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Screening, evaluation and uranium enrichment characteristics of uranium-accumulating

plants for different remediation types

ZHU Jie ZHENG Huiying CHEN Xiaoming ZHU Bo HUANG Yahui

HUANG Zhaohui LIU Zihao

'(School of Life Science and Agriculture & Forestry, Southwest University of Science and Technology, Mianyang 621010, China)

ABSTRACT To investigate the establishment of a screening and evaluation model for enriched plants and their

accumulation patterns under different uranium stress concentrations, this study conducted a pot experiment using

annual ryegrass (Lolium multiflorum Lam.), black nightshade (Solanum nigrum L.), sorghum-sudan grass hybrid

(Sorghum bicolorxsudanense), lablab bean (Lablab purpureus), as well as model plants red amaranth

(Amaranthus cruentus L.) and sunflower (Helianthus annuus). The experiment included uranium stress

concentrations of 50 mg/kg, 100 mg/kg, and 200 mg/kg. Shoot and root dry weights along with U concentrations

were measured to calculate U accumulation, bioconcentration factor (BCF), translocation factor (TF), and

bioconcentration quantity (BCQ). Based on principal component analysis, screening models for extraction

remediation and root enrichment remediation were constructed to comprehensively evaluate the uranium enrichment

capacity of each plant and identify dominant species. The results showed that under 200 mg/kg DW uranium stress,

sorghum-sudan grass hybrid exhibited the highest uranium content in the underground parts (1215.91 mg/kg DW),

the highest uranium accumulation amount (1.94 mg), the lowest translocation factor (0.1), and the highest

underground bioconcentration factor (6.08), indicating extremely strong uranium root enrichment capacity, followed

by ryegrass and black nightshade. Red amaranth and sunflower were suitable for extraction remediation in low to

medium uranium-contaminated soils, while sorghum-sudan grass hybrid was applicable for high-concentration

uranium-contaminated areas. The comprehensive evaluation for extraction remediation indicated that red amaranth

and sunflower scored the highest under low to medium concentrations, while sorghum-sudan grass hybrid scored the

highest under high concentrations. In the root enrichment remediation evaluation, sorghum-sudan grass hybrid

achieved the highest comprehensive score, followed by ryegrass and black nightshade. In conclusion, red amaranth

and sunflower can serve as materials for extraction remediation in low to medium uranium-contaminated soils, while

sorghum-sudan grass hybrid is suitable for extraction remediation in high-concentration uranium contamination.

sorghum-sudan grass hybrid, ryegrass, and black nightshade have the potential to be used as root enrichment

remediation materials for uranium-contaminated soils. This study provides a theoretical basis for the screening and

evaluation of plants for uranium-contaminated soil remediation.

KEYWORDS

Uranium-contaminated soil, Phytoextraction remediation, Uranium hyperaccumulators,

Comprehensive remediation assessment, Root-based enrichment remediation
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FOH ST o R, AT TR TR0 SR AT
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73 R A R S S AR A AR 1B 2 R 0
S RIC = Re VAR E 2 L Ay N ENh-- R AR
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1 MR5ERE

1.1 #ilEe

A 6 P YIA RER F VLI585 R LA PR A
F AR EE (Lolium multiflorum Lam.)« b
34 ROV ST ) S PR (Sorghum bicolor x
sudanense) « f& 1L T H H AL AT BR 2 =] 0 17 H
%% (Helianthus annus) M 21 Ui 3¢ (Amaranthus
cruentus L.) AT A6 W5 4O B A PR 2 =) 1) e 2%
(Solanum nigrum L.)~ U BHE K2 A s HEER IR
WA E WP E S (Lablab purpureus) o

1.2 it

+3EpH=7.58, AN & FH22.58 mg/kg, B
MR A& RN 7244 mgke, A AL BN
11.10 mg/kg, A %0 & 50.17 mg/kg, T =ik
£ 2.68 mg/kg. FIEFA0HT X A 2+ Hewh R R
ik 233.08 mg/kg, T A ™Y, FiE H UOo,
(CH,COO0),2H,0 I il g i5 4« - 48, W EHIRE R
50 mg/kg. 100 mg/kg. 200 mg/kg 7247, AN
oo BEZH . MRHE PR R Lk B, H UO,
(CH,COO0),-2H,0 fic. B s, I wiaw b & 2 Ik
B e I b, R e AT, REET
Ak, #E30d, 5ERUTG S LI & .

1.3 EYMESEIRELE

¥k M E T 50 mgkg, 100 mg/kg,
200 mg/kg 5 Yt pEAT R, LRSI Ah U5
Bl R AR D R R AL B o T R S S
BMBENWRAEHE (HEN 14 em, JRESEHZN
10 cm, AMEBEAAEN16.5 ecm), A1 kg,
Pl v B 3 IR G S . RME YRR T AT
WeEk, I RIS HRFE o

X TR 5 B R A R 2 R FH Aok A= 0 P it
AR BAT L, RHAAIN—EENIRER

(1.6 g/kg) ANERP—E B M58 )5 50 K QD-1 (3%
M 5%) 5EJRE GERES%) REA et
VIR B, SRR BTG e IR 0 IR T
LHMIB MR B AR IR A B A AR, X
B AT SR AR E TS e AR X, AR
FErBEEH TR b EEREGREBEE LR,
PR G S 2R, /b B e R 8 i 22 A
gi WAL

14 BENESHEFTE

FE S SR G FH Z8 087K e e, 4 i B3
At R ES ek, REMETFIE T HE. M
YIRE ST B ) 42 HNO,-HCIO, VE T R, S FF HRL B
HEE TR E (ICP-MS Agilent 7700x, USA)
D58 AR Al B, KA A B A b T 5
T # 43 5l ic A SDW  (Shoot dry weight) 1 RDW
(Root dry weight), FEAHE FEBATHL S S8 5 5 5
5 it A4 SUC  (Shoot uranium content) Hl RUC
(Root uranium content) , &4 _FHBEHFN 2 = A HE
Py T H A ER 2R 5 2 A SUA - (Shoot uranium

accumulation) A RUA (Root uranium
accumulation) , 18 Fk #f & & id N TUC (Total

uranium content) . T8 bR i H S VL FREE Y )y
7, W (D ~ 6.

RUA (mg) = RDW x RUC (D
TUC ((mg/kg) DW) = fHYa1H 2 & /(SDW +

RDW) 2)
BCF = etk & &/ i & & (3)
BCF, = RUC/ L34l & & 4
TF = SUC/RUC (5
BCQ(mgkgt) =

BT E < MRS R/ BT E (1kg) (6)
1.5 g RN

TS 2 BT 1548 b B B office 2021 BEBE, A
F IBM SPSS Statistics 26 F A4 X A [F] 4b 21 2 [a] 34T
BEMZERE (p<0.05) MERD D, TG
TR AWM ZE AT AR AL AL 2], SRS R FE b
AL B, AR R AR AR bRk b Al E A
12 RN AR AR T AR EAL AL B s R Origin
2021 FAEX AR S HAR R B . SR A VPR B ST S
GRS P g5k, At (D ~ o).
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Z, - ma"(xf)‘.x'f ) (8
max(x,) — mln(x,)
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.
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2 HFER518

21 AEIRE B EYE I ERIF R

i Pl 3 XoF AR A A A A R R R e G P BT
ETCEI e CHREZD 2R, K2 SDW & K
(14.54 @), FEFFEIR 2 . B BP0 ik B 38,
I FHE ) SDW 5 RDW 2 R %, (H5 x4
TREER (p>0.05), BEE 4WE. mHE
ANH7 B 1K SDW 7RI R F il 3 T ox HE 2
HFrm, {H7E 200 mgkg W E R, HRDW #H
DB

3 Ryegrass

[ Sorghum-sudan grass
[ Black nightshade
[ Lablab bean

[ Red amaranth

=3 Sunflower

153 44630 AP & I84R A 4
k
o) = znmvmj am
m=1
A KIERBIERSNEG g, B m A E R H
16 25
14l M
ol X 20 PE
o101 f o15f
al ? 1.0}
4 05Ff
(]
07 ¢k 50 100 200 22"t

Uranium concentration / (mg-kg™)

50 100 200

Uranium concentration / (mg-kg™")

1 AN[EWRE B a7 M b AR R 3 O RN G S RER R A [F) AR B ) 22 57t 55 25 (p<0.05) , 1 [A)D CRZ €8 L I £3% i)
Fig.1 Shoot and root dry weights of selected plant species under uranium concentration gradients (Different lowercase letters
indicate significant differences between treatments(p<0.05), as below ) (color online)

22 EYX VRS IE

GRLNE R R LR ¥
AN TRV R D AEAS [F) 94 P55 5 G ol 38 R L & B 4R
AR EZESR. WE2FR, XMIEA (CK 14
PR & E T A PR . AR F ek E T,
ST ESMAEREEREE (p<0.05.
7F 50 mg/kg Wi K, 4008 3% 1 SUC & i, 1A
243.90 mg/kg DW; 7E 100 mg/kg Bri8 T, [ H %

2.2.1

) SUC #ix i1, 15 224.72 mg/kg DW. 7F 200 mg/kg
JpIE R, SRR R I B MR AR R
H RUC &L 121591 mg/kg DW, 12 & T HAd A
V). MIRIHL, 7w PFELE 200 me/kg I ) RUA % K
(1.94 mg), 1 21 0 % Fl [ H £ 78 PR IR B F 19
SUA &1, 43314 1.04 mg #11.35 mg.
222 kst A g R AGARGIF R

H P37 %0, BCF. TF 4545 bnkl alik & T e 2
AR AR AL . £E 50 mg/kg N, Z0 T 32 ) BCF #x¢
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£ 2% (BCF) ik 6.08, i H: TF i A% HAEAES YRR TR 1.

(0.08), FXHUIHhT E 4w L TRA. BARRE
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B2 ASFIR LA AR S AR R & O RVNE 5 REROR [RIE YA RV 8] 22 57 2. 2 (p<0.05)

AR - BER IR [ AN R R A 18] 22 57t 5 25 (p<0.05) 5 1 [/ s a~d 73 3 A QS b b i 25 B b E il AR 28 8 ot 1 s 5

b7 A 2R B CRE L I 2% PO

Fig.2 Uranium content and accumulation of plants under different uranium concentration stresses (Different lowercase letters
indicate significant differences among different concentrations of the same plant (»<0.05), while different uppercase letters indicate
significant differences among different plant species at the same concentration (»p<0.05). The same applies below. a—d represent

&3

uranium content in shoots, uranium accumulation in shoots, uranium content in roots, and uranium accumulation in roots,
respectively) (color online)

a b
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u-n: 1 5 N
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AN IR Bl P30 T AL B o SRR Ca~d 20 ARER LA R L o 4 R B 3t T P SR R e 12 R0 O 8 L I 26 )

Fig. 3 Enrichment indicators of plants under different uranium concentration stresses (a—d represent unit accumulation, enrichment

coefficient, underground enrichment coefficient, and transfer coefficient, respectively) (color online)
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A 13,
D=0.093 7x,+0.125 6x,4+0.116 6x,40.136 lx,+
0.116 6x,+0.110 9x,+0.158 9x,40.141 6x,  (13)
X e, NAEYE . SUC. RUC. SUA.
RUA. BCF. BCQ. TF.

FHEMP AN R 3 iR, USOLEE
WO NA > B> m A E> R > %
FE > HZE; U100 285 1P 47 Jin H 2% > 21

WS> B> E PR >R E >3 U200 47
EHEFE NPT R > R E > e e > [ H 5>
RAT >, EARIREMPHE T, A
orfe HARA SRR, e IR E e T, 2000
SRR A S Ja, RWIZL T SaE A TRIK
s g R R BB S, H RGBT J 1
RIBMBRERET ) AR T, [ HZ%E
i, RG] T HRREMIGRREBER; &
PHEAE RIS IE T, A5 mem, RILHEL
iR A e AR PR Al AL TR 52 E 0 AN e AR RE T, R C
B RARAR D ATA R B, VS R HZEM R
FHEE TR Rl e IR IR Z Y.

K1 EBSSFER

Table 1 Results of principal component analysis

ER AT WIUGRFIE(E Initial eigenvalue

W B~ 77 Fll Sum of squares of rotating load

Principal FFHEAE TIEMBEER % BRI EMEE % Bt TEANH /% RETTERE /%
component  Eigenvalues Proportion of vari- Cumulative proportion Total Percent variance =~ Cumulative percent-
number ance explained of variance explained age of variance
1 3.184 39.803 39.803 3.038  37.981 37.981
2 2.789 34.858 74.661 2.810  35.130 73.111
3 1.157 14.458 89.119 1.281 16.008 89.119
R2 BOERERRE
Table 2 Rotated component matrix and weights
fabr TR 1 T2 T3 B / %
Index Principal component 1 Principal component 2 Principal component 3 Weights
a7/ % -0.07 0.13 0.93 9.37
Plant biomass
SucC 0.93 0.06 -0.27 12.56
RUC -0.09 0.98 -0.02 11.66
SUA 0.91 0.14 0.31 13.61
RUA -0.08 0.98 0.03 11.66
BCF 0.56 0.18 -0.42 11.09
BCQ 0.50 0.84 0.21 15.89
TF 0.88 -0.34 -0.15 14.16
3 AHMEEENE
Table 3 Comprehensive evaluation scores for each plant
GERYEEENS 25 1PFI 184> Comprehensive evaluation score
Plant species Us0 U100 U200
HF7 BE Ryegrass 0.154 0.184 0.227
=7+ Sorghum-Sudan grass hybrid 0.178 0.174 0.479
$7 B2 Lablab bean 0.177 0.171 0.314
J% Black nightshade 0.185 0.149 0.285
215 3% Red amaranth 0.489 0.300 0.135
i) H % Sunflower 0.047 0.503 0.282
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Wk, R Ak, ESEEETHEIRARA
AU, PREIE SR B s, i bk
RG] PR A — AR, K SUC AT TF B84
TR FEFR . X6 FHAE Y I S 48 bR 34T £ Lo
M, BRI EEBEEAVPNER. W4 fIRKS
Fin, MR ERSIER, BARBEEEE
e IgR G VB (014D
D=0.108 1x,4+0.164 Ox,+0.137 8x,+0.145 lx,+
0.133 6x,+0.151 4x,+0.160 Ox, (14)

K. x~x 2 5 AN SDW. RDW. SUC. RUC.
RUA. TF. BCF,.

M EEEVEMAF R 6 i, USOLRE
VWO HET N PR > e 28 > h N T > B > ()
H2&>20003%; U100 25600 HEr s P > 2
FE >R P > R > 20005 > W H 2% U200 %7
VP HEF AP R > e > B R > G >
K> HZE, mfE. EEFEAREA S S
BONFERT, 30 ELAT BE0m  AhAR 3w A 5E Al
M, S s ERbn g R —8%. =
TEARFREE i FHER B2 —, R EfE
SRV AE B AR 5 = B S

®a EROOTER

Table 4 Results of principal component analysis

FEWIHS  WIGHFHEE Initial eigenvalue

Jie % 3545 ¥ J7 1 Sum of squares of rotating load

Principal FAIEAE TIEERRRER | % KPTEMRER 1% BIF TEAN /% RBERE /%
component  Eigenvalues Proportion of variance ~Cumulative proportion Total Percent variance Cumulative percent-
number explained of variance explained age of variance
1 3.511 50.152 50.152 2997 423818 42.818
2 1.637 23.385 73.537 1.881  26.875 69.694

0.932 13.317 86.854 1.201 17.161 86.854

RS ROFERERE
Table 5 Rotated component matrix and weights
Ei=ga B %l T2 S BE /%
Index Principal component 1 Principal component 2 Principal component 3 Weights
SDW 0.020 0.150 0.913 10.81
RDW 0.766 0.149 0.472 16.40
SucC -0.019 0.944 0.239 13.78
RUC 0.908 0.069 -0.180 14.51
RUA 0.964 0.045 -0.013 13.36
TF 0.323 0.909 0.007 15.14
BCF, 0.742 0.334 0.234 16.00
Ro FHEMGZEFNEL
Table 6 Comprehensive evaluation scores for each plant

GELYRLIES LA AN 1S 4 Comprehensive evaluation score
Plant species uso0 U100 U200
2 EH Ryegrass 0.471 0.404 0.373
=7+ Sorghum-Sudan grass hybrid 0.613 0.568 0.688
#7257 Lablab bean 0.471 0.398 0.362
J% Black nightshade 0.601 0.377 0.450
2L )i >% Red amaranth 0.195 0.311 0.244
5] H 2% Sunflower 0.390 0.107 0.179
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