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ABSTRACT

High explosive compounds such as RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) from military shooting ranges may pose
human health and ecological risks. In pot culture studies, Indian jointvetch (4deschynomene indica) was evaluated as a
candidate indigenous plant species for phytoremediation of RDX. The concentration of RDX ranged from blank to 10,
100, 150, 200, 300, and 400 mg/kg, and an Indian jointvetch seedling (approximately 5 cm) was transplanted into a pot
containing shooting range soil. The pot culture lasted for 21 days in a controlled growth chamber. The toxic effects of
RDX, such as necrosis on leaf edges, biomass reduction, and leaf/stem abscission, started with a 100 mg/kg to 400 mg/kg
treatment. The effective concentration (ECs) based on dry weight (n=10 for each treatment) for above-ground, root, and
whole plant was 222.5, 69.6, and 181.4 mg-RDX/kg-soil, respectively. The analysis of RDX in the plant (n = 3) indicated
a log-linear relationship between plant and soil RDX concentrations, with 95% of RDX translocated to the above-ground
part. The maximum concentration was 6,259.9 pug/g-DW in the 400 mg-RDX/kg treatment. Furthermore, the cultivation of
Indian jointvetch enhanced RDX removal by over 10% compared to the control group that did not culture the plant.
Therefore, Indian jointvetch is a prominent native plant species for the phytoremediation of RDX at a military shooting
range.
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1990; Larson, 1997), B3 H(Vila et al., 2007a)%} 32
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231 o] FXEHAT 53] FHAE<] AT
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Nz} A ZALA 11" OOAME L=
Jekx] RDX Hit 2 H31 557} 242 134 2 57.1 mgkg
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F2338)159c). HPLCE Varian ProStar AZ E9j|o]E ARE-s}
AL, 2238 Shiseido CAPCELL PAK RP C-18
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slaith. FE3 AlEE 28] EAEkAL 1 BEks ARgS)
ek WFF RDX s% 73] £40= 2Fget HPLC HE
SHAI= 3 pg/L, A= 31 pg/Lelich.
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3letEAe ACSHOIYTE B3 RDX Q150 895 A%
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Fig. 1. Comparison of Aeschynomene indica seedling growth reveals decreased root development and increased branch abscission with
higher RDX concentration (mg/kg) in the pot soil. (a) blank, (b) 10, (c) 100, (d) 200, (e) 300, (f) 400.
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o3k ~EYIAE 215}a], RDX 200 mgkg oM E=ollA
AHE do] EF-Ee] A7 BFeol7he ol
3lar, E9F RDX %ol Hlgsle] Zo|igo] A==
Zlo] ASE U, 3 AAES vlashd oS et
thFig. 1). RDX &% 100 mgkg oPdolXE Aw} ole)
Z7]9] "2H(abscission)& o] WS ET), ©9F 2
AE719] g S B AN E BRauEt) HirsE
4,000 mg-RDX/kge] Bl 652 JH A2 5} 959]
REAAES 1297 g 23, e Aol xnt
=719 @] F=ZFJAH(Winfield et al., 2004). B+
] (abscission zoney X AAES] YAF (petioles)}
A1 (pedicels)oll =T 2202, AlFddte] o3|
Te YUEE 75, 2, ARkE TY oF Sz
ZEY 2R Q13] &/gdslE o] gl AlEEo] HE o]
Q/E71E E@FAIZITKLI and Su, 2024).

JHBE2 RDXOY 2Jg vkt 4ksl ~E g2 (Yang et
al,, 2021) 2 A=A WHslE el AEaEo] gty
go] WG Zlolet AetEm, ] whalsie] theke] RDX
o =Z AEHAS WS P JIANH £xpEoR
Zehgt Zlolgt 2 = Stk b EQlAE-2 Qlo]
=715 e AR (sheath) TZ01E2, 9lo] We8lzizE| o]
T gEhebA] ool AR fAEo] AAlEE 7HAskA|
geth o9t 22 A Apole ATl ZA5HA
Fergks AAgd o] &F 52 Hojo Ulo]
T Aok AEE 71s3HA] TR Sl IdeuE
JolFoE =& ECHES 4HEshe Aolug, A3 A5
of gt Fo7F oS Aole} AlsETh
I3 Fig. 191419} 2] RDX 100 mg/keiE T%
7ol whet AEHee] I 9 Lo 7147} Sedsitt
E% RDX &% 100 mgkge RDXS] 7414 <ls] st
9 GelE=ar S 918 71FE0Z AAIE vl It Talmage
et al., 1999). 2 EAFS] WSS UX2FTH (=102
H|wSPH Fig. 29F 2t} Blank A2lollA] AP 2 4e]
A 77} 1453355 2 351+17.1 mg-DWo|Sl oL,
RDX 100 mgkgollA= A35 2 e Az 247
83.7+22.7 2 17.8+5.8 mg-DW= 7a3tdEd], B4
o2 F(p<0.05)3Act. ¥FA RDX 400 mg/kgolrl=
Z¥Z} 67.6+11.3 2 16.0+4.6 mg-DW=E, RDX 100 mg/kg
o FEoAME A7l E8kE o] IAgtel Hshe
S Holal uk. RDX % SV}l 93k Zol 4%
A3, 714 g2 L AR e} 2o kel B4 g
T Ealar, 219710 Aelx 7 R ARg AAE
FAE 1A= 25 st o] 3= Winfield et

o|\
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Fig. 2. Comparison of the dry weight of shoots and roots of
Aeschynomene indica seedlings cultivated in pot culture for 21 days.
Error bar represents standard deviation.
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3.2. A=ZFE0l| 2|8t ECs "7}

ARoA S78E 7} Ae|Foxe] AAZF AxFTHES
i 2A2Y SARY A (1) 23 AAT Bioquest
o)Al A ECso AFFSIATE oluf BlwE 93,
AP, B 2 Al Akl ois 22 Alkksidth(Fig. 3).
3| o3 AFHH ECsoak AV 222.5 mg-RDX/
kg-soilo]al, #E]E 69.6 mg-RDX/kg-soilE A]4t-ol]
H3)| Eejol] tigk RDXS] =4do] 324 =dch. 1ol wt
AHAE AAAHC 2 2PE ECsiie 7481 181.4 me-
RDX/kg-s0il® 2 2Fg= 1T}

a—d

1+ (Ecso)b
C

y=d+ M

AA71M, a=HA FUE=IA] ¥EE,
b=Slope factor (CgoIMe] 7}71)

d = FA17RIh) FHEExe] vk

o) RDXS} A A3 Fesks By, xA)
RE olFste s SRR =40 7P Wzt
HREshe 2= 7|Ho|th. JEus F73AmIEH 40 mg/L
o] RDXO =23 A3}, 4] 3Fo] 220 S7FsiSl=T)
ol 712Ut Aslizt dofE ofnlst, ikt A
gl Bofeh= A 9 AdfAREEC] S718KL, RDXE]
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Fig. 3. Estimated 50% effective concentration (ECsp) of
Aeschynomene indica on soil RDX by 4 parameter logistic model
using plant dry mass (a) above-ground, (b) root, (c) total. Error
bar represents standard deviation.

54 AAC 2o il Aol B33 arginine?}
aminoacyl-tRNA Aol S7F8ItH(Yang et al., 2021).
FE3E B Ao aje} o] RDX F% F7}ol| wke) B

A st a7t 3 RDXE 41538H)
APFH-=Z o]FF T}, Brentner et al.(2010% phosphor imager
autoradiography® &AW WA 221 BEE 2|73}k
43}, olFH RDX= E7|%0h o, a2ja e
TE FZHo] STk, HAAEoME Y Hd,
A= Ao PRl TS Bol FZHIUH
$F, ol FEAS} Al o] 2ldstt 2o
¥ 3} =H|(Brentner et al., 2010), ©]= A7l ]3|
S Aaslar 2E3ES) (phyto-photolysis)Z RDX
= SZAIZ15}(Just and Schnoor, 2004). o2 7]gko =
X =Ado] ¢stH o] ECsik= 7 slolzt

¢

ki)
21E] gk RDX®] ECs AHESH A= BA 2t
Simini et al.(2013)2 552 A& t& 548 712 RDX
LAEAY 10,000 mg/kg)ol THEET 9= 56U7F
ZHHHKF The, A% A= #stE ECsS éﬂz‘s}%{%ﬂl
Zv7y TUET} 1)9] ECsZhS 20~323 mg-RDX/kg 2
59~226 mg-RDX/kg®] HlolM ZA| Hslslitt. o] A=
EUEA wel 2]Ed] 7}eiAE RDX EAlo] =7
Haleithe Mo EIAEIAE ECswkol 333 B
o= HelM F5& weitt ¥hd, 23] RDX 2 EY
(Z“M 10,000 mg/kg)ll SHES 21€4%F XHHHSP AANA
© TEE A tig S48 A8 ASEA U
(Rocheleau et al., 2008). & SI723= %"a‘?l‘ AEE
AH7RY, B 54 Al 2203} 370l wet =49
o] 2 Az} o, 58 AET tsil= HEAYE
%ﬂr A5 Al vkdst Ao oS ofnjgitiar

33. EY I AH{Z2] RDX 8=

A3 T8 F, 3l ST U&= 2 AE ’“XH:rL
E9%° RDX FE+ Tables 1 ® 29} v}, AAES
é}XH'S}X] %Lﬂ, Ekol| A& %M (Hoagland solut10n)~

FFsPAaA bhe kf,ﬂ- control pot®] RDX F&+&
& HAEo] v} JU
4o s %*35}5101 RDXE Z3fstitt. o] di=
OOrEH Ede] @ %HEO]' 5}0%;‘101] %ﬂ A7 EH"‘Oﬂ
RDXE alish= 7l UNS

Table 1. RDX concentrations in the control pot soils incubated in the growth chamber for 21days without Aeschynomene indica seedling

RDX 10 RDX 100 RDX 150 RDX 200 RDX 300 RDX 400
RDX Avg. (mg/kg) 0.97 78.20 140.92 185.59 294.05 366.78
Standard deviation 0.55 14.48 3.31 4.78 6.06 1.54
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Table 2. RDX concentrations in the pot soils cultivated with Aeschynomene indica seedling for 21 days

RDX 10 RDX 100 RDX 150 RDX 200 RDX300 RDX 400
RDX Avg. (mgkg) 038 51.28 84.30 127.02 199.56 25528
Standard deviation 0.03 2.15 3.59 16.61 10.57 12.14

gitt. B Aol A% RDX LAEYNA &3 rldES 15

228k v} Q1TH(Crocker et al, 2006). BE8HA RDX - “p=0.08)

Lille 7] ¥t ES5E B3leo] HoA, HF RDX =l

BEE Y AR Mol ok ROX S 0 mghedl & |

A9 219 ¥ F5E 097 mgkgS & oF 90%7} A|AE o .

et RDX 400 mg/kgoll A= 366.78 mg/kgl 2 8.3% = -

o] A A=A RDX FAAZCZE AlXksPA RDX 10 e L

HES-ZolA 0.59 mg-RDX7} AJAE 3L, RDX 400 H-3- § 3

Zo)A 2.16 mg-RDX7} ES0|AYE2] 2hgof 2]5}o]

3= 04

AHES AAIRE A5l EY U I3 RDXE &
07 s, 11 8 TRt 2555 A8
t}. RDX 10 ¥F&-ZoIME 0.38 mgkee] 257310 96.2%7}
AAZAIL, RDX 400941 36.2%7}F AA=0] 25528 mg/
kel ZHF3lsdt). o2 RDX AAZeE shlshd, RDX
10 ¥F-Zol| M= 0.63 mg-RDX7} AAEAIL, RDX 400
HEE-ZM = 941 mg-RDX7F AAE ST RDX 400 mg/kg
oA, B 219 FH] AAFE AAE AFAZE w2A
H|3l| RDX A A%l 4.4 F7letaith. RDX AAZ
Z7R= (i) A1EA 93 RDX 21 &5 2 23 (i) 2]
EA4 BgollA wiEEE =S (exudates)ol] &Ik <A
AE Bstol oJgt BESH Eaflexlol] o3 Ao= A
FHH(Low et al., 2008). ©]u, Control & 21& 2JA|+
EY BFoA] RDX 322l MNX, DNX 2 TNX7}
AR HAEHAOU sEE AL 7} }I%laL, Solst +
o|E AZHA= WSk

ol RDXE THeHA] &2 Edat AH1E 24
Tollxde] DHAE= 712} 0.08 2 5.70 g-TPF/g-soilZ, AFHE
272 Q13 DHAZ} 718 =718t th(Fig. 4). AAZLE
FHAER ESOIX] AanyuE 43t 2 e
2=l o] JFS F Ao ALRHUL RDXE FU%H
izl A= RDXS] Eallol] #edshe rldEo] &3}t
o] DHAZ} S7F1=H], RDX 10 mg/kgollA] DHA}
42 g-TPF/g-soil2 7 =31, RDX 100 mg/kg o3l
A= RDX 540 Ql3) 4 oJste] gk RAuoh AHAF
21742l DHAE 200 2 400 mgkg HE]7-2 A2
afal thzTol| vls] 25 593 (p<0.05) 08 ¥ %S
RHook FHAE Aol gt EYrlE SA457Rs oY
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Fig. 4. Soil DHA(dehydrogenase activity) after 21 days of
incubation with or without cultivation of Aeschynomene indica
seedling. Error bar represents standard deviation.
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Fig. 5. RDX concentration in the shoot and root of Aeschynomene
indica seedling after 21 days of cultivation in the pot. Error bar
represents standard deviation.
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ATolM BuEde. 55 LB FHAHEQ
LS =RNEZ vFsal oF 902 Auigh 23, DHAZL
izt ] 1,2~1,580 S7FeFdTH(Bae et al., 2021). B3
2497 Wl 555 §Aeka v S33 vlash 29,
EGAE ©4go] 27% F715kaL, DHA® 38% 57}
S} THBorase et al., 2021). o|4Fe] Axe} o] AAE
21717} RDXE] #af5%] o]l EYm = 243
S8A%1 EFE T s gt

=2



APYAE AAZE ARl 23 RDX 55, Ball B 4E54d 55

ZAHES] AP B A RDX %< Fig. 59 2t
AFAEC] §53F RDXS] -2 Aol EAl89,
AP Has 5 RDX 400 mg/kg 3HE0lA 62599 ug/e-
Dwelt}, Fgt By FYUsHAl AlEAUlolAE RDX
SHAAHEC] MNX, DNX 2 TNX7} AZE o] AAZ9)
oJgt RDX9] 3= FEHAL 2E0] §53 RDX=
2154 el ghlefo] 350 SHME-S AJAd%ith RDX
£ 378k S<<(Larson et al., 1997), & (Best et al.,
1997; Rocheleau et al., 2008) = Z=(Just and Schnoor,
2004)0 4% FLsHA HEEEo] HEH bl ok ASh-
olAe] RDX F=w i oZ wioltt. X2l RDX &
THEZ Fo|7} glon}, Htoz SkePd 23.6+ 11.94)
st & AAE0] 738 RDXY 95% HE7} AP
2 olFHt= AS ou|git). A7|gh uie} o] A&
Aol wpe} Zpol7} lont, HE AR AFelA B7E &
3k RDXZF Hd] 90% Aol EAlgtial B stk
(Vila et al., 2007b). AFAZL HIREE 22155 9 =X
gk 540] Qlof, 2AFE0] AR &2 AlEoltt
(USGS, 2025). T3t AHAE T4} 20%S $Hr3 AFRE
HRNA FFe A, BF AFEE v 54d0] e,
oREE 53] ulE| Ao oJst 434] $-E= {ITH(Oliveira
et al., 2004). L&t} B} AEFol o3k 44202 Holx}
E29] o] ¥ 7 7FsAo] JorzE AT ele
A&AQ) BUE o] Bag Zlo|t),

B Ao Me A7) 219 E ul$- Fol FRIEHA]
SR, AFAZ0] §578F RDXE 93] Hafish= Xl
tjgk 3le] et} ¥ZeHE RDX LGHiR|o $73A)
Hjeka, 1 ks =2 8FAIZ A, S RDXO] oF
24%7} RDXS] AgHeE Fel= 8E5] UK Yoon et al,
2006). AFAES 194 AEo|ER, 7HSo) AlEo] AW
oA EF FEstar, AEAd Edo] 549 7ol
Aok, 2HEZ AFAE] AeF7le APl ATE T
sJalo] AEAM] S40] 8Eo-E RISk Flo] Basit.

3.4. RDX S&FX|

ZHE A SREelM Y B 2 A=Al tig £
A& 2He A= Fig. 69 2tk 1ellA el 2ol Aw
ToXe RDX7F EHAEC] ot e, A& o3t
FTAEE 90% ol do]l AA=IL 10% vlwhe] ZHF-3H
o} AAZ vAA tETAME 100 mgkeol e Edl
oF 80%7} FFEAUAL, 150 mg/kg oAM= 90%
opge] IR FolUSth AHE FAES AAlgE 79l
£ 100 mg/kg oVollA Bt 77.8+5.5%5H0] Bkl A7
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Fig. 6. Material balance of RDX in the pot soil and plant material
after 21 days of cultivation. (a) Control pots (n=2), (b) pots
(n=3) planted with Aeschynomene indica seedling.

3] RDX AAZF 2 10% ol S716iitt. AHE0]
TS 2 T 33:15%E IEEYSTE FhRIES
sk AEe B el FrE ke BF AF
244 oetE =92 siginh. A shio] A&7} kA
Uz & gle fxolunzg, IEFE U

ok 2 g2t it 2V &9y 4o
TEE 5 QU SoIA 1 A A=, gkt
QI Fr|e 7] RS AEAR tEe] RDXE 54
S 7Fs/do] w9 =Th(Brentner et al., 2010). 1HEZE
oF 20%°l SFehe BEGA H52 gt ol E7)e
7108t sabEn), A5 457, S5, Y 2 S
AUt A WolA)Z] TR 5 cm 279 F24]ES RDX
QAT A5l 28U7E AufEr APl HE FAlSH
A} A=} o] AT FAa} Z710] Geo]
P=E AL, RDX 490 mg/kge] QAT Aujet 745,
oF 30~35%°] E2FAL =it AEAW RDX=
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56 °o]g7]
i ojuEdo] A e O ASHIUCH,
HAFEEE 2,800 pg-RDX/g-DWell B3} tHChen et
al., 2011).
4.8 B

AP ES RDXE 3G EYelA 10052

At AAE F2lEe] S48 RDX9}F 1 23k L%(MNX
DNX 2 TNX)S #4138k JJr AAES ESIA 5
gk RDXE 95% ©) APdol S331aL, 27 B

RDXEE 400 mg/kgoll A 31 6259.89 nug-RDX/g-DWE
A 2 FollA dF= *‘%ﬂH adzgow
MNX, DNX ¥ TNXZ 3]0} AAE2 RDX ¥ 2
elsol seol AU E: LA
s =l olsll A= o] Edte] 714711 sk
2717k getehe @l WSS ol Q18] B9 RDX
Tt SRS AHE AE A ASIARE, RDX
400 mg/kg AZTAME e NAZE AR

e 7IEeE APFE B Aehe] BCye 2T
Azt 747} 222.5 2 69.6 mg-RDX/kg-soilZ -]
gk RDX E440] % =gk, 2240 gk ECyo
181.4 mg/kg® 2, B} A9} vlale =& Fho =2 e
sk webd] A wEE Seprdo] Pase et
A2 AR SR o] slokE o AR sl &
23] AH7FsE Slole} BabEc

T} AFEC] F3k RDXE B} Rk th)
S50 EYdo® gld 7hsAdo] slouw, drizte]
opd A5~ A 7I3tell thk A7t dad Zojr
T3 AR5k} sk 9] EoF W AdAsbAS HYsh
wkdele] Ae)E APE Fashs Ax Wask 2
T2 Sl 2l TAVEE stekeel tigk Alekslahg
Bl 78 7182 el # Sl3, Ak Age
A3 AEA HalaH A 2 FHE A, 29 2 74
Bel% 29300 3] 3 AR A48H 4 A8 Aow
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