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Mapping of QTLs for root morphology and nitrogen uptake of maize
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Abstract: [ Objectives ] There is a strong relationship between maize root morphology and nitrogen uptake
capacity. In this study, QTLs for maize root morphology and plant nitrogen uptake were identified using single
segment substitution lines (SSSLs) to provide support for fine mapping and cloning of major QTLs controlling

maize root morphology and nitrogen uptake. [ Methods ] 150 maize SSSLs derived from a cross between a N-
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efficient inbred line Xul78 and a N-inefficient inbred line Zong 3 were used for solution culture. Ca(NO;), was
used as nitrogen source and high nitrogen level (4 mmol/L NO;") and low nitrogen level (0.05 mmol/L NO;") were
supplied for each line, and each N level had six seedlings. After 20 days culture, seedlings were harvested, and the
biomass and nitrogen contents of shoots and roots were analyzed respectively. Total root length (TRL), root
surface area (RSA), root volume (RV), root average diameter (RAD) and root tip numbers (RTN) were
determined from the root images using WinRHIZO. According to the results of the T-test of the phenotype values
of SSSL and Xul78, QTLs for each trait were mapped in the SSR genetic linkage map when P value was less than
0.001. [ Results ] Under the high N level, all root traits were significantly correlated with each other except
that between RAD and either TRL or RTN, and the plant nitrogen uptake was significantly correlated with all
the root morphology related traits. Under the low N level, all the root morphology traits were strongly
correlated with plant nitrogen uptake except for RAD, and the RSA showed the most significant correlation.
Under the high N level, 102 QTLs were detected including 40 QTLs for root morphology traits, 34 QTLs for
plant biomass and 28 QTLs for plant nitrogen uptake. Under the low N level, 85 QTLs were detected including
47 QTLs for root morphology traits, 22 QTLs for plant biomass and 16 QTLs for plant nitrogen uptake. Most of
the QTLs for N uptake coincided in cluster with those for root morphology. Several QTLs for root morphology
and nitrogen uptake were mapped in the same substituted segment region. Under the high N condition, five high
N-specific QTLs clusters containing several root morphology traits and nitrogen uptake were detected in SSSL
lines of 1428, 1376, 1282, 1266 and 1473. The single QTL additive effect contribution was from —43% to 84%.
Moreover, several QTLs for root morphology and nitrogen uptake were identified in the SSSL lines of 1419 and
1314 under the LN condition, with the additive effect contribution from —32% to 55%. [ Conclusions ] In the
present study, several LN-specific QTLs were mapped in substituted segment of bnlg182-bnlg2295 in line
1419 and umc1013—umc2047 in line 1314, in which some QTLs related to nitrogen use efficiency of maize
were detected in previous researches. It was indicated that there were some major QTLs for maize root
morphology and plant nitrogen uptake located in the two regions which would play important role in maize
nitrogen uptake efficiency. The present research serves as a basis for the major QTLs fine-mapping and
candidate genes cloning.
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Table 1 Mean values and significance of two-factor ANOVA analysis for the nine traits in the parents

4 High-N KA Low-N B #1E Significance
Ej: ¥ 178 Zi3 P 178 Zi3 RIKFE (N) EHH (G) ZHAEH
Xul78 Zong3 Xul78 Zong3 N level Genotype N xG

SR TRL 828 1082 784 378 *x ns .
R H RSA 126 145 121 64.9 *x ns wo
MR RAD 0.51 0.43 0.50 0.40 ns ok ns
AR RV 1.23 1.50 1.37 0.64 * ns o
YA RTN 2190 1245 717 641 ok * o
H T H SDW 0.81 0.77 0.23 0.15 i i *ak
T RDW 0.26 0.23 0.16 0.09 ok Aok ok
M FARE R E SNU 28.58 23.88 2.38 1.13 ok ** *

A BB RNU 4.54 4.85 1.38 0.52 i * *ak

1 (Note) : TRL—AMRK Total root length; RSA—HR i FX Root surface area; RAD—4R E#2 Root average diameter; RV—RAF Root
volume; RTN—ARZRX Root tip number; SDW—i1 |35 Shoot dry weight; RDW—4R T Root dry weight; SNU—Hl1 3% Z2F{ & Shoot
nitrogen uptake; RNU—RFR A ZFLE Root nitrogen uptake; G—JE K ! Genotype; N x G—5/KF- x FE[F K N level x genotype; ns—JC it &1
225 Not significant; ***—P < 0.001; **—0.001 <P < 0.01; *—0.01 <P < 0.05.
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Table 2 Mean values and significance of two-factor ANOVA analysis for the nine traits in the SSSL population
" B High-N X% Low-N B #E Significance
rTrfii ¥ifE L 5 (%) ¥ifE L (%) FUKTE (N) HEFEE(G) KEAEM
Mean Range (0% Mean Range (0% Nlevel  Genotype NxG

JSVREC TRL 1224 604~2558 22.1 986 297~1439 21.5 Aok ok Ak
K H A RSA 219 103~338 21.8 150  47.83~266 23.9 *rk ok ok
R E#: RAD 0.57  0.45~0.69 8.4 049  0.41~0.56 5.6 ok ok ok
G EN AR Y 3.09  091~4.57 26.6 187  0.61~3.19 25.7 s o i
Y%L RTN 1758 738~3748 33.9 919 466~1725 26.9 Rk ok ok
H T H SDW 1.26 0.55~1.88 21.4 0.26 0.09~0.42 24.1 b *xk *ak
HRFE RDW 032  0.11~0.52 27.2 0.2 0.07~0.32 21.3 ns o ns
M FARE R E SNU 3825 13.57~64.11 24.8 2.83 1.08~4.78 21.8 *rk ok ok
A R RNU 6.62  2.38~10.23 27.0 134  0.63~2.31 26.9 ol * *

¥ (Note) : TRL—AMRIK Total root length; RSA—HRF H #X Root surface area; RAD—4R i #2 Root average diameter; RV—RIAF Root
volume; RTN—#R42%{ Root tip number; SDW—Hh_[:# 5 Shoot dry weight; RDW—ART" & Root dry weight; SNU—Hb_IF % 4 Shoot
nitrogen uptake; RNU—RFRE R FL i Root nitrogen uptake; ns—JC it E#:2% 5 not significant; ***—P < 0.001; **—0.001 < P < 0.01; *—0.01

<P < 0.05.

PEIR B T BB KT 20%. EMADNEKET, 4
AR BB RIS . 7 SSSL FffAc, JLpH Ay
X9 MR ROV AE A ) . 2 sl 2 2
BrTARTEAN, FUKF B 5 3R 7 i 28 BAE X
HoAth 8 APEMRAGFE 235 3 K . X sz Rk
B, BIFST A FH Y SSSL A A Waa fgusk, I HL#
PRI R 0 2 S Pk 2, A R FRATTR R A AR
PERF G SE QTL HEA T3 ANk — 2 BRA T o
2.2 AEIFKFET SSSL Bk & RAMIRAIME X
iy

EASRIE T SSSLFFARR TR EAR 5 SR FIAR
IO WEAHKMELSN, HEAHRZ B2 R
F OO R IE ARG, JF HLAS AR R IR 5 A Ak A A o
PR W IR ARG, AR A S AR R A IR
0 E N R A (5 3). EMRAKMET, A
BHEMRK . REmE, MBS A YR A
BEASN:, HADR R MR Z 4 B E A B,
RAKMT, BRTARER, mEARE S AR
FRMR Y R A . FERAEKTET, B
JEARARR 5 AR 2 T AR A S M i K (AR =
0.913, P<0.001; fRAFKM r=0.927, P<0.001),
E RS, M R A 2R AR AR 2 TR 56 M e
e, MR A R AR ) S AR AR B AR DG P fe sy, T AE
RAESMT, o L FAR R A B 5 R
(AR SRR

23 AESEHTEXRIRERLS QTL 747

i QTL ARHAER, XF SSSL AEMAKS I 5] Al 4R
FIEA QTL #4501, mZEUKFET, # P < 0.001
SRR ALK E] 40 MR ATEA QTL, Hrp 8 4~ AR
£ QTL, 7 MMRFMA QTL, 4 MEEE QTL, 10
AR QTL A1 11 MEZEL QTL (£ 4). EREK
QTL EZAMAER 1. 3. 5. 7. 9 il 10 FYafk,
91 ek %, Hod ghnTRLIb F230 0 ) sk
N, HARBIFRICAE R MR . AR 1306 £
B ghnTRLIc IR 5T k% e K (59.8%) . Kl ]
MWLM QTL 5 SR KL, {[THF—1 QTL £ILHi
YRR, AR R IE ), 0 RN BT Rk
—23.5%~83.7%. FIE| MR EA QTL A% &
A PR IE RN, STERER N 14.1%~17.4%.
o 2 A ARARFRE) QTL #4128 1E 1 in&ion , ok
RO ERRIR E , AT 79.4%~125.1%, XEWTE
B ARUKE T4 3 R BE S AR REA A A R 0
TR RAE . 5HA RHRORTE, R0
10 MRS QTL HVA 9 ASFEGARIINMEAN , TRkl
—23.2%~-36.5%, HA qhnRTN7a }1E [ IPERN

RAKFET, #id QTL ANHAERE, 78 P <
0.001 £%4 T A 2] 47 MR FZIEA QTL, Hrb 104
SARE QTL, 5 iERE A QTL, 5 MR EAE QTL,
12 AMRRFL QTL A1 15 MRAREL QTL (3 5), Horp
I 3 Y B AR FIAR R A QTL 5 M A A 24,



4 1] T, o ARZUKE T IOKREIIIR AL S AW QTL 521 947

F3 BARFTEMRESEKE GTR%ZLER) ERKTE FAZLTH) B9 Pearson X RH
Table 3 Pearson’s correlation coefficients between the traits under high N (above diagonal) and low N conditions (below
diagonal) in the SSSL population

TRL RSA RAD RV RTN SDW RDW SNU RNU

TRL 0.913" —0.049 0.780"" 0.454" 0.767" 0.738"" 0.616™" 0.585™"
RSA 0.872" 0.228™ 0.934™ 0.392" 0.840™" 0.838™" 0.661""" 0.674™"
RAD -0.129 0.118 0.434™ —0.148 0.299™ 0.393" 0.174" 0.330™"
RV 0.795™* 0.927" 0.301™ 0.271™ 0.827" 0.854™ 0.633™" 0.704™"
RTN 0.476™" 0.417 -0.179" 0.352"* 0.279* 0.289™ 0.203" 0.246™
SDW 0.698"" 0.752" 0.093 0.726™" 0.458"" 0.880"" 0.682"" 0.725"
RDW 0.792" 0.840" 0.169" 0.835™" 0.425™" 0.831" 0.676"" 0.760""
SNU 0.521" 0.542" 0.054 0.536™" 0.387" 0.707" 0.599™ 0.701"*
RNU 0.388™ 0.456"" 0.033 0.446"" 0.328" 0.430" 0.422" 0.394"

7E (Note) : TRL—EREK: Total root length; RSA—ARFE AL Root surface area; RAD—4R E 4% Root average diameter; RV—HR{AFI Root
volume; RTN—ARZRAX Root tip number; SDW—Hb |- %+ Shoot dry weight; RDW—HE T Root dry weight; SNU—Hb_[- ¥ 5 ZF1& shoot
nitrogen uptake; RNU—H & RFLE Root nitrogen uptake. ***—P < 0.001; **—0.001 <P < 0.01; *—0.01 < P < 0.05.

T4 BRTEX SSSL BHFMRATT QTL REMNIE
Table 4 QTL location of the maize root morphology in the SSSL population under the high nitrogen condition

PR L R & Bi 3 B BB (cM) IO IR BTk
Trait Q SSSL m Substituted segment Segment length AE AEC (%)
BRK ghnTRLIa 1339 1.01 end—umc1269 81.53 392.54 47.4
TRL ghnTRLIb 1468 1.03 phi001—bnlg182 7.60 —220.68 -26.6
ghnTRLIc 1306 1.05 umc1461—umc1124 9.10 495.78 59.8
ghnTRL3a 1481 3.02 bnlgl144—umc1425 44.00 351.43 424
ghnTRL5 1293 5.02 umc1587—bnlgl18 139.10 360.79 43.6
ghnTRL7 1343 7.00 ume1642—umc1929 110.95 455.78 55.0
ghnTRLY 1327 9.04 ume1771—ume1519 226 297.66 35.9
ghnTRLI0 1255-1 10.03 phi050—umc1506 48.50 326.49 39.4
M FH A ghnRSAla 1468 1.03 phi001—bnlg182 7.60 -29.73 -23.5
RSA ghnRSAIb 1376 1.06 umc1122—umc1013 61.26 105.87 83.7
ghnRSA4 1350 4.08 bnlg1444—umc1109 176.54 65.78 52.0
ghnRSAG6 1282 6.00 bnlg1043—umc1883 20.09 73.70 58.3
ghnRSA7 1365 7.00 umc1241—umc1585 236.47 66.07 52.3
ghnRSAS 1485 8.04 bnlg2046—umc1724 93.52 67.33 53.3
ghnRSA9 1266 9.01 umc1867—umc1170 38.40 75.27 59.5
iENERE ghnRADI 1461 1.05 umc1703—bnlg1598 37.90 0.09 17.4
RAD ghnRADG 1469 6.00 bnlg238—umc1883 16.29 0.08 16.2
ghnRADS 1485 8.04 bnlg2046—umc1724 93.52 0.07 14.1
ghnRADI0 1473 10.04 umc1077—umc2350 15.10 0.08 16.2
LisREN Ay ghnRV1b 1306 1.05 umc1461—umc1124 9.10 1.38 112.7
RV ghnRV2 1325 2.04 umc1541—phi083 4.90 0.97 79.4
ghnRV4 1349 4.08 bnlg1444—umc2041 9.35 1.24 100.8
ghnRV5 1321 5.02 ume1587—umc2072 138.95 1.21 98.9
ghnRV7a 1365 7.00 umc1241—umc1585 236.47 133 108.2
ghnRV7b 1267 7.05 bnlg1805—phi069 76.55 1.53 125.1
ghnRVS8 1485 8.04 bnlg2046—umc1724 93.52 1.51 123.3

qhnRV9 1266 9.01 umc1867—umc1170 38.40 1.51 123.6
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23 4 Table 4 continued
FEAR Rz . R B FEEKEE M) MFERUR RO TR
Trait QTL SSSL Bin Substituted segment Segment length AE AEC (%)
qhnRV10a 1473 10.04 umc1077—umc2350 15.10 1.46 118.9
qhnRV10b 1395 10.06 bnlg2190—end 46.60 1.32 107.6
RIS qhnRTNI 1464 1.09 umc1013—umc2189 114.88 —615 -28.1
RTN ghnRTN2 1361 2.08 ume2129—phi090 67.10 -558 -25.5
qhnRTN5a 1416 5.00 umc1491—umc1478 90.00 -509 -232
ghnRTN5b 1328 5.06 umc1587—umc1680 213.20 -800 -36.5
qhnRTNG6 1433 6.01 end—bnlg238 13.10 -695 -31.7
qghnRTN7a 1277 7.00 umc1241—umc1642 13.60 858 39.2
ghnRTN7b 1254 7.02 umc2160—bnlg1808 91.77 —-605 -27.6
qhnRTNS 1480 8.00 umc1724—phi015 57.58 =510 -233
qhnRTNYa 1449 9.01 umc1957—umc2078 31.35 =519 -23.7
ghnRTN9b 1471 9.06 umc2345—bnlg292 15.10 —-645 -29.4
qhnRTN10 1473 10.04 umc1077—umc2350 15.10 —568 259

7 (Note) : TRL—Total root length; RSA—Root surface area; RAD—Root average diameter; RV—Root volume; RTN—Root tip number;
QTL—¥= MIRAV 25 Quantitative trait locus; AE—Additive effect; AEC—Additive effect contribution; AEC (%) = (SSSL FAUHE — i 178 £l

fl)/2 x ¥ 178 FEA) x 100, AEC (%) = (SSSLs — Xu178)/(2 x Xul78) x 100.
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Table 5 QTL location of the root morphology in the SSSL population under the low nitrogen condition

PR %33 . 3 B R B (cM) D)1 A1) d 5 A ADAY.
Trait QTL SSSL Bin Substituted segment Segment length AE AEC (%)
BARE qInTRLIa 1339 1.01 end—umc1269 81.53 281 35.8
TRL qInTRLIb 1394 1.02 bnlg1007—phi095 50.50 328 418
gInTRLIc 1314 1.08 ume1013—umc2047 59.95 -250 -31.9
qInTRL4a 1374 4.05 ume1662—bnlg1444 141.14 242 30.8
qInTRL4b 1296 4.11 phi076—end 25.10 160 20.5
gInTRLS 1328 5.02 ume1587—umc1680 213.20 493 62.9
qInTRL6 1448 6.04 umcl614—umc1462 43.35 226 28.9
qInTRL7 1277 7.00 umc1241—umc1642 13.60 305 39.0
gInTRLY 1241 9.05 umc1078—phi236654 28.66 150 19.2
gInTRLI0 1240 10.06 bnlg1028—bnlg2190 15.90 247 31.5
MR FIH A gInRSAla 1394 1.02 bnlg1007—phi095 50.50 51.19 422
RSA qInRSAIb 1419 1.03 bnlg182—bnlg2295 55.50 44.53 36.7
qInRSAlc 1314 1.08 ume1013—umc2047 59.95 -34.52 -28.5
qInRSAS 1328 5.02 ume1587—umc1680 213.20 72.45 59.7
qInRSA7 1382 7.01 ume2160—umc1585 73.17 4270 352
RERZ glnRADIa 1339 1.01 end—umc1269 81.53 —0.04 -7.3
RAD gInRADIb 1415 1.03 bnlg182—bnlg2295 55.50 -0.02 -5.0
qInRAD3b 1423 3.02 bnlgl144—umc1425 44.00 -0.04 -73
gInRAD3a 1341 3.09 ume1052—end 8.56 -0.04 -89
qInRAD7a 1382 7.01 umc2160—umc1585 73.17 -0.03 5.4
HUATR gInRVla 1437 1.01 ume1269—bnlg1007 52.12 —0.37 —26.7
RV qInRV1b 1394 1.02 bnlg1007—phi095 50.50 0.70 51.1
gInRVIc 1419 1.03 bnlg182—bnlg2295 55.50 0.65 477
qInRV1d 1403 1.05 umc2025—umc1689 11.06 0.50 36.4
gInRVIe 1314 1.08 ume1013—umc2047 59.95 -0.35 -25.6
gInRV3 1423 3.02 bnlgl 144—umc1425 44.00 -0.20 -14.3
qInRV4 1313 4.08 bnlg1444—umc2041 9.35 0.57 417
qInRVS 1328 5.02 ume1587—umc1680 213.20 0.91 66.3
gInRV6 1276 6.00 umc1883—umc1257 47.48 0.53 384
gInRV7 1239 7.05 bnlg1805—phi069 76.55 0.60 44.1
qInRV9 1462 9.02 umc1170—bnlg1401 77.90 0.61 443
qInRV10 1388 10.06 umc1993—umc1569 47.45 0.77 55.9
MR gInRTNla 1419 1.03 bnlg182—bnlg2295 55.50 395 55.0
RTN gInRTNIb 1479 1.06 bnlgl598—umc2396 35.80 384 53.6
qInRTN2 1366 2.06 bnlg1396—umc2129 18.86 275 383
qInRTN3a 1457 3.02 bnlgl 144—umc1425 44.00 205 28.6
qInRTN3b 1486 3.08 umc1844—bnlg1182 60.24 203 283
gInRTN4a 1313 4.08 bnlgl1444—umc2041 9.35 426 59.4
qInRTN4b 1292 4.09 umc1989—phi076 90.99 -125 -175
gInRTN4c 1296 4.11 phi076—end 25.10 240 33.5
gInRTNS 1328 5.02 ume1587—umc1680 213.20 222 31.0
gInRTN6 1469 6.00 bnlg238—umc1883 16.29 217 30.3
qInRTN7a 1277 7.00 umc1241—umc1642 13.60 349 48.7
qInRTN7b 1382 7.01 umc2160—umc1585 73.17 504 70.3
qInRTNS 1480 8.06 umc1724—phi015 57.58 433 60.4
gInRTNI0a 1324 10.03 ume1739—umc1053 25.80 230 32.0
gInRTN10b 1395 10.06 bnlg2190—end 46.60 234 327

7 (Note ) : TRL—total root length; RSA—Root surface area; RAD—Root average diameter; RV—Root volume; RTN—Root tip number;
QTL—# = MR A7 A5 Quantitative trait locus; AE—Additive effect; AEC—Additive effect contribution; AEC (%) = (SSSL ZMU{i — i/F 178 A
{E)/(2 x ¥ 178 FHUE) x 100, AEC (%) = (SSSLs — Xul78)/(2 x Xul78) x 100.
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Table 6 QTL location of plant biomass in the SSSL population under the high nitrogen condition

PR %33 . A% R B HEKE (cM) D)1 A1) d % AADAY.
Trait QTL SSSL Bin Substituted segment Segment length AE AEC (%)
b BT ghnSDWla 1279 1.01 umc1106—phid27913 29.58 0.28 35.0
Shw ghnSDW1b 1428 1.03 phi001—bnlg182 7.60 -0.32 —40.1
ghnSDWlc 1306 1.05 umc1461—umc1124 9.10 0.35 4338
ghnSDW1d 1459 1.06 ume2396—umc2047 148.92 0.51 63.8
ghnSDW?2 1366 2.06 bnlg1396—umc2129 18.86 0.30 374
ghnSDW3a 1481 3.02 bnlgl144—umc1425 44.00 0.38 472
ghnSDW3c 1335 3.08 umc1844—bnlg1182 60.24 0.51 63.8
ghnSDW4a 1349 4.08 bnlg1444—umc2041 9.35 0.47 57.9
ghnSDW4b 1296 4.11 phi076—end 25.10 0.31 38.8
ghnSDW35a 1421 5.00 end—bnlg1006 50.10 0.53 65.7
ghnSDWS5b 1293 5.02 ume1587—bnlg118 139.10 0.26 326
qhnSDW5c 1286 5.06 umc1680—bnlgl18 39.10 0.26 32.7
ghnSDW6 1282 6.00 bnlg1043—umc1883 20.09 0.49 60.2
ghnSDW7a 1277 7.00 umc1241—umc1642 13.60 0.28 34.6
ghnSDW7b 1382 7.01 umc2160—umc1585 73.17 0.23 28.3
ghnSDW7c 1239 7.05 bnlg1805—phi069 76.55 0.26 319
ghnSDW9a 1266 9.01 umc1867—umc1170 38.40 0.28 35.0
qhnSDW9b 1241 9.05 umc1078—phi236654 28.66 0.38 475
ghnSDW10a 1436 10.04 ume2350—bnlg1028 48.50 0.54 66.8
ghnSDW10b 1388 10.06 ume1993—ume1569 4745 0.71 88.3
WTHE ghnRDWla 1428 1.03 phi001—bnlg182 7.60 -0.04 -29.4
RDW ghnRDWIb 1297 1.05 umc1461—umc1124 9.10 0.10 38.2
ghnRDWIc 1376 1.06 ume1122—umc1013 61.26 0.11 414
qghnRDW3a 1455 3.01 umc2377—bnlg1647 27.43 -0.01 -10.2
ghnRDW3b 1481 3.02 bnlgl 144—umc1425 44.00 0.09 32.7
ghnRDW4 1349 4.08 bnlg1444—umc2041 9.35 0.11 4238
ghnRDW35a 1421 5.00 end—bnlg1006 50.10 0.09 332
ghnRDWS5b 1328 5.06 ume1587—umc1680 213.20 -0.07 —24.8
ghnRDW6 1282 6.00 bnlg1043—umc1883 20.09 0.09 334
ghnRDW7 1267 7.05 bnlg1805—phi069 76.55 0.08 29.0
ghnRDW9a 1462 9.02 ume1170—bnlg1401 77.90 -0.05 -18.7
ghnRDW9b 1241 9.05 ume1078—phi236654 28.66 0.09 332
ghnRDW10a 1473 10.04 ume1077—ume2350 15.10 0.07 26.9
ghnRDWI10b 1395 10.06 bnlg2190—end 46.60 0.11 403
# (Note) : SDW—Shoot dry weight; RDW—Root dry weight; QTL—4{ = MR 17 5 Quantitative trait locus; AE—Additive effect;

ABC—Additive effect contribution; AEC (%) = (SSSL Rl — ¥ 178 FRE)/(2 x 1 178 £EUH) x 100, AEC (%) = (SSSLs — Xul78)/(2 x
Xul78) x 100.

ik 1 QTL B H /b o XA S &R 43 Al
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Table 7 QTL location of plant biomass in the SSSL population under the low nitrogen condition
PR R 7 . 3 B BB (M) IR IR BTk
Trait QTL SSSL Bin Substituted segment Segment length AE AEC (%)
Mo TR qInSDWla 1437 1.01 umc1269—bnlg1007 52.12 -0.06 —245
Shw qInSDW1b 1394 1.02 bnlg1007—phi095 50.50 0.09 37.3
qInSDWlc 1419 1.03 bnlg182—bnlg2295 55.50 0.08 35.2
qInSDW1d 1383 1.05 umc1689—umc1703 8.94 0.08 359
qInSDWle 1314 1.08 umc1013—umc2047 59.95 —0.05 -20.1
qInSDW3 1420 3.02 bnlgl144—umc1425 44.00 —0.02 -10.3
qInSDW4a 1313 4.08 bnlg1444—umc2041 9.35 0.06 26.2
qInSDW4b 1292 4.09 umc1989—phi076 90.99 —0.02 9.3
qInSDW5 1328 5.02 umc1587—umc1680 213.20 0.14 59.9
qInSDW7 1277 7.00 umc1241—umc1642 13.60 0.08 34.4
qInSDW10 1255-1 10.03 phi050—umc1506 48.50 0.09 39.0
W& qInRDWla 1437 1.01 ume1269—bnlg1007 52.12 -0.03 -19.2
RDW qInRDW1b 1394 1.02 bnlgl007—phi095 50.50 0.07 418
qInRDW1c 1419 1.03 bnlg182—bnlg2295 55.50 0.06 39.7
qInRDW1d 1403 1.05 umc2025—umc1689 11.06 0.05 324
qlnRDWle 1314 1.08 umc1013—umc2047 59.95 —0.03 —-18.0
qInRDW?2 1361 2.07 umc2129—phi090 67.10 0.04 27.7
qInRDW3a 1455 3.01 umc2377—bnlg1647 27.43 —0.02 -13.5
qInRDW3b 1335 3.08 umc1844—bnlg1182 60.24 0.04 25.8
qInRDW4 1301 4.08 bnlg1444—umc2041 9.35 0.04 23.3
qInRDWS 1328 5.02 umc1587—umc1680 213.20 0.08 48.4
qInRDW7 1382 7.01 umc2160—umc1585 73.17 0.04 27.7
# (Note) : SDW—Shoot dry weight; RDW—Root dry weight; QTL—X4{ = MR 17 5 Quantitative trait locus; AE—Additive effect;

ABC—Additive effect contribution; AEC (%) = (SSSL £ HI{H — ¥ 178 FHEUE)/(2 x ¥ 178 FFEUE) x 100, AEC(%) = (SSSLs — Xul78)/(2 x

Xul78) x 100.
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Table 8 QTL location of the nitrogen accumulation in the SSSL population under the high nitrogen condition

PR R 7 . 3 B HBKE (M) TNPERON R Tk

Trait QTL SSSL Bin Substituted segment Segment length AE AEC (%)

W EEARRE  ghnSNUIa 1279 1.01 umc1106—phid27913 29.58 9.00 31.5
SNU qhnSNU1b 1428 1.03 phi001—bnlg182 7.60 -12.25 427
ghnSNU2a 1335 2.04 ume1541—umc2079 60.24 12.88 45.1
ghnSNU2b 1366 2.06 bnlg1396—umc2129 18.86 8.43 29.5
ghnSNU4 1349 4.08 bnlg1444—umc2041 9.35 10.91 38.2
ghnSNU5a 1421 5.00 end—bnlg1006 50.10 17.41 60.9
ghnSNUS5b 1321 5.02 ume1587—umc2072 138.95 8.21 28.7
ghnSNUS5c¢ 1286 5.06 umc1680—bnlg1711 39.10 4.61 16.1
qhnSNU6 1282 6.00 bnlgl043—umc1883 20.09 12.55 439
qhnSNU7 1382 7.01 umc2160—umc1585 73.17 7.66 26.8
qhnSNU9 1238 9.02 umc2078—umc1636 34.20 7.09 24.8
ghnSNUI0a ~ 1255-1 10.03 phi050—umc1506 48.50 11.35 39.7
ghnSNU10b 1395 10.06 bnlg2190—end 46.60 11.49 402
MR A B ghnRNUla 1428 1.03 phi001—bnlg182 7.60 -1.61 -35.5
RNU ghnRNUIb 1297 1.05 ume1461—umc1124 9.10 2.85 62.8
ghnRNUIc 1376 1.06 ume1122—umc1013 61.26 3.25 71.7
ghnRNU2 1366 2.06 bnlg1396—umc2129 18.86 1.85 40.7
ghnRNU3 1486 3.08 umc1844—bnlg1182 60.24 1.76 389
qghnRNU4 1349 4.08 bnlg1444—umc2041 9.35 1.91 42.2
qhnRNU5a 1283 5.00 umc1491—umc1478 90.00 1.36 30.0
qhnRNUS5b 1321 5.02 ume1587—umc2072 138.95 1.47 325
qhnRNU6 1282 6.00 bnlgl043—umc1883 20.09 2.64 58.1
ghnRNU7 1239 7.04 bnlg1805—phi069 76.55 2.39 52.6
ghnRNUS 1427 8.06 ume1724—phi015 57.58 2.44 53.9
ghnRNU9a 1238 9.02 umc2078—umc1636 34.20 1.81 39.9
ghnRNU9b 1327 9.04 ume1771—ume1519 226 1.30 28.7
ghnRNU9c 1241 9.05 ume1078—phi236654 28.66 2.05 45.1
ghnRNUI0 1308 10.04 umc1053—umc1506 36.30 2.23 49.3

7 (Note ) : SNU—Shoot nitrogen upt;padding-top:3pt;line-height: 10pt;height:12.7ptake; RNU—Root nitrogen upt;padding-top:3pt;line-

height:10pt;height:12.7ptake; AE—Additive effect; QTL—4 IR 17 55 Quantitative trait locus; AEC—Additive effect contribution; AEC (%) =
(SSSL F I — 4 178 FAUE (2 x i 178 FHH) x 100, AEC (%) = (SSSLs — Xul78)/(2 x Xul78) x 100.
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Table 9 QTL location of the nitrogen contents in the SSSL population under the low nitrogen condition
PR R 7 . 3 B FBUKE (eM) TNPERON R Tk
Trait QTL SSSL Bin Substituted segment Segment length AE AEC (%)

W ERERMRE  ginSNUIa 1394 1.02 bnlg1007—phi095 50.50 1.20 50.3
SNU qInSNU1b 1419 1.03 bnlg182—bnlg2295 55.50 1.31 55.2
gInSNUIc 1479 1.06 bnlg1598—umc2396 35.80 1.08 455

gInSNU8 1412 8.06 ume1724—phi015 57.58 0.78 327

qInSNU9 1241 9.05 umc1078—phi236654 28.66 0.79 332

qInSNU10 1324 10.03 ume1739—umc1053 25.80 0.97 40.7

WA RME  gInRNUla 1419 1.03 bnlg182—bnlg2295 55.50 0.40 29.0
RNU qInRNUIb 1297 1.05 umc1461—ume1124 9.10 -0.31 -22.6
qInRNUI ¢ 1413 1.06 umc2396—umc2047 59.95 0.37 27.0

qInRNU4a 1374 4.05 umc1662—bnlg1444 141.14 0.31 227

qInRNU4b 1292 4.09 umc1989—phi076 90.99 -0.31 224

qInRNUS 1416 5.00 umc1491—umc1478 90.00 -0.30 -21.9

gInRNU6 1282 6.00 bnlg1043—umc1883 20.09 -0.30 215

gInRNUS 1494 8.06 ume2356—phi080 79.30 -0.20 -14.5

gInRNU9 1259 9.04 ume1492—umc2207 20.30 -0.38 273

qInRNUI0 1324 10.03 umc1739—umc1053 25.80 0.47 33.8

7 (Note ) : SNU—Shoot nitrogen upt;padding-top:3pt;line-height: 10pt;height: 12.7ptake; RNU—Root nitrogen upt;padding-top:3pt;line-
height:10pt;height:12.7ptake; AE—Additive effect; QTL—4 IR 17 55 Quantitative trait locus; AEC—Additive effect contribution; AEC (%) =
(SSSL F AU — 4 178 FAUE (2 x i 178 FHH) x 100, AEC (%) = (SSSLs — Xul78)/(2 x Xul78) x 100.
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Fig. 2 Position of the QTLs for maize root morphology and N uptake at the seedling stage under low and high N levels
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[A]; A black line represents each maize chromosome with the marker intervals where the substituted segment was located. The detected QTLs were

represented as different graphs in the right side of the black lines. Each dotted box represents the QTL cluster across chromosomes.]
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