A/Shuhui 527 99.04+0.7  129.24+2.4 5.0+0.8  195.2416.9
Check combination Br 3T R A/ %K 527 Xieqingzao A/Shuhui 527 97.0+1.6 123.2+£2.4 6.040.7 147.4+18.0
X 46 A/ %1k 527 Gang 46 A/Shuhui 527 95.040.8  112.343.7 5.340.2  165.14-14.6
4 23A/ K 527]in 23A/Shuhui 527 96.0+1.2  111.1%1.9 5.040.6  172.3415.0
Z K 3E A Recipient parent EjPK 527 Shuhui 527 95.040.0 112.840.3 5.240.7 137.340.5
A ZBER Introgression line 96.0+2.1  118.5+6.3 5.5+0.6  147.34+17.0
B M Hangzhou Q 414 Combination Q BEIR T Pop I 145.6+3.5  109.5+3.1 7.5+1.6  105.7420.0
e Pop 1T 137.54+4.6  118.00.9 6.2+1.5 125.8412.5
FER T Pop M 145.6+3.5  117.4+3.5 5.5+1.0  160.7422.0
BEAR IV Pop IV 138.745.9  117.7+3.4 6.5+1.7  144.1%25.2
- Mean 141.9+4.2  115.0+4.0 6.4+2.0 133.8423.2
XF IR 41 A 1-32A/% % 527 [[ -32A/Shuhui 527 86.01.6  122.0+2.7 6.34+1.4  142.5419.8
Check combination PriE R A/ B K 527 Xiegingzao A/Shuhui 527 86.0+£1.2 122.742.3 7.3+1.7 115.4414.1
[X] 46 A/ %1% 527 Gang 46 A/Shuhui 527 90.0+1.6  122.3+2.5 7.54+1.6  155.2+13.3
4 23A/ %K 527 Jin 23A/Shuhui 527 86.041.5 1157427 6.841.4  137.4%16.9
Z K 3E A Recipient parent YK 527 Shuhui 527 88.0+0.0 105.0+1.6 6.240.7 107.54+8.7
S A ZBEK Introgression line 87.74+3.8 109.048.2 7.4+1.2 115.7424.7
J” M Guangzhou Q #4145 Combination Q FER T Pop 1 84.8+2.9  115.9+3.3 6.7+0.8  193.4+34.6
e Pop 1T 82.243.1  115.9+6.3 7.6+1.1  162.0412.0
eI Pop N 83.1+3.3  123.4+6.9 6.9+0.7 187.5+18.6
BRIV Pop IV 81.9+3.0 121.8+4.5 7.0+0.8  186.6+21.0
¥ Mean 83.0+3.2  119.3+6.3 7.0+0.9  183.0+27.9
X HE LA 1-32A/% 4% 527 11-32A/Shuhui 527 70.5+2.9  115.2+4.5 7.8+0.7  177.8420.7
Check combination PR A/ B YK 527 Xiegingzao A/Shuhui 527 66.0+2.4 112.0+4.4 8.3+0.8 180.5+23.6
Xl 46 A/ %K 527 Gang 46 A/Shuhui 527 70.040.9  120.142.6 6.240.8  178.613.5
4 23A/ K 527 Jin 23A/Shuhui 527 66.02.3  115.843.4 6.940.7  169.0%15.7
Z Ak FE A Recipient parent % 527 Shuhui 527 74,0409  108.9+1.8  6.240.7  150.4%5.3
S A ZBEIK Introgression line 72.34+1.2 112.14+4.3 6.7+0.8 152.84+22.0
i, A5 R o T 51 L B EEES BRI BBk
Site Material GN SF/ % GW/g GY/g
A8 Hefei Q %" Combination Q"
XF IR 4 A -32A/% %% 527 11-32A/Shuhui 527 156.5+15.3 80.2+7.6 30.3+0.7 23.7+1.0
Check combination PriE R A/ B K 527 Xieqingzao A/Shuhui 527  113.34+16.4  76.945.7 27.140.6 18.442.0
[X] 46 A/ %1% 527 Gang 46 A/Shuhui 527 136.9+15.2  83.1+7.4 30.6+0.7 22.24+1.6
4 23A/ %K 527 Jin 23A/Shuhui 527 123.3%+11.4  71.84%5.9 31.341.1 19.342.4
Z Ak A Recipient parent % 527 Shuhui 527 112.240.8  81.14+0.3 28.840.3 16.8+1.0
S A ZBEK Introgression line 115.24+11.8 78.249.9 30.4+1.7 19.3+2.9
B M Hangzhou Q 414 Combination Q BEiR T Pop I 75.3+23.9 71.2+9.6 23.940.8 13.5+2.9
BEURTT Popll 82.7+18.6 65.7+7.5 28.5+3.8 14.6+3.0
eI Poplll 88.6+24.9 55.2+7.0 23.8+1.3 11.6+1.7
FERIN PoplV 83.1+23.4 57.6+7.3 25.0+2.4 13.5+3.9
1y 82.1425.9  61.449.5 25.342.3 13.3+2.9
Xf HE 41 A -32A/%5 4% 527 11-32A/Shuhui 527 107.5+18.9  75.5+6.5 27.84+1.3 18.8+1.9
Check combination P A/ 527 Xiegingzao A/Shuhui 527 89.4+15.9 77.5+5.4 28.2+2.1 18.4+3.2
Xl 46 A/ %K 527 Gang 46 A/Shuhui 527 104.3415.5  67.247.4 27.643.2  21.642.9
4 23A/E K 527 Jin 23A/Shuhui 527 105.0415.8  76.44+5.3 27.641.2 19.743.9
ZAK A Recipient parent K 527 Shuhui 527 84.546.8  78.540.5 29.640.2 15.5+1.8
S A ZBEK Introgression line 88.0+19.1 76.046.5 28.341.5 18.4+3.4
J M Guangzhou Q 414 Combination Q Bk T Pop 1 175.4+35.5  90.6+4.7 26.340.9 30.9+4.2
BT Pop 1 142.0+15.1  87.7+4.1 30.2+1.0 32.6+5.5
FER T Pop M 168.14+18.8  89.7+3.1 28.2+1.1 32.7+3.9
FEAIN Pop IV 164.6+19.1  88.3+4.4 28.2+1.3 32.5+5.8
R 163.24+28.4  89.2+4.2 28.14+1.7 32.1+4.8
X HE 2 A -32A/% 4% 527 11-32A/Shuhui 527 146.1+31.1  82.2+5.4 26.5+1.4  30.2+2.6
Check combination Pr A/ 527 Xiegingzao A/Shuhui 527 130.84+32.3 86.345.3 28.1+1.5 30.444.5
Xl 46 A/ %K 527 Gang 46 A/Shuhui 527 153.614.4  86.0+3.6 28.240.8  27.242.7
4 23A/ K 527 Jin 23A/Shuhu 527 141.6424.1  83.844.2 26.941.2  26.343.7
ZAR AR Recipient parent K 527 Shuhui 527 132.1+3.5 87.840.8 29.8+0.0 24.4+2.9
S A ZBEIK Introgression line 132.6+20.9 86.8+4.6 28.8+4.4 25.64+3.6

TEAAMBERES . BT — 1-832A/ S AR IR T — 58 A/FAZHERN — X 46 A/ FAZIHERN — & 23A/F AR,

* Combination Q , Abnormal heading in Hefei. Pop [ , [[-32A / introgression lines; Pop Il , Xieqingzao A / introgression lines; Pop [l »
Gang 46A / introgression lines; Pop IV, Jin 23A / introgression lines. HD, Heading date; PH, Plant height; PN, Panicle number per plant;
SN, Spikelet number per planicle; GN, Filled grain number per panicle; SF, Spikelet fertility percentage; GW, 1000-grain weight; GY, Grain
yield per plant.
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Table 2. QTL associated with photosensitivity detected in different test-crossing populations under different environments.

563

B PR A Fric (A Hh o5 RN F{H A DS
QTL Marker Position*/cM Environment Population” F-value Probability R*/%
gqPS1.1 RM5346 45.4 Ht M Hangzhou 1 5.53 0.0255 10.6
II 8.66 0.0060 16.3
Il 5.37 0.0275 10.2
v 11.80 0.0019 24.6
] M Guangzhou I 5.58 0.0244 9.9
qPS2.1 RMS53 32.7 i Hangzhou 1l 4.60 0.0397 7.6
11 5.04 0.0323 9.4
J M Guangzhou 1 8.69 0.0058 15.4
Il 5.90 0.0207 10.2
v 4.91 0.0339 8.3
qPS3.1 RM282 100.6 A B Hefei I 7.18 0.0134 18.8
#H I Hangzhou 1 4.53 0.0411 7.4
I 5.40 0.0262 8.7
I 7.66 0.0095 14.8
v 4.62 0.0398 8.3
I~ Guangzhou Il 6.60 0.0146 10.9
v 5.24 0.0284 8.4
qPS3.2 RM520 191.6 M Hangzhou 1 5.65 0.0238 10.4
J M Guangzhou 1 8.30 0.0070 15.6
I 7.42 0.0101 12.9
I} 6.78 0.0137 12.0
qPS7.1 RM481 3.2 4B Hefei Il 12.40 0.0018 29.9
#i M Hangzhou 1 4.20 0.0487 6.6
I 4.41 0.0432 6.5
I 6.35 0.0171 12.0
v 4.97 0.0335 9.2
J7 M Guangzhou I 4.91 0.0333 7.3
v 5.24 0.0284 8.4
qPS7.2 RM3325 9.6 B M Hangzhou m 4.77 0.0370 8.7
v 8.93 0.0057 18.6
qPS7.3 RM2 36.1 #Hi N Hangzhou 1 7.32 0.0108 13.6
I 9.69 0.0040 18.8
v 6.67 0.0149 13.2
J7 N Guangzhou 1 5.51 0.0249 8.9
I 5.66 0.0227 8.6
Il 8.57 0.0060 14.7
v 8.77 0.0055 15.5
qPS7.4 RM336 61.0 A B Hefei 1 6.38 0.0212 21.2
I 9.26 0.0058 23.7
i Hangzhou 1 4.23 0.0482 7.0
J7 N Guangzhou 1 4.23 0.0476 6.1
qPS8.1 RM3395 52.9 M Hangzhou 1 13.50 0.0009 26.4
I 7.65 0.0092 13.8
I 18.70 0.0001 32.6
v 5.09 0.0317 9.9
J7 N Guangzhou 1 18.20 0.0002 30.5
Il 12.50 0.0012 21.4
I 20.80 0.0001 32.3
v 7.34 0.0106 13.2
qPS8.2 RM331 69.0 M Hangzhou 1 41.20 0.0000 36.3
II 10.90 0.0022 14.3
Il 65.80 0.0000 38.0
v 8.70 0.0061 12.5
J7 N Guangzhou 1 32.20 0.0000 28.6
I 37.30 0.0000 30.9
mm 67.60 0.0000 35.9
v 17.10 0.0002 13.5
qPS8.3 RM284 83.7 4B Hefei v 6.84 0.0158 18.7
i Hangzhou Il 11.20 0.0020 19.7
qPS9.1 RM219 11.7 ANE Hefei I 5.13 0.0342 19.6
N Hangzhou I 6.71 0.0094 20.0
I~ M Guangzhou Il 4.71 0.0371 12.2

QTL iy 44 J7 W35 A McCouch(2008) £2 Hi iy B0, B 4238 A RHA . ¢ FF 3k 5 T2 H AR PEAR AR R 9 4 5, <7 IR TR T e L B 46 ) QTL
JP5 . ¢ AR SSR bRic AR AL E B RS A Y R IR A B, R T, TT-32A /RARTEMG TR M E R A /A RBEE;
BRI, ) 46 A/ T ARFEMBEIRIV .4 23A /SARBEE, £ 3,

QTL nomination: italic characters and digits. initiated by ¢. followed by abbreviation of trait and chromosome number, then “.” followed
by series number of QTL in the chromosome. “ Denotes the related position (unit: ¢cM) of SSR markers in the chromosome of genetic linkage
map. "Pop I . I[-32A / introgression lines; Pop Il , XieqingzaoA / introgression lines; Pop [l s Gang 46A /introgression lines; Pop IV, Jin
23A / introgression line. The same as Table 3.
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2.2.2 R QTL Z A 547

FIH XL 7 22 43 B (two-way ANOVA, P <
0.01)XF 4 A 5 Ff AR A5 7 A FR 58 (BTN AT~ 91D
HESEME QTL #E47 BAE 4B, SeA I 5] 31 %) B AR
Pl (F 3y, Hop ZE BN ARG I 2] 20 XF, 76 T M A
] 11 %5, 07 FERES 6.9.11 Ml 12 YL @ K51 8
Zye i b3 KB 23 ANARiC . B0 TR A AN BE
fEREm RMAESZNT 5.23% ~31.7%., Frid
RM153, RM16, RM2, RM213, RM229, RM258,
RM273, RM297, RM324, RM331, RM3325,

th E K RS RL2# (Chin ] Rice Sci) 55 27 55 6 11(2013 4E 11 H)
RM3395 ,RM53 Hil RM5346 5 P54 8% 954 L F Y
LS AETE A, Hid RM331 45 RM2,RM331 5
RM5346 ., RM3395 5 RM16,RM3325 5 RM53 3t
DU X EAE AN ASCEE BT A N A R 22 A IR TP b
(] A A D0 21, AR 2 B A 5L RM331 5 RM2 78
WA BT 43 0l fif BE R T AR 7 26.6 %0 (BTN Al
25.5% (J7HD .
23 AERUSBELEMIIN
HRBAHEHME D KEZH QHAAEHFA
ZARXARTEN FLRM331HIRM3395 [ 48 A [A] 72 fE &

R3 EFMAITTMIRIET 4 A0 B AN 2 %02 B QIL
Table 3. Epistatic QTL affecting photosensitivity detected by two-way ANOVA in Hangzhou and Guangzhou.

Hh i REIAR i1 PRI o7 & fisi 2 PR & F g HE A TR
Environment Population Locus 1 Chromosome Position Locus 2 Chromosome Position F-value Probability R*/%
I Hangzhou 1 RM297 1 155.9 RM229 11 77.8 7.84 0.0098 17.7
RM53 2 32.7 RM3325 7 9.6 7.83 0.0093 18.9

RM273 4 94.4 RM153 5 0.0 7.22 0.0085 16.7

RM3325 7 9.6 RM560 7 54.2 7.03 0.0071 19.2

RM2 7 36.1 RM331 8 69.0 9.76 0.0043 26.6

Il RM158 1 78.4 RM520 3 191.6 10.20 0.0033 24.0

RM53 2 32.7 RM3325 7 9.6 10.80 0.0026 23.9

RM138 2 196.8 RM331 8 69.0 7.83 0.0086 14.2

RM16 3 131.5 RM3395 8 52.9 10.00 0.0035 21.8

RM16 3 131.5 RM258 10 70.8 9.60 0.0044 23.9

RM3839 4 72.8 RM153 5 0.0 8.36 0.0083 25.8

RM273 4 94.4 RM153 ) 0.0 8.36 0.0083 25.8

Il RM5346 1 45.4 RM331 8 69.0 10.10 0.0022 30.2

RM53 2 32.7 RM3325 7 9.6 7.82 0.0094 17.4

RM16 3 131.5 RM3395 8 52.9 8.44 0.0067 18.2

RM334 5 141.8 RM331 8 69.0 7.28 0.0083 18.3

RM216 10 17.6 RM258 10 70.8 8.70 0.0070 25.7

I\ RM324 2 66.0 RM213 2 186.4 11.80 0.0021 31.7

RM53 2 32.7 RM3325 7 9.6 9.74 0.0045 23.4

RMS53 2 32.7 RM331 8 69.0 8.86 0.0062 17.5

I Guangzhou RM2 7 36.1 RM331 8 69.0 8.25 0.0075 25.5
Il RM5346 1 45.4 RM331 8 69.0 10.50 0.0024 13.7

RM16 3 131.5 RM3395 8 52.9 14.40 0.0034 17.4

RM2 7 36.1 RM331 8 69.0 9.40 0.0042 5.5

RM481 7 3.2 RM2 7 36.1 14.50 0.0053 15.1

RM3395 8 52.9 RM284 8 83.7 15.30 0.0076 13.1

1T RM297 1 155.9 RM229 11 77.8 7.90 0.0082 19.2

RM5346 1 45.4 RM331 8 69.0 7.76 0.0089 6.6

RM2 7 36.1 RM331 8 69.0 10.00 0.0030 6.8

I\ RM53 2 32.7 RM3325 7 9.6 18.20 0.0002 10.9

RM324 2 66.0 RM213 2 186.4 7.99 0.0086 5.2
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Fig. 1. Genotypic distribution of QTL associated with photosensitivity on male parents of the Q and non-Q combinations and male sterile lines.
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Fig. 2. The performance of abnormal heading in hybrids of testing

crosses between male sterile lines and yield selected introgressed

lines.
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