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Biopolymer Amended Soil Reduces the Damages of Zn Excess
in Camlina sativa L.
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ABSTRACT: Amending biopolymers such as 3-glucan (BG) and Xanthan gum (XG) generally enhances soil strength by ionic
and hydrogen bonds between soil particles. Thus, biopolymers have been studied as eco-friendly construction materials in
levees. However, physiological responses of plants grown on soil amended with biopolymers are not fully understood. This
study focuses on the effects of biopolymers on the growth of Camelina satival. (Camelina) under excess zinc (Zn) stress. The
optimal concentrations of BG and XG were confirmed to have a 0.5% ratio in soil depending on the physiological parameters
of Camelina under excess Zn stress. The Zn binding capacity of biopolymers was investigated using 1,5-diphenylthiocarbazone
(DTZ). The reduction of Zn damage in Camelina was evaluated by analyzing the Zn content and expression of heavy metal
ATPase (HMA) genes under excess Zn stress. Amendments of BG and XG improved Camelina growth under excess Zn stress. In
DTZ staining and ICP-OES analysis, Camelina grown on BG and XG soil showed less Zn uptake than normal soil under excess
Zn stress. The Zn-inducible CsHMA3 gene was not stimulated by either BG or XG amendment under excess Zn stress.
Moreover, both BG and XG amendments in soil exhibit Zn-stress mitigation similar to that of Zn-tolerant CsSHMA3 overexpres
sed Camelina. These results indicate that biopolymer-amended soils may influence the prevention of Zn absorption in
Camelina under excess Zn stress. Thus, BG and XG are proven to be suitable materials for levee construction and can protect
plants from soil contamination by Zn.
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%Oﬂ)d BG = XG 2289| Camelinas HIO|RZ2|H
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LIERHCE HIO|2Z2|HO| Zn ZEHsE DTZ (1,5—diphenylthiocarbazone)S 025104 EA46t Z1t BG L= XG 25 36t
=]

S800] olal| XS] HASIS BRISIFCE 12|11, BG = XG2| B2 Camelinall Z3< $44| Heavy metal ATPase
(HMA) Q| IS SE5HK| QUQtoM, OS] (wildtype, WT)ELF CsHMA3ZF T12tS =l Camelina®| M BG = XG &80}
7 n

n oY A=A M2 SIS SRGIACE ZEHMCZ, HI0|RE2|H| £ E8f2 HI0|2E2|Het Zn Aj0|<]
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%31 )t} (Vahedifard et al. 2015). 3}A|%
o 22 = E o8-t A 3=
Tk 2| 2H wh2) A7} R o] 212
SEAMY Ad o] 8% AL Qlok o)t
Ast7] sl Aol Alma A A sto] Ao 74
Hro] ARE| AL QIR AlE-E o B_F Al A
o) A7) Y= Ao R ATt (Hamidifar et al.
2018). o] &gt TS Heat7] 9ol EFUARL At
sto] EEE S |= AdaA vlo] e &2
O] EFESS ol A A E SR )= o)
S5+ = At -
B-glucan (BG)#} Xanthan gum (XG)&= H|AYE
2 o] vjol e Zejwo|n, Eqfol| &3 Al EF YAHE
oflet EGF W o] 251} i AT s o2 Ao
Sto] B =g 54 ARk A 1tk (Chang
and Cho 2012, Chang et al. 2015). ©] 2|l £37}-= o]-&
sho] A 213k ol Al A Ao gt dAt=o] X3E
3L QA HRo]| @ Fajm o] BEokEgto] AlEo m]A|=
[l thgk A= F=sheh 2 Aol A BG-XG
FAIG ] Hlo] e Zejm] BoF Egto] i HGES
PA|A 7ha 2~ E g 220 tigk Camelina ©] A7go] -
= L U B A s P L] AA: Bl B
Lo ChoRRE S A E Y| A 271 0f|A] A=l m] A=
Hpo] @ Eejm o] A k= F7F A7 ast Aot
(Lim et al. 2018).
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dhatel T B 0] Ashntofiet it Amd
22359 73} 9 B84 (chlorosis) & 4141 7], 4
FH0.2 Algo] AT el Aol W Ak A
oF7]3tc} (Chaney 1993, Chen et al. 2018). o] 23} 1]
12 MRS} S1ol AL B4 0] 0] HHE (effluy),
A (sequestration), 12|11 584 (chelate) 3} -2
Hlo] 7] 2R Wk A A b (Krimer and Clemens 20035,
Palmer and Guerinot 2009). 71 %of 4] Heavy metal
ATPase (HMA)+= A129] Aol YX|sk= 5a
T I E 2 7H=5 (Cd), H (Pb), THE (Co), 1
23l Znot 22 Fas o] 25 HR A R E W
(HMA2, HMA4) = dxx g2 AT (HMA3)A]AH &=
=<4 YA 7)2ko]| 716951 (Eren and Argiiello 2004,
Verret et al. 2004, Seigneurin-Berny et al. 2006, Morel
et al. 2009, Wong and Cobbett 2009), A= ¥}H&]
(over-expression) A S 1] FH4 AEH A YA o]
Z4slel= A o &2 A A Quk (Park et al. 2015). E3E,
HMA ThiiZ =2 $540] 5= 9 eEA7to] vl
sto] wralo] 271el7] ugtol 554 e 0]
A E 2 &g 755l

2 Aol A= Hio] 2. &2 ™ BG H4= XG 9| Zn ©]
2 A% ol Fnt oy 2} A& (Camelina) ©] Zn 249 2~
Eg2of e F S W BG E=XG O B Eo] 1]
A= FoFe TAKEALAF 5 o] & 915tod, Zn 1Y)
AE A 9l vfo] @ Zejn] 29t f-5tof wE Camelina
O] BE2ARE Adstalon, AEA W 55 o9
AFS S45to] Zn 1Q) AEY A 5] S EA4
331, BG = XG A2 S50 W2 HMA1/3/4 574
Z}o] BFe 2223 WT 9 CsHMA3 #HHsl Camelina
O] AYe] 4 W3} v|asto] Zn 14Q) AEF Ao TRk
AlE A BFeh 291 22 AlE A WA 2219
ofgh w3}2 vl kAt okl
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2. XMz 3 g
2.1 A2 1iE 2 Hio|@ZE2|H X2| =A

& Aol A ARE-H B-glucan (Z2]7hH2 (F)E=RE
of| A A3 ¥k S ™, Xanthan gum-2 Santacruz (USA)
ol A F-]1ste] Aol ARE-SHI. Hio] @ Eejm et B
OF (HFO] QAME, (F)B3Hs)S Table 10f 7| Hj&
2 53 5 Camelinag 35 5%t} 159 Camelina
22+ 1°C, 16 X178 A7 (180 umol m™ s™) 34£7]
O ujFAl oA 15554k ol B ASA 7 o, A
+5 58 12} S/ E=ZnS0, 8- (10 mM) 50
mlE Y 2557 A 2J5kGiTh Zn 1) AEH A0 7|E
2 Park et al. (2015)2] AT 4] 2] H 1,500 mg/ke
ZnS04 ZAL AZs1¥ o, 0 mM HE 40 mM
ZnSO, A H==0f gk Camelina®] 33 9 3] 3)|5-
AL S E8]) 445199t} (data not shown). CsHMA3
A A= CaMV 35S promoter7} -4 pCB302-3
vectoro]| CsHMA3 -3- A= cloning &, agrobacte-
rium (GV3101) vacuum infiltration ¥}-%32 Z3j AJ A
|t} (Park et al. 2014).

o

22 MY REE 5%

AefdfrE=o 4 A3S Kim et al. (2013) 9
Lim et al. (2018)2] 4417} Els}7)] AHE e,
Camelina 152129 25+ =91 10 mM ZnSO; $~8-982
Aelg ¥ 172G L APtk A9T U 421
cm Zo| 2 Z 455 510] 32} HH<4= (double distilled
H>0) 30 mlo] G371 Al o] ¥ 5-26°C 100 rpm =
712] P ufekr ol A 2417 v ekaksitt. 1 3 sample
(EC1) ¥ 32557 (EC2)Y #A7|A=EE 1Q170
electrical conductivity meter (IQ scientific instru-
ments, USA)E o]-8}0] Zs}sich. 2] 243
sample52 313} Watsto] A7) == (EC3)E 573

Table 1. Biopolymer concentration for soil amendment

3ttt ZF sample 59 A&+ th29 Eq. 1
2 ALkl

A G2 (%) = EC};;C%CQX 100 (Eq. 1)
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2 54 B3 2 0.1% trichloroacetic acid (TCA) S
A|Z2] 5ul) v]E= 75 4°Cofl A4 15,000 rpm ==
AL Z 1027 A 22 45N 0.5 mlE FE3191

. 529 sample©] 0.5% thiobarbituric acid (TBA),
20% TCA £=8982 1.5 ml A7}t & 95°Coj| 4] 255
ZF7Fgskaith 7HE % smaple52 Aol A S5
A1%] 3.4°C, 15,000 rpm 27 0 & 587 AA2e] 51
ek 4 2] F 3228 A5 BUHEA (Libra
S50, Biochrome)Z- ©]-&3}¢] 532 nm, 600 nm 1}-3}of|
Aol FHE=E 24 shch MDAS] Rk el
Eq. 22 Akl

MDA & (umol) =
(A532 B AG()())
155 % 6 (3] 41 5)

(Eq.2)

x4 (84 %)

2.4 HIO|2EZ2|H-Zn 0|2 A 24

BG = XGO Zn 2% 422 8hlai] 91 10
uM ZnSO4 =8N BG = XGE &35 & 0.45
um pore®] LE|2 o} }aho] Zn-vfo] & Fejn] B3HA|
2 A781 9k 1 F, ofakel 4-goho] 253 Zn o) 7
2 2157 915 B4 ol SolH iAokl

1,5-diphenylthiocarbazone (DTZ)& ARE-315 T, Zn

Biopolymer concentration (%) Soil (g) Biopolymer (g) Water (ml)
0 900 0 270
0.25 897.75 2.25 270
0.5 895.5 45 270
1 891 9 270
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o] w2 dM o HIE 7Sk $18) 0 - 10
uM ZnSO, $=8MHoj| DTZ-methaol -8H-& 2] 5}
t} 11 3 BT A S o] 88}0] 7t sample52) 5%
T 78S 7|HWke 2 3304 (standard curve) 2 HF A
<= SHHskel

2.5 DTZ gAY

1} & 155 Camelina WT 2 CsHMA3 ZhaHs
Al F-HE 25 59 ZnSO4 =8 Yol A 2] 7h 5 A4+

W13} 3912 A3iste] Aglol Agesict. DTZ3}
methanol-& 500 mg/L H]-&2 42 30.45 um syringe
filter2 oMA|7] & HMo| A}8-519ch Aluminum
foilS 0]—9-6}0:] SHAEE G| Al 7] & DTZ-methanol
98 WA A AFLOIA 4417 EE A4

#u% 1587 12} 25582 42819

£ 3 235 Camelina §H9] 25 52 10 mM
ZnSO4 &S A 2|3 & ALF AAE AHF st
65°C Az Eolx 32Ut AzalolT). AxH ABe
wRfof B AL ol §3fo] 4R T 0.1 o] B2
gttt 242r2] Al 20] 0.IN HNO; S mLE 37F
sto] S5 Gl m7bA] A2 shotek A 2E
A RS B o] FRo] 845 5 ICP-OES
(Inductively Coupled Plasma Optical Emission Spec-

troscopy, Avio 500, PerkinElmer, USA) £4-& 53
Ferol e ke 24 sk

2.7 Reverse transcription polymerase chain
reaction (RT—PCR)

ZnSO, 5885 25 52t A 2]k Camelina = -
27} RS 2510 1701 g0 2 Hep atgiom o
A-AZE SAAZ] X tissue lyser (Tisue lyser 2,
Qiagen)< ©|-§-5to] F4f5k3ith Z4f % sample 5=
HE| RiboEx Total RNA Purification Kits (GeneAll,
South Korea)& ©]-835}¢] Total RNAE =35}t
Z¥719] total RNA sample5-2 1st script cDNA syn-
thesis kit (Takara, Japan)-2 ©]-8-5}o] cDNAE 345}
Itk Table 29] A ¥ HMA §-ARE2] primer G7]
A E-& 719ES &2 RT-PCR-Z 3)3+ & PCR productE

Table 2. Primer list of CsHMAs for RT-PCR

Gene Sequence (5-3)

Forward | AAGACTTTGTTCATGCCGC
Reverse | CCTCTGGCTTTAGGTTGCAG

CsHMAT

Forward | CTCAAGTCCTGCTGATCCCG
Reverse | GTGTGGTGGTGATGGTGACT

CsHMAZ2

Forward | TCGTGAAGGCATTGAATCAA
Reverse | CAAGGATGGGGAAAACTCCG

CsHMA3

Forward | AGCCTGTTACCTTGGTGGTT
Reverse | TGCATAACTCCTGCAACAGT

CsHMA4

Forward | GAAGAACTACGAGCTACCTGATG
Reverse | GATCCTCCGATCCAGACACTGTA

CsActin

agarose gelol] A7) %95 A 721 gel document system
(Geldoc XR, Biorad, USA)E ]85} 2Hst3it}
CsHMAGAAEL WHe] 28 At 0 2 v w5}7|
A3l AE9] m A4 (microtubule) ] CsActin®] Bt
A2 W 2415} eek

3.2 1

—

3.1 Zn ot AEHA SHOf|A HIO|RZ2|H EX
St =20 M2 Camelina 81 H|

upo] @ ZejmE Ay 750 A& ARE-S o] A%
ZohlES ERlshk= ﬁ% ZAAA ZHolA W58
S AlZ0] A} dhdo]] A a7} | 7] o= A 29t
H]&2] 2912 P45 °1“%(Lim etal. 2018). Hjo] @&
2] A 2] v]&of w2 Camelina ] A% H3HE 2A}
312 BG B=XGE 24710, 0.25, 0.5, 712]31 1%9]
H|-& 2 B0k &3l 3 Camelina £AS w2319
o} 95 152 3, Z42he) Shilof| 2 St Y S T
+=10 mM ZnSO, ~8H-& A <= 2 Fsk¢ich 1
%, Zn 3] AEH A0 wh-E Camelina 2] AYA|5 HE}
E =A%tk 71 23} 0.25% BG 2 0.5% XG o]AH9]
Hlo| @ Z|t Egh Lo A Zn 3] AEH Aof gk
Camelina 9] 346‘H7} HaEgloH (Fig. 1 (a)), Hol
Zalw v &gkl gl AAlFe] dAsHA =dTh
(Fig. 1 (b)) o] ﬁqwioﬂ BG E=XGZ0.5% o]+
O] &= B 23619l W Zn S/l ot 1l a
7} @A AT 91 T 4= 9l qick ¢hH, Zn 3t
2EF 2 5104 BG = XGE] B} H|E0]0.5%
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Fig. 1. Effect of growth in Camelina with various BP concentration under Zn excess stress. One-week-old Camelina
seedlings grown on various concentrations of BP were treated with or without 10 mM ZnSO, during 2 weeks. Phenotypes
of Camelina under Zn stress in BG (left panel) and XG (right panel) amended soil (a). Fresh weight of Camelina
shoot under Zn stress was measured from harvested samples of each BG (left panel) and XG (right panel) amended
soil (b). Bars and error bars indicate means and standard error (+SE).

o]AFel wjolli= Camelina 2] AYH| % 2717} 9-0]n|}4]
okort}. wheha] BG = XGO| 274 530|128 nE
0.5% & A7gsto] A3 Zeystsick

3.2 Zn fY AEH A Sl0j|lA Hio|E2|H S|
2 Camelina M2|& H3 21

Zn 3} 2EH| 2 Shof| A 0.5% Hio| &2 23t
of| w2 Camelina ] A7 Bl wjsf| = A+ A1}, BG
BIXG B0} o] 22| W] B 1 Zn A
2] 230X BAF 2ol S HolA| R om, ZnAE
2.2 sl 4 ol 2 ] W] B o 50% 4z
AT A4S UEPd BHH BGEeEXG £8++=
B uAEd A 2713 SARE AAES Lt
(Fig. 2 (b)). Zn Q) 2E|20f thgt A4 wjsiE L
Bl = | &AL AE Y A X 2 A] Camelina 12} 2
219] MDA 28 3418151k Zn 542 220004 v}
o) .22]0] £ £20] 12 MDA 5 ol e}
LFA] QEQIAITE, Zn 7o) AE 8|2 Sof| A BG E=XG
S B &gl Hlsl 2232, 30% 43t MDA
S e, 9 Zn Tjo) AEa A fRel 9
9101 BG 2 XG &3M19] Camelina= EA Ao 2 &
AF3E MDA S-S Yt (Fig. 2 (o). 0] 2715

3j| vlo] @ Zajn| o] EoF $3-2 Camelina?] Zn =4
S5 A A Al 2zuko) Ak} 2 wka| S WA gk
ol sF3ich

3.3 Zn 0|21t HO|RE2|H Zgf =4

Hfo] @ Zeju = thgRt Frjo] 2} Ajerha &
4] At} (Al-Wabel et al. 2015, Puga et al. 2015). v}
oleZ oM O] B Ejlo] Zn HH SR EEH AES
Tk AIks vlo] Q. Z8]m-Zne] Alo]] Ao 9
3t Alola} Feslgl on, BGEE XG2| Zn A% 25
& DTZ @& o]-8-5to] gelstelth Zn o] 2 &=
whE DTZ HM-2 AHlEsHA| Lreb o (Fig. 3
(@), ZZte] SH=E 4% & 554 (standard
curve) I WA AL 3kH 5199t} (Fig. 3 (b)). Zn-DTZ
FE3A DA B3l BG X XG o) Zn o] 21+ 4
%5 (binding capacity)& =A415F 23, & HE HF
uo] 22| H| &gt Hlsl Zn oF&Fo] °F 55%
o7 skl S-S skt (Fig. 3 (0)). o] 2}
L 7n 0|23} BG BE=XGO| A% 7M5AL HojZa
e, F7HH 0 7 Znol &} ufo] & Zejw| &] Zto]
I o2 FAHHA G o2 AsH| A8
= SIS = USITE webA Zn T AEY| A S A
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B Xanthan gum g I Xanthan gum
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b b b E 12 4 a R i a a
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0
T 4
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<
a 4
=
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Zn concentration (mM)

0

Zn concentration (mM)

Fig. 2. Growth investigation of Camelina amended with or without biopolymers under Zn excess stress. Camelina seeds
were grown on 0.5 % concentration of BG or XG amended soil for a week. The Camelina samples were treated
with or without 10 mM ZnSO, for 2 weeks (a). Fresh weight (b) and MDA contents (c) of Camelina under Zn stress
was measured from shoot and first main leaf, respectively. The letters indicate the groups that were significantly
different (Tukey’s test, P < 0.05). Bars and error bars indicate means and standard error (+SE).

(a)

AAARRRRER D,

o
-
N

y =0.0231x + 0.0573
R?=0.9875

6

7 8 9 10

Zn concentration (uM)

2 3

4 5 6 7
Zn concetration (UM)

9

10

1"

(c)

Relative Zn concentration (%)

120

100

Fig. 3. Binding capacity assay of biopolymers using DTZ staining method
were mixed of 1.9 ratio (a). Each absorbance of Zn-DTZ complex was measured for standard curve and equation
(b). BG and XG was mixed with 10 yM ZnSO, solution. The mixtures were incubated for 3 h at room temperature,
then filtered by 0.45 um pore syringe filter. Absorbance of the filtrates were measured at 570 nm using spectrophotometer
(c). Bars and error bars indicate means and standard error (+SE).

Control ﬂ-gﬁcan Xanthan gum

. DTZ-methanol and 0 to 10 yM ZnSO, solutions



268 J-H. Shin et al. / Ecology and Resilient Infrastructure (2020) 7(4): 262-273

BG E=XG EF E3}o] 9]3t Camelina 2] Zn 54 T
3| s Hhol &M Q| Zn o] FAF aifo] 2%t
Zo)et et

A 24 Hhol 9.E 2 o] o5 Zn 7o)
A B2 58] 478 BRISIALA, 255 Zn 7] 2
E IAE A 2]3k Camelina &] A} 5-5 4250 DTZ

018 51Tk 1 AT, Zn M AEE A 2 A0 A
BG £ XG £4 §70] 5517 213} 271 4
A FUAINE, Zn 2] AE| 2 Sl A] Hio] . Eg]
™ H| &3 L9] Qul 7= A Az Z o] B HAxg)
At} 2, BG = XG = Hiol e E2jm H| &

10mM

Control B-glucan

Xanthan gum

700

—
O
Nl

I Control
600 4 | == B-glucan
[ Xanthan gum

500
400

300

a
200 - 2
a
100 4 a a !
1 ,
0 10

Zn concentration (mM)

Zn contents (ng/g D.W)

o

Fig. 4. Comparison of Zn contents in Camelina by
biopolymers amended soil under Zn excess stress.
Plant were grown on BG and XG amended soil for a
week, then treated with 10 mM ZnSO, during 2 weeks.
The Camelina stems and leaves were stained with
DTZ-methanol soultion (a). Zn contents were measured
in shoot (b) using ICP-OES. The letters indicate the
groups that were significantly different (Tukey's test,
P < 0.05). Bars and error bars indicate means and
standard error (+SE).

ol u]l W S0 2 JAE|g o n] 2 A
(phloem) ZZ|o] FAIE| 9L} (Fig, 4(a)). U A%
Z 710 A ICP-OES 2.4 2 =

SO

3 A=A U= o] 3
Zn o]0 S SR A3, Zn W] AEF| A 270
X 7t BT Zn WL Ao]7h YTk Zn T4 2
Eefl 2 10 €la] vlo| 2 o] v g 7n v 4
Ex 2.700] w|a) A2 U Zn Heo] oFswlz 57}
it BG I XG 37 Zn o] AEEA 2 A7)
EAR O = A} Zn EFS LERI T (Fig. 4 (b)). ©]
A1 5 ol o E el vje] EoF 410 Wel 2
E&=7n 0] 22 TAA|A Camelina®) v)X]+=Zn =4
TS A A7 AL Bstseh
3.5 HIO|EZ|H E& K20 =2 CsHMA
XSS Zn 1Y EEﬂ gE 24

ol Aol M FEE AEH A gl Sl T

o] fie == Camelina 9] <5 =502 CsHMAs
o] ExJo] %31 5| v} Q)rh (Park et al. 2014). 0] S Zo]
Al CsHMA1/3/4 Th 2.8 7y7F Q24 o zuf T3]
aL A A Tof| R[5t A2 W Iegt Znol 22 Al
QR Em W WEE 555k S 8 w25
EY T54 ol o] Hhg-ste] Yao] SRt Kl
%) 31t} (Seigneurin-Berny et al. 2006, Courbot et al.
2007, Takahashi et al. 2012, Liu et al. 2017). o]&3t
CsHMA SAAES WHe 452 X # & &-g-5fo] v}
o] @ Zu|m Z3t -f5of w2 Camelina o] FAHA] =
O RHe-= 2 319t (Fig. 5). Zn H|AEH| 2 2709
A CsHMA 2] 3H8l-2-no| @ Z2jn| &3} 1l u] &gk
ipof| A o] AATHA| frA = 2o, CsHMA3 B

CsHMA1
CsHMA3
CsHMA4

CsActin

Contorl B-glucan Xanthan Contorl B-glucan Xanthan
gum gum

omM 10mM

Fig. 5. Expression of HMAs in Camelina leaves by
biopolymers amended soil under Zn excess stress. The
cDNA samples were prepared from second leaves of
Camelina under Zn excess stress for 2 weeks. The
CsHMA genes were amplified by RT-PCR using each
primers. Expression of CSACTIN gene was compared
as internal control.
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CsHMA4%= 55 3Fl o] Sz w)%] oottt Zn 7ho) A
A A 25 5, CsHMAI 9] &2 BG E=XG 25
ot uto] @ Z2|w H|EF HRof| A Znu] A 2] ME
St -9 u|gt 2tol & YEP A] oFottt. $h, Znatke)
AEY| A Blof| A Hio] QEE W H|SF1L] CsHMA3
o] Welo] Zn H|AEH A-vfo] @ Za|w H]Z 9o
H3l| =2 08 FEE XYL BG B= X6 &
Tl A= CsHMA3 2 BHelo] 78] gkt 3,
Al5Z0] A ol vl 8l A|Eltol| A =& e E ekl &
H 2 CsHMA4 2] 7 9- (Park et al. 2014), ZnA] 2] -5-5-
of w2 Ud HIpr} &l =] 7] 9ttt (Fig. 5). o] A}
&, Hlo| @ m o] EQF 23to] CsHMA3S] WaS
FEA7|A] b5 4= 0 = Camelinadl] 1| 2| =Zn 54
135 A7AIFE ou|gtct

(@)

3.6 CsHMA3 25! CamelinaZ 0|26t HIO|2
=2|He| Zn A AERA NZUFu} Hlw

ZFE<E T2 CsHMA3E ZHFS (over-expre-
ssion, OX) A]Zl Camelina+=Cd, Pb, 12|31 Zn3} -2
SESG A ARRE YAo] SR = Hat Qlrk
(Park et al. 2014). CsHMA3 OX Camelina+«= S48 A
Eg| & mjsff Aate] thgt 2 A, op¥E (WT)
3} g BG EEXG EgLoll A A SA12] 5 Zn 719
~EY A0 gigh 73] BH3-S B stct CsHMA3
9] 7HEHS o] L =WT W CsHMA3 OX Camelinaoj| A
RT-PCR-S E5) E218}5t} (Fig. 6 (a)). Zn 1) AE
12 SholA Hho] @ Eelw W ERTO WTL 425t
A& H AT CsHMA3 OX Camelina+= WT
of vlsf wsE WA AFSkek ¥, BG = XG £%

WT OX#1 OX#2 OX#3 OX#4 OX#5

HMA3 overexpression

(b)

WT OX#1 WT OX#1 WT OX#1

(€)

mmmm Control
25 | = b-glucan e
== Xanthan gum

20 {| == Control OX
= b-glucan OX
=== Xanthan gum OX

il il

10

Electrolyte leakage (%)

Control B-glucan Xanthan gum Zn concentration (mM)
(d) WT OX WT OX
| ¢ |
114
| \
Control B-glucan  Xanthan Control B-glucan  Xanthan Control B-glucan  Xanthan Control B-glucan  Xanthan
gum gum gum gum
OomM 10mM

Fig. 6. Comparison of Zn excess damages in WT and CsHMAS3 over-expressed (OX) Camelina grown on BG and
XG. Over-expression of CsHMA gene in transgenic Camelina has been confirmed through RT-PCR (a). WT and
CsHMA3 OX Camelina were grown on BG or XG amended soil to compare Zinc damage reduction between biopolymer
and Zn-tolerant transgenic Camelina under zinc excess stress. To evaluate Zn excess damages in WT and CsHMA3
OX Camelina, the plants were treated with 10 mM ZnSO, for 2 weeks, then phenotypical change (b), electrolyte
leakage (c), and Zinc uptake rate of leaves (d) were observed. Zn contents of WT and CsHMA3 OX Camelina was
observed using DTZ staining method. Bars and error bars indicate means and standard error (+SE). Asterisks indicate

P < 0.001 (student’s ¢ test).
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T WT--Zn 1) AE| 2of| thet A7 sl 7 24
319 21 CsHMA3 OX Camelina®}t -S-AFot =3220] AY
&2 UeERT (Fig. 6 (b). 5U7F 244 WT %
CsHMA3 OX Camelina 12} £g 2] A2 ==
S5 A1}, Zn 11Q) AEH Ao o)) vho] 9 FajH
W WT ) Mol a6 s el S71elel A
BG ¥=XG &g WT-S Zghoto] = St
H] &3 9] CsHMA3 OX Camelina= 3|2 S=%=
O] S7F= UERA] 983kt (Fig. 6 (). A=A W= o]
3] Zn o)L SRS v w3Etr] €8 WT 2 CsHMA3
OX Camelina2] 1A} 3S DTZ o2 M 3}t 1
A7 BG B XG 53519 WTL CsHMA3 OX
Camelina 2} 3-AFSE G4 =25 UFEFAHTE (Fig. 6 (d)).
SHH, CsHMA3 OX Camelina®] g =% nlo] o
Eoo] vl E37 HT} BG B XG 304 o
Al FA = ek o] S Sall, WTolA BG = XG
o] £ U] Znie) AEd A A7 B WAHOR
Zn YAS 8= A]71 CsHMA3 OX Camelina2} -5-Af
T 4zeel A0 BRI

A2 P} 2] BARA FY, 54, AL 5t
G 12T BRI O Q1T E 4 2.990] 417 Yol
% gl A|eloleh. web wlol 2 Eeln] A 2
SH AN Sase et LG ol gt A=
of 8l §HE-& ZAlelz AS FR3ITHL 8 4 Utk
(Babcsanyi et al. 2020). Zn+= 4]-52] AAko]| D=2 9]
JepelolAT Fa402 HiEo] glon Tl
Zn o] -2 AlFo| £/ g elrt (Clijsters and
Van Assche 1985, Vassilev et al. 2011). Al&0] 1%
20) Zno| 159 4] 24 AsHkoh 2t 2
QAg02 QIBHFeAT Z40] el 2340z
YA} dhgko] oA Tk (Arrivault et al. 2006). 3}4]
¥ FeZ 2714 02 42]5k 7n 149 AEe 2] of
3 4120 A o] slErks wiv} ol
(Fukao etal. 2011, Shanmugam et al. 2011). 0]4&H 2]
& G P 28] Aol Aol 7] wf
ol 5 o] =/ ol tie A o] Y2 vl 2
Spt

o0] BuEelq ool §712 A5 Extstu

AlEZA W& o] %= Zn, Cd, 123 Pbo} 22 S
& o] 20| ZhAETkal B e vl Qlt} (Al-Wabel et al.
2015, Puga et al. 2015). 1 Aol A] AFR-E XG=Ca,
Mg, Mn, Zn, Cd, Pbo} 2+-2-27} 55 ol 253 A9t
3hthal Bl E)of Q1 0 (Bergmann et al. 2008), XG
£ o3l 8ol A Pbe} ZnE A Ast= o] 7l
vre] v} 91t} (Ghorai et al. 2014, Jakobik-Kolon et al.
2017). o]t AP AG-52 Bl 3 vpo| &
2Jui7} 2n o &3} 2 sfo] A1E A o] W= Zn o]
22 AA|ste] AlEA o B RO ZnTt &2 =] of U
EfLe oa S gl 2 ele] Alg 71 S 29
=t

2 AtollA HioleEe ] EftoA AEAIX
Camelina= 4% © & vlo| @ Z2fm H| Z3ttof| H
ol W& 422] Zn 19) S4713)2 Ve (Figs. |
and 2). Zn 1}Q] AE T A Slof| A Hlo] @ ZT|H &3
9] Camelina+= H|-&3to] B]sf] AA|5-0] S718H S
™, MDA gt 22 A 2] 2 X 52 24 237} Zn H| A
Ed 2713} 94} 5191} (Fig. 2). o]efat ATEL
Hho] @ Z2 ™7} Zn 1) AEAE ATAIA A2A]
O BT a7k QS-S YERH AL Qlt) B0 Zn H]
AE A 204 vho] @ Eej v 29t f-5-ef Fakst
A Camelina®] 72 FARHAl LFEREAL QlojAl, o]
Ailb=vlo] @ F|m o] E3to] 71 A}A| 2= Camelina
Aol Fod 4] QRS v A A] o= AARRHC (Fig. 2).

= Atol| A Blo] @ Zu)m E3t 3l B E 3 Eofol| A
A8-A|7] Camelina®] DTZ &3} ICP-OES 42
&0l Zn o] S S 5el) vho] @ &2 ™-Zn A9t
el % Zke] Zn o] AgF A4 BG E=XG2t Zn
o] Ato] o] At gl om, T A BG
O} XG= AR 9] Zn 0|2 855 7HA AL
= EIsHITh (Fig. 3). DTZ M A g of|4], Zn 1<)
AEF Aof EE Camelina®] Q)3 &7 22| 0]
At FEM oz JMEIATL BG = XG EY
23t o} A Yot AR | Holglom, 53,
BG &3t &7]0) e of 57t 2RI A] 98kl XG
Y &7 AR 220 W2 0 ® PA
Atk o] itz BG E=XG O EF £¢0] Al=x4]
9] Zn /g 93l &5 28-S 5F o2 AlARRTE T3
ICP-OESE 0] 83} Camelina®] Zn &2 =F X4 Ay}
w5 E U
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B 4 TR HMAS = A1 4|20 ol o)
Y x)3+=P;B type ATPase & E-F=|H, Zn 1} AE
gl 2o ofsf W o] -t o] Zn 54 Wol 7| Aol %
ofsittar B 7 E ) QIt)(Becher et al. 2004, Park et al.
2014). vlo] @ Z2|H &3} §-Fof w2 Camelina®] Zn
o) a4 8-S RIBHA), Zno] 4 1 A
T1E)aL |32 O] o] 27/ Aol 7]olst= HMA
A u QP ZAJRIIT. vo] 9 E o] v E
Lol A Camelina”} Zn Q) AEH| 20 ke 7
$ HMA3®) do] 37} 319 0], olelgh Waks Zn
S8 Wolal7] Slat S ol 2 7)2to] 284
A o 2 wehE ) (Fig. 5). 18]3L0.5% H] &2 Hfo] 9
ZHE Bl &S W, Zn ) AEH 2
ot CsHMA3 o) W& A oo, vlo] 2 Ee] o]
7} A1EA W Zn o] 3ol T3] FaFol A= izt
t}. 2+ HMA family 2 W] 2% CsHMA 12 4159 &
Saof YA8HH Zn Qof| = F+2] (Cu) 2] 4ol =
o] E]o] QJt} (Seigneurin-Berny et al. 2006, Kim et al.
2009). WEEA HMALS: A-2] gt g el
o] 37| wzoll W&ol A AL glom, the
HMA 3720l vlef =2 4<29] o] f-A]=aL
151tk HMA4 = 99 into] §13)sk 534 25
BA| F2 AZ0] fiejof wEo] wrha g A ot
(Verret et al. 2004, Park et al. 2014). ©j2hx] H}o] 2=
2Ju] &5 50k 2 glo] HMASS] wlo] §12ul
AU A= A= WES HolA A7 dee
2 o) o)) AnE Fodl 2, 7] o
A HMA $72°59) 3 543} $-210] 4% Ak
ko] glom] S s wkg o] ot A E2A 4
ashrbar P o

uho] &.Z 2|0 %)2).4-50] uhE HMA3 $:4%}9) Zn
o) AEE|2 YHS AT O 2, BG EEXG &
Fho2 Qlgk Alge] Fa4 va) A7 452 Bkl
AL Zn 9] 2EF A YAo] 2% CsHMA3 0X
Camelinas 40 2 vl AHS ¢=afaicy. 12
1}, BG = XG O EF Sk 2hE& 954 gQlof| 9
2F Camelina®] Zn =/ 98l o} A=A ZHA4| o]l Zn 2]
AEF A YWAAS Z21A)7] CsHMA3 OX Camelina 9]
a7} Ak 4o 2 AR S 31 T 4
(Fig. 6). 3157%, DTZ A4S A3}, CsHMA3
OX Camelina’=BG E= XG &3 1o A AS3519S
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