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Root morphology and partitioning of Fe accumulation in maize cultivars
under low iron stress condition at seedling stage
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Abstract: [ Objectives ] The high pH and bicarbonate content in calcareous soil seriously affect the availability
of Fe to crops, resulting in Fe deficiency, chlorosis, and reduction of yield. Fe-efficient maize cultivars are thus
used as an effective way against Fe deficiency in calcareous soil. The root morphology of different Fe-efficient
maize cultivars to adapt to low Fe stress were assessed in this study. [ Methods ] A hydroponic experiment was
carried out using four maize cultivars, two Fe-efficient cultivars (ZH2 and ZD619) and two Fe-inefficient cultivars
(XY508 and CD418). Fe levels of very low (No Fe added, Fe0), low (Fe 10 pmol/L, Fel0, ) and normal (Fe 100
pmol/L, Fe100) were setup in nutrient solution. Root morphological characteristics, dry matter accumulation and
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Fe absorption and utilization by maize were measured at seedling stage. [ Results ] Under low-Fe stress, the dry
weight of root and plant, the Fe accumulation and relative absorption efficiency of maize seedlings were
drastically reduced, while the root to shoot ratio and the Fe physiological efficiency increased significantly. The
total root length, root surface area and root volume of Fe-inefficient cultivars were reduced whereas the root
diameter was significantly increased under low Fe stress. Even though, the total root length and surface area of the
Fe-efficient cultivars were comparable, the root volume increased significantly but the root diameter decreased
significantly under the extremely low iron (Fe0) treatment as it was under the low (Fel0) treatment. The reduction
in total root length, root surface area, root volume, root dry weight, dry matter per plant, iron accumulation, and Fe
absorption efficiency of roots and the increase in root to shoot ratio of Fe-efficient cultivars were notably lower
than those of Fe-inefficient cultivars. Correlation analysis results revealed that the Fe accumulation of maize
seedlings was positively and significantly correlated with total root length, root surface area, root volume and root
dry weight, but negatively correlated with root-shoot ratio. Among them, the correlation with total root length (R* =
0.8546) and root surface area (R> = 0.8983) was the strongest. [ Conclusions ] Compared to the Fe-inefficient
cultivars, Fe-efficient maize cultivars have larger total root length and root surface area at seedling stage, and
higher root Fe absorption efficiency and physiological efficiency to adapt to low Fe stress, which could enhance
absorption and utilization of Fe, thereby improve the adaptability to low-Fe environment.
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Table 1 Effects of low-Fe stress on root traits of maize varieties with different Fe efficiencies
ARy Qb3 A JBAREK (cm/plant) MR (cm¥plant) AR EAE (mm) AR (cm?)
Year Treatment Cultivar Total root length Root surface area Root diameter Root volume
2018 Fe0 XY508 2646.00 £34.21 57524+ 1232 f 0.75+0.03a 9.69+0.42 h
CD418 2761.85+33.04 561.75+11.12 f 0.67 +0.01 bed 10.04 £ 0.33 gh
ZH2 3695.48 +38.00 be 900.65 + 13.58 a 0.71+0.01b 17.35+0.62 a
ZD619 3674.07 + 82.06 be 864.30+£5.44b 0.64 +0.00 cde 13.45+0.14 cd
FelO XY508 2991.40 £43.99 ¢ 622.69 +£10.92 ¢ 0.70 +0.03 be 10.46 + 0.21 fgh
CD418 2982.31+£24.61¢ 616.68+11.94 ¢ 0.65+0.02 cd 10.92 £0.22 fg
ZH2 3892.55 +43.65 ab 930.06 + 10.59 a 0.72+£0.01 ab 1776 £ 041 a
ZD619 3716.69 + 61.40 ab 863.04 +10.72b 0.71+0.01b 1420+ 0.51 ¢
Fel00 XY508 3427.37+98.07d 744.35 +4.66 d 0.62+£0.02¢ 11.58 £ 0.65 ef
CD418 3503.44 £92.03 cd 727.34+£12.08d 0.62+0.02¢ 12.31 £ 0.23 de
ZH2 3645.12 +74.99 be 819.12+13.73 ¢ 0.75+0.01 a 15.52+0.36 b
ZD619 3598.23 £ 102.87 bed 793.14+8.14 ¢ 0.72 £ 0.00 ab 12.22+0.39¢
2019 Fe0 XY508 3100.53+£64.92 g 828.18 £ 15.22 de 0.98+0.01a 1748 £0.46 g
CD418 3384.67 £105.05f 72428 +32.88 ¢ 0.81+0.02 f 16.85+0.71 g
ZH2 4372.69 + 39.50 abc 1429.48 £26.07 a 0.80+0.00 f 21.96 + 1.01 abced
ZD619 4365.59 + 57.68 abc 1393.58 £42.99 ab 0.81+0.01f 23.24 +0.90 abc
FelO XY508 3624.66 £ 65.70 ¢ 939.60 +10.42d 0.94+0.01 ab 17.97 £ 0.66 fg
CD418 374178 £91.19 ¢ 923.69 +£25.83 d 0.80+0.02 f 1743+£051 ¢g
ZH2 4443.51 + 51.69 ab 1330.56 +24.73 ab 0.87+0.01 ¢ 2291 +£0.57 ab
ZD619 4527.96 + 50.89 ab 1325.54 +23.98 ab 0.89+0.01 de 23.72+0.32a
Fel00 XY508 4267.88 + 87.06 bed 1288.05 £ 52.00 be 0.88 +0.00 de 20.48 +£0.72 de
CD418 4197.85 + 74.54 bed 1251.37+£34.20 ¢ 0.64+£0.02¢g 19.63 £0.52 ef
ZH2 4246.14 +£ 61.79 bed 1225.75+£35.38 ¢ 0.90+0.01 cde 21.08 + 1.06 cde
ZD619 4136.12 + 54.10 bed 1258.08 £25.78 ¢ 0.93 +0.02 bed 21.44 +0.76 bede
F{H F value A Years (Y) 315.77 1214.84™ 488.32™ 1067.34™
% Tron (Fe) 135.21™ 233.16™ 37.22™ 96.56™
S Variety (V) 43.29* 86.58" 15.76* 32.51%
A < R Y x Fe 0.07 10.63* 28.30™ 14.79™
Ay < PP Y x V 1.33m 14.45™ 2.06™ 1.430
Bk < i Fe x V 15.65™ 36.79" 18.40* 23.26"
AR < ik x Y x Fe x V 2.33m 4.10™ 7.29™ 3.74™

1 (Note) : Fe0. Fel0 I Fel00 23 At EEEF M4k H 0. 10 1 100 pmol/L Fe0, Fel0 and Fel00 indicate the Fe contents of 0, 10 and
100 pmol/L in Hoagland’s solution, respectively. [f— 3 A [Rl/NG T8 7R [F] —4E 3 AS [ Ab i A) 22 555 5% B 7KSF Values followed by
different small letters within the same column are significantly different among treatments in the same year at 5% level. **—P < 0.01; ns—P > 0.05.

B ARG < ah P AR < BRAIAEDY < Bk < dh AP
VE BRI e 8 22 57 o i — 22 0 B e AN [R)
S S L S feE AR (A 7N BIER D L GRS B

Z5 . WAETFY), 5 Fel0oo AbFEAHEL, HRAREL AL
B T (FeO 1 Fel0), BRAGKLS A L&+ FE R
ARG 2 43 M 52.63% Fl 28.95% (XY508). 51.43%



504 R R S 27 %

x2 REKMEMNAEHRAEEREMTHRRARS HE RN
Table 2 Effects of low-Fe stress on the dry matter accumulation and distribution of maize varieties
with different Fe efficiencies

A5y AbEg iy Mo 3T H (g/plant) M (g/plant) PR T (g/plant) MR L
Year Treatment Cultivar Shoot dry weight Root dry weight ~ Whole plant dry weight Root to shoot ratio
2018 Fe0 XY508 0.50+£0.02¢g 0.21+0.01 cd 0.71+0.02 f 0.43+0.02a
CD418 0.54+£0.01¢g 0.22+0.01 cd 0.76 £ 0.00 f 0.41+0.01a
ZH2 1.23+£0.04 ¢ 0.29+0.01b 1.52+0.03 b 0.23+£0.00 ¢
ZD619 0.80£0.01 f 0.17+0.00 f 097+0.01e 0.22+0.01 cd
FelO XY508 0.80 +0.04 0.24+0.02¢ 1.04 +0.03 de 0.30+0.01b
CD418 0.83 +£0.03 ef 0.19 + 0.00 def 1.03 +£0.02 de 0.24+0.00 ¢
ZH2 1.50£0.01b 0.36+0.02a 1.85+0.01a 0.24+0.01c¢
ZD619 0.89+0.01¢ 0.20 + 0.00 def 1.09+0.01d 0.22£0.01 cd
Fel00 XY508 1.09+£0.04 d 0.21+£0.01 de 1.30+£0.03 ¢ 0.19+0.01 e
CD418 1.10+0.04 d 0.21+£0.01 cd 1.31+0.03 ¢ 0.20 £ 0.00 de
ZH2 1.61 £0.05a 0.29+0.00b 1.90 +£0.05 a 0.18+0.00 ¢
ZD619 0.91+0.02 ¢ 0.18+0.01 ef 1.09+0.01d 0.20+0.01 de
2019 Fe0 XY508 0.76£0.01 g 0.29+0.01e 1.05+£0.00 g 0.39+0.01a
CD418 0.82+0.01¢g 0.31 +0.00 cde 1.13+0.01 f 0.37+0.00 b
ZH2 1.47+£0.03 ¢ 0.37+0.01 a 1.85+0.03 ¢ 0.26£0.00 e
ZD619 1.38+0.03 f 0.31+0.01 cde 1.69+0.02d 0.22+0.00 g
FelO XY508 1.09 +£0.01 f 0.33+£0.01b 1.41+0.01¢ 0.30+0.00 ¢
CD418 1.13+£0.04 ef 0.32+0.01 be 1.45+0.04 ¢ 0.29+0.00d
ZH2 1.63+£0.03 b 0.38+0.00 a 2.01+£0.03b 0.23+0.00 f
ZD619 1.53+£0.05¢ 0.32+0.01 be 1.85+0.05¢ 0.21+0.00 h
Fel00 XY508 1.57+£0.03d 0.30£0.01 de 1.87+0.02¢ 0.19+0.00 i
CD418 1.70£0.02 d 0.32+0.00 bed 2.02+0.01b 0.19+0.00 i
ZH2 1.82+0.02a 0.38+0.00 a 220+0.02a 0.21+0.00 h
ZD619 1.71 £0.03 ¢ 0.31 +0.00 bed 2.02+0.03b 0.18+0.00 i
F {4 F value A4y Years (Y) 2003.83™ 1127.86™ 2623.29™ 0.01ns
) Tron (Fe) 1039.32™ 85.05™ 1110.54™ 637.07"
fnFf Variety (V) 80.05™ 23.01™ 91.28™ 148.87"
A3 x £k Y x Fe 69.82" 25.07* 96.24"™ 16.01"
ARGy x @R Y x vV 32717 2.98 38.03" 2.64
o< B Fex vV 455.79™ 95.47 472.61™ 163.85™
Ay < B x D Y x Fe x V 40.35" 13.07" 63.36™ 5.02"

1 (Note) : FeO., FelO I Fel00 43 CEEF= M P 2Mc 4 0. 10 A1 100 pmol/L Fe0, Fel0 and Fel00 indicate Fe contents of 0, 10 and
100 pmol/L in Hoagland’s solution, respectively. [f] 55l 5 AN [W)/ING T4 22758 [al— AE A3 AS [Rl A B ] 2% 573k 5% 2 257K Values followed by
different small letters within the same column are significantly different among treatments in the same year at 5% level. **—P < 0.01; ns—P > 0.05.
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Table 3 Fe accumulation in different parts of maize and the distribution ratio of root to shoot under low Fe stress

MR e L

Ay Qb B v M1 B (ug/plant) A& (ng/plant) 2K (ng/plant) o )
Year Treatment Cultivar Shoot Root Whole plant Fe distribution ratio
of root to shoot
2018 Fe0 XY508 81.68+1.41h 56.32+2.48 gh 137.99+2.89 h 0.69+0.02a
CD418 91.35+1.53 h 4748+1.72h 138.83+2.77h 0.52+0.02b
ZH2 220.65 + 1.25 cd 98.68 £ 1.32 ¢ 319.33+0.18 ¢ 0.45+0.01 ¢
ZD619 14585+ 1.12¢g 50.71+1.75h 196.56+222 g 0.35+0.01 ef
Fel0 XY508 147.03+6.67 g 74.65+3.26¢ 221.68+3.47f 0.51+0.01b
CD418 14239+279 ¢ 59.66 + 0.34 fg 202.05+245¢g 0.42+0.01 cd
ZH2 296.96 +5.42 b 128.12+5.56 a 425.09+10.85b 0.43+0.03 cd
ZD619 168.32+0.83 f 65.91+1.72 ef 23424 +2.53 f 0.39 £ 0.01 de
Fel00 XY508 225.87+5.68 ¢ 74.68+2.73 ¢ 300.55+4.78 d 0.33+0.01f
CD418 209.67 £5.36 d 84.98 £4.68 d 294.66 +3.56 d 0.41£0.01d
ZH2 333.73+9.67a 113.83+1.02b 44756947 a 0.34+0.01f
ZD619 182.60 130 e 7079+ 4.88 ¢ 25339+393¢ 0.39 £ 0.02 de
2019 Fe0 XY508 134.67 1451 93.67+0.84 h 228.35+228h 0.70 £ 0.01 a
CD418 14522 +£0.67 i 94.77+0.84 h 23998 +1.46g 0.65+0.00 b
ZH2 311.37£2.69 f 139.18+1.07 ¢ 450.55+2.09d 0.45+0.01 ¢
7ZD619 279.28+2.61 g 112.95+2.58 fg 392.23 +4.06 ¢ 0.40 £ 0.01 f
Fel0 XY508 214.08+1.45h 115.41 £ 0.46 ef 329.49+1.70 f 0.54 +0.00 ¢
CD418 215.62+4.85h 110.14+£0.72 g 325.75+4.49 f 0.51+0.01d
ZH2 353.44+4.93d 14470 +1.35b 498.13+4.52 ¢ 0.41+0.01 f
ZD619 324.00 +9.02 ¢ 122.84+1.53d 446.84+8.19d 0.38+0.01 g
Fel00 XY508 37526+ 1.06 ¢ 117.93+247 ¢ 493.18 + 1.41 ¢ 0.31+0.011i
CD418 398.11+2.34b 125.44+1.26d 523.55+1.12b 0.32+0.00 i
ZH2 436.89+3.85a 152.91+0.77 a 589.79+3.75a 0.35+0.00 h
ZD619 407.44+483b 123.70£0.79 d 531.13+4.51b 0.30 £ 0.00 i
F{H F value Ay Years (Y) 3614.14* 1704.51* 4890.78" 2.07
£k Tron (Fe) 1394.20" 239.07" 1316.12" 331.39™
il Variety (V) 106.46™ 14.26™ 104.50* 81.55"
ARy x Bk Y x Fe 167.08™ 18.25™ 136.72* 6.82"
A x fFPY x V 37.05™ 6.34" 41.18" 2.80m
B i Fex V 744.43" 154.65 730.01°" 111.80"
ARy > 4 > Al Y x Fe x V 7377 9.53* 52.40™ 18.24*

¥ (Note) : Fe0. Fel0 Fl Fel00 43It ek B4 0. 10 F1 100 pmol/L Fe0, Fel0 and Fe100 indicate Fe contents of 0, 10 and
100 pmol/L in Hoagland’s solution respectively. [f]—31 AN [B] /NG FAR:F /R 6] — AR AS Rl B A] 22 533K 5% .35 /K Values followed by
different small letters within the same column are significantly different among treatments in the same year at 5% level. **—P < 0.01; ns—P > 0.05.
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Fig. 1 Effects of low-Fe stress on the root Fe absorption capacity of maize varieties with different Fe efficiencies
[ £ (Note) : Fe0, Fel0 Fll Fel00 437|055 2 v 2k A8 N 5 0, 10 Al 100 umol/L FeO, Fel0 and Fel00 indicate Fe content of 0, 10
and 100 pmol/L in Hoagland’s solution respectively. 1 AN [ /NG FFhE R IR 6] —4F 3 AN [ Zb 3R] 22 573K 5% 535 7K Different mall letters
above the bars are significantly different among treatments in the same year at 5% level.]
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Fig. 2 Effects of low-Fe stress on Fe physiological efficiency of maize varieties with different Fe efficiencies
[ (Note) : FeO, FelO Fl Fel00 4> HMCFEE SR P A A EE 9 0. 10 F1 100 umol/L FeO, FelO and Fel00 indicate Fe content of 0, 10
and 100 umol/L in Hoagland” s solution respectively. #_I [ /NG 1378 Fl—AF 0y N [A] AL BR IR 25 5735 5% .35 /K Different small letters
above the bars are significantly different among treatments in the same year at 5% level.]
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Fig. 3 Correlation analysis of root traits and iron accumulation in maize seedlings
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