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Abstract

In this study, the effects of cerium (Ce) and gadolinium (Gd) treatments (0.1-1 mM) on the germination and early growth
of maize (Zea mays L.) seeds were evaluated. Neither element impaired germination vigor; however, there were distinct
tissue-specific sensitivities were during seedling growth. High concentrations of both elements severely inhibited radicle
elongation and surface area, whereas the plumule was unaffected. Inductively coupled plasma and malondialdehyde analyses
showed that tissue accumulation of both elements increased in a concentration-dependent manner. However,
malondialdehyde levels spiked exclusively under high-concentration Gd treatments. This indicates that Gd induces direct
oxidative stress via lipid peroxidation, whereas Ce triggers physiological inhibition through mechanisms other than structural
membrane damage. Overall, by clarifying the distinct toxicological mechanisms of these rare earth elements, foundational data
has been provided for establishing safe management criteria in agricultural ecosystems, and in the evaluation of soil pollution.
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715 AP R8 2R Aufloll F-8-9 bt Slck(Liang et al.,
2005). ¥, 2] ¢ SER AAvtH= 34
Aol TEE o] A Yot FAA Al-go] ARtEH, o&
H W 7FEdw(Gd)Y +AEA +EBau et al.,
2006)°1H A 71E 5ol olsf fY=EE A9d &
FEAR EFHK(Stein et al., 2022). ol w2t F
At D ARTY T Q8T ofye, SER Hmot
A&H o2 AgH 53] EGoIME BZAA =
A @Aro] HAlE| T Q)tWang et al., 1997; Franca
et al., 2002). HA JEFE= AFol 40| fl= AL
2 AA = oK (Schwabe et al., 2012), & A7l
OE2W EQF W I ER A7) Alf= HolikE Hytke]
A & 3 (bioaccumulation)& ot A= Q1
IS z= A o2 B E 9t Yuan et al., 2018).

2| A2 otol| A A gFol A As-S A=k 11§
FolA o] JAIst= olFA TS BRI TE
WA 2 (Hormesis)2] &1 913 HH/do] YF= 1L
S t{(Calabrese et al., 2017), A& HA| SIER &
E 2hNA Ax 2 /714 59 SEHAIA -
o] ¥4 v} It}(Belz and Piepho, 2015). L&}
SEHAA S B FE OEA W SRR
Aaoto], mlARE &5F HA| YA E AE 54
(phytotoxicity)= ok 2 84S W}
1 9JtK(Calabrese et al., 2010). 3] 21&2] 7] X
| A F AR o= S ERY S EHAARES U
A =4-& wdste 7P widsta 23Rl A8
o]thBrioschi et al., 2013). S|EF P47} Hejof n
A& FF2 Z(lateral root) 2] W, EHZ T 5]
| 7-Z(root system architecture, RSA) 5] FEj
A AQuj A& SHFelE R, Vet TixE o|n|z] 7
gHo] gt RSA 242 7|& 23 AL A E Bt
o+ 4= JIthMohamed et al., 2017).
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2 AT FA AR 55 B A0
Z 1 3'(Jeilseed, Korea)E AHg5HTH A
2173 F2F 60 W42 A'E5te] 200 mL HIA el YL,
1% ZFotd A4 EE 48 (sodium hypochlorite,
Junsei Chemical, Japan)oll 10 27t Hx]sto] Z2f &
HE A=tstoint. At & F2F B0 2HRdl= Aoty
aAFE A A7) Q1o SRR 5 3] ol Al- skl

T L3t ol feoty] flol, A TAE
7} 2] gHof 5] 7|5 5tof 6 ARE-ESE XA
Sh= Z2tol®(priming) A=E F3stATt. A 1}
A Folle Tl A4 3715 dgs| Fastaat 1
AIZF 2HA 02 fe|uitiE o]-g-oto] bt wytst
Gtk Zetoly A7t e H F2= 100 X 15 mm
Petri dish (SPL Life Sciences, Korea)oll ©7t7]
(filter paper, HYUNDAI Micro, Korea) 2 &= 7t
T, Zt Ag] 894 10 mL & 55t F29] 22 g
of| A X)/dsteiet. olul BA £49] A=E/gE SHE o]
flste] Aeld F 60 He] FAE petri dish & 10 B4
6 BHEO = iro] HjZ|steit. S &= 28T, &
F71& 12 A7 7 A(light/dark = 12/12 hours) 22
2489 §-28]%7](HB-302LP, Hanbaek Scientific,
Korea)oll A Wo} & AJ8-5 F o3It

Ao AHEH S ERF A4 AoF2 HAAlE 543t
E[Ce(NO3);-6H,0] (Duksan GR grade, Korea)¥t
AitEElE  S$49E(Gd(NOs);-6H201(Samchun
Pure Chemical, Korea)s AH&-5t 4t S| ERF 8
of 23 HAMAANOs)Ol &5 T2 Wol 9l =
7] 2 A%l mlAlE 52D 9 wiAIsk 3
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Table 1. Experimental treatments, molar concentrations, and application amounts of rare earth elements (Ce, Gd) and the

ionic control

Application amount

Treatment Concentration (mM) /D) pH EC (ds/m)
Control 0 0 5.94 0.248
KNOj3 (Ionic control) 3 0.3033 6.01 2.128
0.1 0.0434 5.71 0.235
Ce (NO3)3:6H,0 0.5 0.2171 5.72 0.994
1 0.4343 571 1.922
0.1 0.0451 5.88 0.240
Gd (NO3);:6H,0 0.5 0.2257 5.79 0.997
1 0.4514 5.61 1.895
Table 2. Evaluation formulas for seed germination indices of maize
Germination Vigor Index Formula References
N,
Germination rate N x 100 ISTA(2012)
¢
N;
Germination speed index 2 Ea (Throneberry and Smith, 1955)
i

Time to 50% germination (730) [+

z

Synchronization index

2

2.

Cne

t—t

i)

(Coolbear et al., 1984)
n;

(Ranal and Santana, 2006)

: Number of germinated seeds: : The total number of seeds: : Number of seeds germinated on the hours; : Time elapsed after sowing
(hours); : Total number of seeds germinated at the end of the experiment; : Cumulative number of seeds germinated at the observation
time immediately before reaching N/2; : Cumulative number of seeds germinated at the observation time immediately after exceeding
N/2; : Time elapsed after sowing corresponding to (hours); Time elapsed after sowing corresponding to (hours); : Number of seeds

germinated in the time interval

7 Ad A9 521 mM)<] 4t
mM 9] EAHEE(KNO;) S-S ©
contro) 02 AR5t e AY
o] 1 Tk GHS AN F, o] B
solution) 2.2 4fol GAH o 2 3
H, FAAEQN Y Ao 24,
AE gHo 0|55t EA(pH, EC)
(Table 1).
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Fig. 1. Workflow of semi-automated root morphological analysis using SmartRoot software (v. 4.1). (A) Original RGB
image of seedlings in a Petri dish. (B) Image pre-processing: conversion to 8-bit grayscale and optimization of
brightness/contrast for root delineation. (C) Spatial calibration based on the Petri dish diameter (100 mm) to
convert pixels to distance units. (D) Semi-automated tracing of primary and lateral roots on the calibrated image.
(E) Representative output of vectorized root system and quantitative morphological data.
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2(oxidative stress) & 9 Alz2ut 1A 742K lipid
peroxidation) A =5 H7F5t1A}, Heath and Packer
(1968)¢] & A-85t] Malondialdehyde (MDA)
S EASHATE A8 &4 A 2§
of 221& 74zt BEjtt & AAIS0.2 + 0.02 9= &
gFotod 0.1% trichloroacetic acid (TCA, Junsei
Chemical, Japan)84 5 mL ¢} 3 ice-bath gl Al
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29 & =319 A5H 1 mL ol 20% TCA ¢ 0.5%
thiobarbituric acid (TBA, RHAWN, China)”} &%t
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Table 3. Effects of rare earth ion treatments on germination characteristics of maize seeds

Treatment

Germination

Germination

Time to 50% germination

Synchronization index ™

Rate (%)™ Speed Index ™ (hours)™

Control 81.6 0.214 34.1 0.109
KNO3 3 mM 75 0.215 32.6 0.137
Ce 0.1 mM 76.7 0.221 31.5 0.135
Ce 0.5 mM 75 0.213 33.3 0.179
Ce 1 mM 73.3 0.209 31.8 0.162
Gd 0.1 mM 80 0.214 33.4 0.155
Gd 0.5 mM 78.3 0.223 32.4 0.105
Gd 1 mM 71.7 0.209 32 0.116

* Values are presented as the means of six independent replicates. Each replicate consisted of 10 maize seeds (60 seeds per treatment in

total). Data were analyzed using one-way ANOVA at p < 0.05. Significance levels: ns, not significant.

MDA(W/}/zOZf1 X FVV):

A532 7A600 % 103 % 17t01‘al % Vextract
155 me[)le FW

FW: Fresh Weight : Supernatant + mixed solution(3 mL) :
Supernatant(l mL) : Extract solution(5 mL)

SER Azlo] T S5 27 ) 72 B4 ol
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Table 4. Effects of rare earth ion treatments on the morphological growth characteristics of maize plumule and radicle

Parameter Treatment DAT 2 DAT 3 DAT 4
Control 2.07(+0.41) 9.38(£1.23)ab 13.66(+1.77)bc
KNO3; 3 mM 1.35(+£0.31) 5.63(£0.81)cd 9.95(+1.35)cde
Ce 0.1 mM 3.02(x0.78) 11.40(£ 1.40)a 18.59(+1.69)a
Total radicle Ce 0.5 mM 2.51(£0.45) 7.52(£0.63)bc 11.01(£1.10)bed
length (mm) Ce 1 mM 1.70(£0.13) 3.81(+0.39d 6.05(£0.75)e
Gd 0.1 mM 2.05(£0.30) 9.64(£1.55)ab 15.27(+2.41)ab
Gd 0.5 mM 1.42(+0.20) 4.42(+£0.54)d 9.06(+1.21)cde
Gd 1 mM 1.48(+0.38) 3.66(+0.62)d 6.68(+1.16)de
One-way ANOVA Treatment ns ek etk
Control 0.89(£0.17) 1.78(+0.25) 2.48(+0.23)
KNO;3; 3 mM 0.65(£0.08) 1.60(+0.23) 1.81(£0.20)
Ce 0.1 mM 0.82(+0.12) 1.78(+0.21) 2.38(+0.27)
Total plumule length Ce 0.5 mM 0.74(+0.09) 1.47(+0.18) 2.59(+£0.21)
(mm) Ce 1 mM 0.70(£0.06) 1.29(+£0.16) 2.68(+£0.23)
Gd 0.1 mM 0.76(%+0.10) 1.59(+£0.16) 2.66(+0.21)
Gd 0.5 mM 0.58(£0.05) 1.57(£0.26) 2.35(+0.25)
Gd 1 mM 0.68(+0.07) 1.29(+0.11) 2.27(£0.24)
One-way ANOVA Treatment ns ns ns
Control 1.61(£0.28) 4.39(+0.54)ab 6.56(£0.69)a
KNOs3; 3 mM 1.26(£0.27) 3.15(£0.41)bc 4.51(+0.68)bc
Ce 0.1 mM 1.78(£0.34) 4.86(+0.49)a 6.26(£0.49)a
Maximal radicle length Ce 0.5 mM 1.81(0.27) 3.28(+0.40)bc 4.06(+0.40)c
(mm) Ce 1 mM 1.57(£0.14) 2.01(+0.14)cd 2.81(+0.30)c
Gd 0.1 mM 1.50(£0.18) 4.05(£0.71)ab 5.77(£0.78)ab
Gd 0.5 mM 1.30(£0.18) 2.39(+0.24)cd 3.32(£0.28)c
Gd 1 mM 1.14(+0.27) 1.67(£0.20)d 3.00(£0.70)c
One-way ANOVA Treatment ns e e
Control 1.05(+0.23) 3.83(+0.57)ab 5.10(+0.73)b
KNO3; 3 mM 0.70(0.19) 2.56(£0.41)bed 3.92(£0.55)bc
Ce 0.1 mM 1.27(+0.27) 5.18(x0.73)a 6.81(+0.67)a
Total radicle surface Ce 0.5 mM 1.35(x0.29) 3.06(£0.25)bc 3.89(0.41)bc
(mm?) CelmM 0.94(0.09) 1.57(+0.18)cd 2.41(x0.28)c
Gd 0.1 mM 1.08(£0.15) 4.65(£0.85)a 5.54(+0.80)ab
Gd 0.5 mM 0.75(x0.13) 2.06(£0.27)cd 3.19(2£0.39)c
Gd 1 mM 0.80(%0.22) 1.35(£0.20)d 2.65(£0.45)c
One-way ANOVA Treatment ns ek ok

* Values are presented as the means + standard error (SE) of 15 independent seeds per treatment (n = 7). Data within each column were
independently analyzed using one-way ANOVA for each day after treatment (DAT). Significance levels: ns, not significant; ***, p (0.001.
Different letters within a column indicate significant differences among treatments on the same day based on Duncan's Multiple Range Test

(DMRT) at p € 0.05.
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7|& Ao dEW SER Aol ate S|
ofgat 27] 8-S EXH= A0 R K1t W &
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d’Aquino et al., 2009). 9+ 215 FHIEH I E
F7F A Wotd] v FF2 1A H Aol o,
Ao d40] TR} 5, A A= &, A 84
27 5ol o} ¥ 3, A= T oA anE o
SHA Uehd 4= qiohal RO Qi) & Aol 4] ARgRt
Cedt Gd sE& S5 AV Yot 2ZEHAE ¥7]
R s HE el I Aoz st

o2 o= AAT 3 mM KNO; A2 GA|
2} foJRk 2po] 7F UehtA] okgreh. A+ 2
T 3 mM KNOs Bt @4 s oAk F21o] &
o] Aof|] ggom, ~EHA YA Fof, mefol® &
5 3HAJA 7t e Ao R BalEo] ALt ol
A= S 9] Wot A of] EA A FkS
22 S AT 4 UHAnosheh et al.,
2011; Nawaz et al., 2017).

32. BE3 02 2ol 2 244 RE0| R0t Y
Q0| HEHSHH Y 24

919] BEH ol 2(Ce,

2 aTeld AT 55
ol% 244 4R fol A 29| B
70 9

Gd) A =j7} Zot
ek Aol v]2]
AEE deufa] EAEAS

Table 49 2t B3 I EF 2] &3, AIZF 43, 1
211 F 99l 4] o283 o2 A5 9
5l o]Yux] EAEA(Two-way ANOVA)»S 333t
A3, 423 TEE B (EF F2 Zol, M

do|, & B HA)E2 A a9, A7 a9l
15 9]l 7o oA gt B A feln|gh
7t ZR1IE % tKTable 5).

55 AFE0.1 mM)e Cedt Gd AeFolAe=
DAT 4 71 & f 4ol7F 2442 18.59 mm, 15.27
mmE HET(13.66 mm)E dEote] Ak A= &
T HYH(Table 4). 234 5%=71 0.5 mM °142
= Z71Rbel wet f9] Ago] SA|E7] Al&beklar
1 mM A ET9] H$ DAT 204+ ti k2] 2po] 7t
NN DAT 40l4= ARt =502 FAste] {2
o] Aol AA A= o] TEMHAIA FHE-& BT o]
g Aok 7P 1§ doleh e U AR

o

W, oke] AR AT a.91e] oJshA e § e
o] S A2 Bk P ATHE AR feolu]
514 eSkeh. DAT 4] §rot ol vlmajud Hhx



664 Jejdl - o147 - 2

g LIRS e R s

Table 5. Two-way analysis of variance (ANOVA) for the morphological growth parameters of maize seedlings

Parameter Source of variation F-value
Treatment (T) 14.85™

Total radicle length Time (DAT) 118.42™
Interaction (T X DAT) 3.61"
Treatment (T) 1.07™

Total plumule length Time (DAT) 140.53™
Interaction (T x DAT) 1.54"

Treatment (T) 10.97"

Maximal radicle length Time (DAT) 70.77"
Interaction (T X DAT) 2.66"

Treatment (T) 13.94™

Total radicle surface Time (DAT) 81.25™
Interaction (T X DAT) 2.98™

* Two-way analysis of variance (ANOVA) was performed to evaluate the main effects of treatment (T), time (DAT), and their interaction
(T x DAT). Significance levels: ns, not significant; **, p € 0.01; **, p < 0.001.

o] fot Zo](2.48 mm)¢t H1 FE(1 mM)<]
Ce(2.68 mm) ¥ Gd(2.27 mm) A&+ 7re] F2st
A7 Aol WEREZR] gol, 27| ol ©A 9] &4
frobe S ER o] & tisl i o=z EAt A
o= sfolEolrt
o|e|gt F-oE R E 2o]
LH o5 B4 AHE ?_}?io] Aot R HiA W 3]
7 ol HEsh= 14

7%4‘3]-1— HZA5HA §F-gshelet. §EE,
= 7AoF ol=H| JEF o] %_‘
Zt2 a2 t(Casparian strip) 5 53174 ZVZJ'E%—J
Aol A7t ¥ Ao HEI §ltk(Shan et al.,
2003; Brioschi et al., 2013). &4 FHE HFe
2 Lo A2g A% ATINE 2] goe] B}
Z7Ftoll whet 23 RHE} 2]shEe]| S|ERO] £20]
SAMoHAl YERTh E3E Z|opRe] S AAIE f
SHe -89 =4 AAl FZ(2F 0.36 mM)7H AgR(SF
5.40 mM)Et} @7|5] Wol ferl A ARt Ao =
H 1A Xin et al., 2006). o= AFF 2] 24
o] Ydoleta shr| Hh= e] 3] 3 Al of ofgt
SERY AF % TE 245 T8 ALR ol Ao
= mohe) mebA 2 A4 Petri dish 7 W A1
olghs TAIH-2 EA 5t 0.5 mM o A z]tollA

e ARAY B AEAAE Wok 470 A

2= s,

(MDA) &4
S| ER o] & A7t & 27] RO Al 2H) &4
g o2 F4 7130 m|A= FF2 7+ stalAl, MDA
&} ICP-OES & 58 Alvl ¥4 53]
™H(Table 6, Table 7). F7] ¥4 E4(ICP)2 4A <
|t Hte} o] 271 i THA o] Aet
Q1o Fotet = Alo] & HhE 2402 AAIsHS]
o 9] F=0.1 mM —~ 1 mM)7F 571l
A W Ce &#H64.0 — 1,102.3 mg/kg)? Gd &F
(70.7 — 1,345 mg/kg) =+ §435] 57F5h= 5% 9
}_ZJ _%_/'\_ ﬁﬁko] 5lo] QME}(Table 6).
At o= S|ERF Y49t F8 Fol(Ca*, K,
Mgz*)o A& Aol A BAA R At 282 5t 3
i FT FFol| e o] 2 ¥HAt st 54 5ol ut
% 28 g oA A7 EA s R
gol Ueh= o= 43A SItH(Hu et al., 2004;
Liang et al., 2008). 124}t 2 Ao A= KNO; A

2|72 z3ket A4ANOs) 7 EHe] SER 2 2] o] A]
27 e] 22 oF 2 i, 253} uk 1|42 oF 4 v
=2 e At



3 ER o] 2(Ce, G2 F& Fol o

£ 955 ol 8l 2] A B4 £4 665

Table 6. Mineral element and rare earth element (Ce, Gd) concentrations in tissues of maize seedlings

Treatment Ca* (mg/kg) K* (mg/kg) Mg® (mg/ke) Ce* (mg/kg) Gd** (mg/kg)
Control 97 5,134 427 N.D N.D

KNO3 3 mM 184 20,351 1,501 N.D 1.3

Ce 0.1 mM 263 20,484 1,551 64 N.D

Ce 0.5 mM 239 19,036 1,601 650 1.1
CelmM 245 19,513 1,714 1,102.3 2.6

Gd 0.1 mM 199 15,617 1,351 N.D 70.7

Gd 0.5 mM 242 20,394 1,548 13 443.2
Gd 1 mM 223 19,936 1,615 2.4 1,345

* Due to the limited biomass (dry weight) of early-stage seedlings, tissues (radicle and plumule) from replicates were pooled to obtain
sufficient sample amounts for ICP analysis (2 = 7, pooled sample). N.D., not detected.

Table 7. Effects of rare earth elements (Ce, Gd) on MDA content in radicle and plumule of maize seedlings

Treatment Radicle* () Plumule* ()
Control 14.35(+1.56)b 17.10(+0.74)abc
KNO3; 3 mM 16.30(£2.26)ab 17.07(+1.18)abc
Ce 0.1 mM 14.02(x1.87)b 14.52(£2.06)c
Ce 0.5 mM 13.61(£0.98)b 19.34(£0.67)ab
Cel mM 15.00(x1.37)b 18.63(+3.08)ab
Gd 0.1 mM 14.76(+2.4)b 15.97(+0.68)bc
Gd 0.5 mM 18.87(£1.37)a 20.32(£2.05)a
Gd 1 mM 20.00(+2.48)a 20.56(+0.34)a

*Values are presented as the mean + standard deviation in parentheses of three independent replicates (7 = 3). Data were analyzed using
a one-way ANOVA followed by Duncan's Multiple Range Test (DMRT) at p (0.05. Significance levels: *, p € 0.05. Different letters within

a column indicate significant differences among treatments.

B ofol2 fido] AdEH 2eg 2AUS
o], o]=|gt ol L9 UEH F7t= Sold
NOs™ &5 9 AW o]l FHof w2 A5 o] 4
A4 x4 JFer AYEckKirkby and Knight,
1977; Van Beusichem et al., 1988). A& 302
Q1 AsAS 4T o AW 714 S-S SRSk

2 Fhasshi) 2 YOI E olefe Ale) A Bhg o] &
Aol wet F4 5] AElo] AR F2 Fol2F
o f23t frob 22 Wz AR % ol 5E S0 B
cheT et AE-sER-gol 7ro] AT AE @
R )AE Fa] S, AAA] 55
e AT 4 9 ol txTe] wae] apHch
3, Ce 3 Gd &= §AK G5agol e B8t A
Eoto] A8 THISHES LRl MDA B3l A E

A4 7hof| At vhg-o] TAE| JtH(Table 7). Ce A
g7 21 Hrol 1 mMoAAE F2(15.0007 &
©}(18.63) BF TRt FAHCR Folgt Afo|rt
Aol 2 A AN Ce 0] 1 mM ] I%E
LENNE K55 00| 418t AEHAE FH5HA|
o= 710 2 BolE ]t

9 Gd AZTE 0.5 mM SRR EH f
(18.87)1 °H20.32)2] MDA gaFo] iz HiH]
frojnsiAl S7FetaALt ol 0.5 mM oM =2
Gd & &5 415 AlE WollA S4AF(ROS)
g Grota, Alxute] 2 dites FEPE Ao
2 TE HefdE 94 £ S E R 4351 Gd
= FSERQI Ce Bt o] §HHo] 2o} st W7t
E7] 2o, AlX Y g5 F% o] 259 A A E
oS ZEsHA wetetal P 42 A AAHS B
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Akl 5 ATE R £ A5 BAS UEyE
ZAoz Biro] Qltk(Pagano et al., 2015). = &
& O] (Ca*Ert & st UEE 7hA Alxut g
of ARA o= Adtoto] Al W 45 Hg & ol
S AAE 2P H o2 wsttHHenriques et al.,
2019; Pinto et al., 2019). & A7NAZ F Hi9
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