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NOVEL PHYTO PLANT OF POP-PESTICIDES:
ENERGY CROP MISCANTHUS SINENSIS

The collapse of agricultural infrastructure in Kazakhstan and other countries worldwide has resulted
in the transfer of ownership or abandonment of plant protection chemicals storage facilities. Despite
legislative measures and international conventions, the issue of persistent organic pollutants (POPs)
remains unresolved. The measures to restore POP-pesticide-contaminated areas present limited options.
Hence phytotechnology emerges as a promising strategy due to eco-friendliness and the absence of sig-
nificant capital investments. One of the key aspects of technology is the search for novel plant species
capable of accumulating and transforming these contaminants into less toxic compounds. Current study
investigated the potential of the energy crop Miscanthus sinensis Anderson (M. sinensis) as a novel phyto
plant for remediating POP-pesticide-contaminated soils. The experimental layout comprised cultiva-
tion of M. sinensis in POP-pesticide-contaminated (2.4-DDD, 4.4-DDD, 4.4-DDE, 4.4-DDT, o-HCH,
B-HCH, y-HCH, and 8-HCH) soil. Biomass productivity, physiological parameters, and phytoremedia-
tion potential were assessed at harvest. Our findings revealed that POP-pesticides influenced productive
and physiological parameters of M. sinensis differently, specifically: reduced aboveground biomass and
chlorophyll pigments content by up to 23 and 37%, respectively, and increased root biomass by up to
17%. Furthermore, the plant exhibited a remarkable tolerance to severe POP-pesticide contamination,
as evidenced by a tolerance index of 0.99. Evaluation of phytoremediation coefficients revealed that M.
sinensis employed distinct strategies depending on POP-pesticide: phytoextraction and phytostabilisa-
tion. 4.4-DDT, B-HCH, and y-HCH were accumulated in aboveground biomass with translocation fac-
tors of 1.18, 4.04, and 84.0, respectively. Whereas metabolite 4.4-DDE was accumulated in plant roots
with a bioconcentration factor of 2.07. Study results suggest that M. sinensis holds great promise for use
in POP-pesticides phytoremediation projects, particularly in Kazakhstan, owing to confirmed phytosta-
bilisation activity concerning 4.4-DDE, the final metabolite of 4.4-DDT degradation. Therefore, further
research should focus on optimizing M. sinensis phytostabilisation strategies for other POP-pesticides.

Key words: energy crop; Miscanthus sinensis; productivity; photosynthesis; phytoremediation; soil;
POP-pesticides.
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TOA-necTMumMaTEpre apHaAfaH XxaHa puTopemMeAMaHT:
Miscanthus Sinensis 3HepreTUKaAbIK, 6CIMAIK

KasakcraH >oHe 6acka Aa KONnTereH eAAEPAE ayblA LIAPYyaLlbIAbIK, MHQPaKYPbIAbIMbIHbIH,
blAbIpaybiHa 6aA@HbICTbI BCIMAIKTEPAT KOPFayFa apHaAFaH XMMMSIABIK, 3aTTapAbl CaKTanTbIH KOMMaAap,
COHAAM-aK, OAapAa CaKTaAaTblH MpenapaTTapAblH, KAAAbIKTAPbl >Keke MeHLUIIKKe eTTi Hemece Meci3
GOABIM KaAAbl. 3aHHAMaAbIK, aKTIAEpre >KoHe XaAblKapaAblK, KOHBEHLMsSIAAPFa KapamacTaH, eckipreH
NnecTUUMATEDP, OHbIH, iWiHAE TYPAKTbl OpraHMKaAblK, Aactaylbl 3atTapablH (TOA) Meceaeci TOAbIK,
wewiamereH. TOA-NecTMUMATEPIMEH AACTaHFaH aymMakTapAbl KAAMbIHA KEATIPY LIApaAapbl WEKTEYAI,
COHAbIKTaH (DUTOTEXHOAOTMS ©3iHiH DKOAOTUSIAbIK, Ta3aAblfbl MEH KYPAEAI Kap>Kbl >KYMCAAbIMbIHbIH
60AAbIpDMayblHa 6AMAAHBICTbI GOAALLIAFbl 30P TEXHOAOIMS GOABIN TabblAaAbl. TEXHOAOTMSIHbIH, MaHbI3AbI
Ke3eHAEPiHiH 6ipi — NecTUUMATEPAI >XMHAKTam, a3 YbITTbl KOCbIABICTapFa aiMHaAAbIPA aAaTbiH >KaHa
eCiMAIK TypAepiH Taby. Makarapaa TOA-NeCTUUMATEPIMEH AACTaHFaH TOMbIPAKTbl KAAMbIHA KEATIpY
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YWiH XaHa AakbIA peTiHae Miscanthus sinensis Anderson (M. sinensis) aHepreTMKaAblK, AaKbIAbIHbIH
MOTEHLMAAbI KApPacTbIPbIAAbL. DKCNepnMeHTTIK o6a TOA-nectnumaTepimer (2.4-AAA, 4.4-AAA,
4.4-AAE, 4.4-AAT, o-TXU, B-IXUT, y-IXLI »xoaHe 8-I'XLIIN) AacTaHFaH TonbipakTa M. sinensis-Ti eci-
PYAI KaMTHAbI. Beretaumsiabik, KeseH asikTaAFaHHaH KeiiH 61MoMaccaHblH, OHIMAIAIT, (PM3MOAOTUSABIK,
napameTpAepi >keHe (UTOPEMEAMALIMSIAbIK, NMOTEHUMaAbl GaranaHAbl. AAbIHFAH HaTMXKeAep GOoMbIHLLA
TOA-nectMumaTep M. sinensis-TiH @HIMAIAIrIMEH (PU3MOAOTUSIAbIK, KEpCEeTKILITepre: Xep yCTi bromac-
CaCbIHbIH MEH XAOPOUAA MUIMEHTEPIHIH Kypambl TemMeHaeyi, 23 oaHe 37%-re aeiiiH coMKeciHLle,
TambIp >KyneciHiH 6romaccacbl 17%-Fa AeniH eckeHiH kepceTTi. Ocimaik TOA-NeCTULMATEPMEH AaC-
TaHyFa TO3IMAIAIFIH KepceTTi, Te3iMAiAIK MHAeKCE 0.99 kypaabl. DuUTopemearalms KepceTKilTepiH
baranay kesiHae M. sinensis TOA-NeCTULMAIHIH TypiHe 6aiAaHbICTbl AACTaHFaH TOMbIPAKTbI KAAMbIHA
KEATIPYAIH €Ki CTpaTernsacbiH KOAAQHFaHbl aHbIKTAAAbI: (DUTOAKKYMYASILMS KoHe UTOTYpaKTaHAbIPY.
4.4-AAT >xoaHe B-IXUI »oHe y-IT XL n3omepaepi AacTaHFaH TomMbipakTaH >KepycTi OOAIriHAE KMHaK-
TaAAbl, TpaHCAOKaums koapuumenTi 1.18, 4.04 xoHe 84.0, coikeciHiie; 4.4-AAE metaboanTi Ta-
MbIP XKYMECIHAE >KMHAKTaAAbl, OMOKOHUEHTpaumns KoadpduumenTi 2.07. ByA 3epTTeyAiH HaTMXKeAepi,
duToTypaKkTaHAbIPFbIW 6eAceHAiAiriMeH 4.4-AAT biAbipaybiHbIH COHFbI METab0AMTI 4.4-AAE yAbl Me-
TabOAUTTIH ©3apa 0aAaHbICTbIH, pacTaAFaHAbIKTaH M. sinensis-TiH TOA-nectMumMATepiH utopeme-
AMaumsiaay xobasapbiHAA KOAAAHY, acipece KasakcTaHAQ, YAKEH MOTEHLMaAFa Me eKeHiH KepCeTeA.
CoHABIKTaH, 0paH 8pi 3epTTeyAaepae M. sinensis (pUTOTYpaKTaHAbIPY CTPATErusiCbiH OHTAMAQHABIPY
6acka TOA-necTMumaTepre Kapcbl 6arbITTaAybl KEpek.

Ty#in ce3aep: sHepreTMkaablk 6CIMAIK; Miscanthus sinensis; 8HIMAIAIK; (boTOCHHTES; hrTOpEme-
Avaums; Tonbipak; TOA-nectuymaTep.
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Hosbiii putopemeanant CO3-necTuumAO0B:
sHepreTuyeckoe pacreHne Miscanthus Sinensis

C pa3BaAOM CEAbCKOXO03SIMCTBEHHOM MHbpaCcTPYKTYpbl B KasaxcTaHe 1 BO MHOTMX APYIMX CTpaHax
XPaHUAMLLA XMMMYECKUX CPEACTB 3alLIMTbl PACTEHUIM, KAaK M XPaHSLLMECS B HUX OCTATKM MpenapaTos,
NMepeLlAn B Y4aCTHOE BAAAEHMe, AMBO OKasaAMCb 6ecxo3HbiMM. HecMOTps Ha 3aKOHOAATEAbHbIE aKTbl
MU MeXXAYHApOAHbIe KOHBEHLMM npobAema CTOMKMX opraHudeckmx 3arpsizHuteaent (CO3) A0 KoHua
He pelleHa. Mepbl BOCCTAaHOBAEHUS TeppuTopuii, 3arpsidHeHHbix CO3-necTMumAaMm, orpaHuYeHbl, B
CBSI3M C 3TUM (PUTOTEXHOAOTMS IBASETCS MHOroOb6elLatoLLer 6Aaroaaps 3KOAOrMYHOCTU M OTCYTCTBUIO
KPYMHbIX KanuTaAOBAOXKEHMH. OAHUM M3 KAIOUYEBbIX MOMEHTOB TEXHOAOTMW SBASIETCSI MOWMCK HOBbIX
BMAOB PACTEHMIA, CMOCOOHbIX HaKamnAMBaTb M TPaHC(POPMMPOBATb MECTULMABI B MEHee TOKCUYHbIe
coeamHeHus. B ctaTbe paccMaTpmBaeTCs MOTEHUMaA SHepreTuyeckor KyAbTypbl Miscanthus sinen-
sis Anderson (M. sinensis), Kak HOBOW KYAbTYpbl, AASl BOCCTaHOBAEHMSI MOYB, 3arps3HeHHbix CO3-
nectuumaamMu. AmsarH skCrnepmmeHTa BKAIOYAET KYAbTUBMpPOBaHMe M. sinensis Ha 3arpsidHeHHo CO3-
nectuumaamm (2,4-AAA, 4,4-AAA, 4,4-AAE, 4,4-AAT, o-ITXUI, B-IXUr, y-rxXur v 6-rxuyr) nouse.
[MpPOAYKTMBHOCTb GMOMACChl, (hM3MOAOTMYECKME MapameTpbl U (UTOPEMEAMALIMOHHDIN MOTEHLMAA
OLIEHMBAAM MO OKOHYAHWMWM BEreTauMoHHOro nepmoaa. PesyabTaTbl nokasaau, uto CO3-nectmumAbl
OKa3bIBaAM BAUSIHWE HA MPOAYKTUBHbIE U (PU3MOAOTMUECKME NMOKa3aTeAU M. sinensis: CHUXKAAM Ha3eMHYIO
6MoMaccy M COAepIKaHMe MUIMEHTOB XAopodmara A0 23 M 37%, COOTBETCTBEHHO, WM MOBbILLIAAM
6GromMaccy KOpHeBoI cncTeMbl A0 17%. PacTeHne NpoAEMOHCTPMPOBAAO YCTOMUYMBOCTb K 3arPA3HEHMIO
CO3-nectmumaamMm, MHAEKC TOAepaHTHOCTM cocTaBuA 0.99. lNpu oueHke hUTOpEMEAMALIMOHHBIX
rnokasarteAei BbISBAEHO, UTo M. sinensis B 3aBUCMMOCTU OT BMaa CO3-nectuumaa UCMOAb30BaA ABE
cTpaTernm BOCCTaHOBAEHUS 3arPsi3HEHHOM MOYBbI: PUTOIKCTPaAKUMIO U huTocTabmAM3aumio. 4,4-AAT n
nsomepbl B-IXLIEC n y-F XL akkyMyAMpPOBaAMCb B Ha3eMHOI Bromacce, KoadrUMEHTbI TPAHCAOKALIMM
— 1.18, 4.04 n 84.0, cOOTBETCTBEHHO; MeTAab0AUT 4,4-AAE HakanAMBaACs B KOPHEBOM CUCTEMe,
KO3(pprUmeHT GMoKoHUEeHTpauun — 2.07. Pe3yAbTaTbl MCCAEAOBAHMUS MO3BOASHOT MPEAMNOAOXKMUTD,
4yTO M. sinensis nMeeT BOAbLLME NEPCNEKTMBbLI AAS MCMOAb30BaHMS B MPOEKTax Mo (huropemeamaLmm
CO3-nectmumaos, ocobeHHo B KasaxcrtaHe, 6Aaroaapst MOATBEP>KAEHHOM (DUTOCTabUAM3MPYIOLLEN
aKTMBHOCTM B OTHOLLEHUM TOKCUYHOTrO 4,4-AAD, KoHeyHOoro metaboAmta pasaoxkenus 4,4-AAT.
[103TOMY AaAbHENMLIME MCCAEAOBAHMSI AOAXKHbBI ObITb COCPEAOTOYEHbI HAa OMNTUMM3ALMKM CTpaTermm
dutocTabuamnsaumm M. sinensis B oTHoweHnn Apyrnx CO3-necTmumaos.

KAloueBble cAOBa: sHepreTMyeckoe pacteHue; Miscanthus sinensis; NPOAYKTUBHOCTb; (DOTOCUHTE3;
putopemeamnaums; nousa; CO3-necTMUUAbI.
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Introduction

Persistent ~ Organic  Pollutants  (POPs),
particularly organochlorine pesticides (OCPs), are a
long-lasted concern in environmental matrices
worldwide. The danger posed by POPs led to the
adoption of the Stockholm Convention in 2001,
which Kazakhstan signed on May 23, 2001, and
ratified on June 7, 2007. The convention aims to
reduce the production and use of POPs, recognized
for their harmful effects on humans and their ability
to travel long distances. Initially, the convention
listed 12 chemicals, including 9 pesticides (DDT,
aldrin, dieldrin, endrin, chlordane, heptachlor,
mirex, toxaphene, and HCB). By 2013, this list had
expanded to include 13 OCPs, with additions in
2009 such as chlordecone, o-HCH, -HCH, y-HCH,
and pentachlorobenzene [1].

Kazakhstan's recognition of the POP-pesticide
problem started with identifying numerous
anthropogenic activities leading to historical
pollution. In 2008, around 10,000 tons of banned
obsolete pesticides unsuitable were registered [2].
By 2012, 1,500 tons of obsolete pesticides and their
mixtures across the country along with 602 pesticide
storage facilities were recorded [3.4]. Nowadays,
according to the annual environmental monitoring
of the Republic of Kazakhstan, different
environmental matrices are regularly being
identified as contaminated with pollutants of diverse
origin [5]. Recent inventories revealed 727 pesticide
storage facilities and 5 operating landfills containing
approximately 2,101 tons of obsolete pesticides in
Kazakhstan [6,7].

A critical characteristic shared by all POP-
pesticides is their pronounced lipophilicity, leading
to their biomagnification in organs like the liver and
adipose tissue and causing significant detrimental
effects on human health [8-10]. In Kazakhstan,
prevalent POP-pesticides in soil are classified into
three categories: dichlorodiphenylethanes, chlorine-
ted benzenes and cyclohexanes, and chlorinated
cyclodienes [11]. The most common POP-pesticides
in soils near former pesticide storage facilities
include DDT, its metabolites, and HCH isomers.

Hence, there is a pressing need for ecologically
benign remediation approaches [12], with
phytoremediation emerging as a promising solution
that applies plants to uptake, accumulate, and
detoxify contaminants from environmental matrices
[9,11,13-16]. Energy crops have emerged as
exceptionally promising tools for phytoremediation,
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offering a dual benefit of environmental cleanup and
economic revenue generation through biomass
production [17-19]. Their biomass serves as a
valuable resource for biofuel production, as well as
raw materials for various industries, including
construction, insulation, and paper production. One
energy crop that has gained significant recognition
for its phytoremediation prowess is Miscanthus x
giganteus Greef et Deu [20,21]. It thrives on
marginal soils for extended periods, typically
spanning 20-25 years. However, it has a notable
limitation when it comes to tolerance for POP-
pesticides, maxing out at just twice the Maximum
Permissible Concentration (MPC), equivalent to
~200 pg kg' [13]. In the quest for a more robust
phytoremediation solution, attention has turned to
Miscanthus sinensis Anderson, a perennial Cy
energy crop with remarkable productivity, yielding
biomass at rates of up to 36.6 t DM ha™ yr' [22].
More importantly, the crop was found to tolerate
superior POP-pesticide contamination, up to
62xMPC [13,14]. Given its ability to grow in
organically contaminated soil, M. sinensis emerges
as a promising candidate for the remediation of
POP-pesticides contaminated soils, especially in
Kazakhstan, being not indigenous and having the
potential for large-scale recultivation.

Thus, the current study aimed to investigate the
biomass productivity and phytoremediation
potential of M. sinensis grown in historically POP-
pesticides contaminated soil collected in the vicinity
of a former pesticide storage facility.

Materials and methods

2.1 Soil collection

Two distinct soil types were employed in the
experiment, specifically: POP-pesticides
contaminated soil collected in the vicinity of a
former obsolete pesticide storage facility in
Kyzylkairat village (GPS 43°17'58.7" N 77°11'39.6"
E), district, Almaty region, Kazakhstan; and a
background, hereafter referred as “control soil”,
collected at the base of Peak Talgar (GPS 43°16'36"
N, 77°12'37" E), Talgar district, Almaty region,
Kazakhstan. Soil collection was performed
following ISO 18400-205:2018 [23], in particular
the ‘envelope’ method: five soil samples were taken
from a 5 x 5 m test square at a depth of 0-0.6 m.
Subsequently, the soil samples were sieved (d = 3
mm) to remove plant debris and stones, thoroughly
homogenized, air-dried, sampled for agrochemical
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and chemical analyses [24,25], and stored at a
temperature of 4°C until the experiment
establishment.

According to the World Reference Base for Soil
Resources classification [26], research soils belong
to chernozem with a density of 144 g cm®.

Table 1 — Agrochemical profiles of the research soils.

According to the soil agrochemical profile (Table 1),
POP-pesticides contaminated soil demonstrated
significantly higher concentrations of mobile
phosphorus and potassium compared to control soil.
Whereas control soil was rich in organic matter and
nitrogen content (Table 1).

Parameter Unit Control soil Contaminated soil Measuring standard
Organic matter, C % 340+145a 6.10+0.02 b Tyurin method [27,28]
pH (H20) - 7.34+0.08 b 7.85+0.02a GOST 26423-85 [29]
Total N mg kg'! 432+551a 96.7+7.20b Tyurin & Kononova method [30]
P20s mg kg'! 230+10.0b 400+5.00 a Machigin method in CINAO
K20 mg kg'! 440 +40.0 b 885+25.0a modification [31]
Ca mEq/100 g 583+2.45a 20.8+0.75b Arinushkin method in Grabarov
Mg mEq/100 g 837+0.45a 3.70+0.23 b modification
Na mEq/100 g 0.28+0.01b 0.38+0.01a Antipov-Karataev & Mametov
K mEq/100 g 027+001b 1.04+0.03 a method in Grabarov modification

Notes: different letters within one parameter indicate a statistical difference at p <0.05.

Table 2 — POP-pesticides concentrations (ug kg™') in historically contaminated soil.

POP-pesticide MPc Contaminated soil
KZ [32] EU [33]
DDT and metabolites
2.4-DDD - - 14 072 £ 5239
4.4-DDD - - 11434 +7302
4.4-DDE - - 778 £292
4.4-DDT - - 10 023 £2 471
> DDTs 100 10.0 36 307
HCH isomers
a-HCH - 220 89.2+0.0
B-HCH - 92.0 25.5+16.4
v-HCH - 0.01 488 £ 152
8-HCH - - 67.4+13.7
> HCHs 100 - 670

2.2 Experimental layout

To assess the biomass productivity and
phytoremediation potential of Miscanthus sinensis
Andersson in POP-pesticide contaminated soil, a
controlled pot experiment was conducted in
greenhouse conditions.

The preparatory phase of the experiment
commenced on November 13, 2019, entailing a
structured process for filling the pots. Initially, 1 kg
of keramzite was placed at the base of each pot,
serving as an effective drainage layer. This was
followed by a second layer of 1 kg of sand. The third
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layer consisted of 2 kg of soil, differentiated across
pots as either POP-pesticides contaminated soil or
control soil. To mitigate soil desiccation, a final thin
layer of sand was uniformly applied atop each pot.
In total, the experimental design incorporated 6 (six)
pots, arranged to facilitate 2 (two) experimental
variants, each replicated thrice.

On November 14, 2019, M. sinensis rhizomes
were planted in prepared pots to facilitate plant
acclimatization and adaptation during the winter
period. The rhizomes were sourced from the
plantation located on the premises of the Institute of

Plant Biology and Biotechnology (GPS
43°13'38.161"N, 76°54'59.443"E; Almaty,
Kazakhstan).

Plant physiological parameters, including plant
height, length, width, and number of leaves, were
measured monthly. Soil moisture was adjusted to
50% by irrigation every third day.

At the end of the vegetation season (September
15, 2020) when leaves turned yellow, M. sinensis
biomass was harvested. The collection of soil and
plant samples, comprising both roots and
aboveground biomass (AGB), was performed
following GOST 17.4.4.02-2017 [24] and ISO
18589-2:2022 [34]. The soil samples were dried and
sieved (d = 2 mm). The roots of M. sinensis were
thoroughly cleansed under running tap water to
eliminate residual soil particles. Then, plant samples
were dried at a temperature of 105 °C until a constant
weight was achieved. The dried roots and AGB
samples were finely using the IKA All basic
analytical mill and stored at room temperature in
labelled zip-lock bags until chemical analysis.

2.3 Chlorophyll pigments content

The content of chlorophyll pigments, specifi-
cally chlorophyll a (Chl a), chlorophyll b (Chl b),
and carotenoids (Car), in the leaves of M. sinensis
was determined according to Gavrilenko et al. [35].
30 g of fresh leaves were finely ground in 2 mL of

cooled 96% ethanol. Then, the produced
homogenate was subjected to centrifugation at 7,000
rpm for 10 min. The supernatant was carefully
transferred into a test tube. The absorbance levels of
photosynthetic pigments within the supernatant
were measured using an Evolution 60
spectrophotometer (Thermo Scientific, USA) at
wavelengths of 440.5, 649, and 665 nm. The
concentrations of Chl a, Chl b, and Car were
calculated employing eq. 1-4:

Chl,(mg L™%) =

=11.63 X D665 —2.39 % D649 (1)
Chl,(mg L™) = @)
= 20.11 x D64~9 - 5.18 X D665
Chlgyp(mg LY = (3)
= 645 X D665 + 17.72 X D649
Car (mg L™Y) = @)
= 4.695 X Dyyq5 — 0.268 X Chly,,

2.4 Chemical analysis

The concentrations of target POP-pesticides in
soil and plant samples were measured by gas
chromatography with an electron capture detector
(Gas Chromatography Agilent Technologies
6890N) equipped with the autosampler Combi-PAL
(CTC Analytics AG, Switzerland) in accordance
with standards ST RK 2131-2011 [25] and ST RK
2011-2010 [36], respectively. A detailed description
of the procedure was published earlier [14,15,37].

2.5 Phytoremediation potential

In order to evaluate the resilience of M. sinensis
to POP-pesticide contamination as well as its
phytoremediation potential, tolerance index (TI),
bioconcentration factor (BCF), and translocation
factor (TLF) were calculated following eq. 5-7 [38—
41].

[Plant growth parameter] in contaminated soil

TLF =

TI = 5
[Plant growth parameter] in control soil )
BCF — POP — pesticide concentration in plant tissue (ug kg=?') ©)
B POP — pesticide concentration in soil (ug kg=1)
POP — pesticide concentration in aboveground biomass (ug kg™1) R

POP — pesticide concentration in roots (ug kg=1)
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2.6 Statistical analysis

The data analysis was conducted using RStudio
software (version 2023.06.0 Build 421, RStudio
PBC, 2023). Tukey HSD tests were performed for
the pairwise comparisons of the means, while
ANOVA was wused to confirm statistical
significance. Subsequently, the treatments were
categorised by letter in descending order, and graphs
were generated. Significance was declared at p <
0.05.

Results and discussion

3.1 Influence of POP-pesticide contamination
on M. sinensis biomass productivity

M. sinensis plants underwent a complete
developmental cycle in both control and POP-
pesticides contaminated soils. In March 2020,
seedlings in control and contaminated soils
exhibited average heights of 16.3 + 0.5 and 16.0 +
1.2 cm, respectively (p = 0.68). At harvest, the plants
had attained heights of 48.2 £ 0.3 c¢cm in control soil

a B Control

Height, cm

20T

and 45.8 = 0.5 cm in contaminated soil, with a slight
but still significant (p < 0.01) decrease observed for
plants grown in contaminated soil (Fig. 1a).
Furthermore, a notable increase of 10.8 (p < 0.001)
and 16.9% (p < 0.01) was observed in the roots’
length and weight of M. sinensis grown in
contaminated soil, respectively (Fig. 1b, c).
Conversely, AGB DW of plants cultivated in POP-
pesticides contaminated soil showed a substantial
decrease of 23.1% (p < 0.001).

Consequently, the mean TI of M. sinensis when
cultivated in POP-pesticides contaminated soil was
computed to be 0.99. In particular, individual TI
values were calculated to be as follows: the height
TI - 0.95; AGB DW - 0.77; roots DW — 1.17; and
roots length — 1.11. Thus, the ability of M. sinensis
to maintain nearly normal growth and even
enhanced root development under severe POP-
pesticide contamination in soil cumulatively
evidence the remarkable resilience of M. sinensis
and its potential to be utilized as a promising phyto-
agent in remediation projects.
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Figure 1 — Biomass productivity of M. sinensis grown in control and POP-pesticides contaminated soils:
a) growth dynamic; b) AGB and roots DW; ¢) root length. Different letters
within one parameter indicate a significant difference between values
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3.2 Influence of POP-pesticide contamination
on chlorophyll pigments content

Currently, research into indicators of plant
tolerance to contaminants, identifying resilient plant
species, and discovering species capable of
accumulating toxic substances for phytoremediation
is crucial. Hence, certain plant physiological
parameters have emerged as essential bioindicators
of abiotic stress caused by anthropogenic activities.
These parameters include a decrease in the Chl a/b
ratio and an increase in the Chl (a+b)/Car ratio. A
notable reduction in the key photosynthetic pigment,
Chl a, in response to an increase in auxiliary

[ Control

0.20 +

8

> 0.16 4

0.12 4

o

o

[+7]
1

0.04 4

Chlorophyll pigments content

Chla Chib Car

pigments such as Chl b and Car, indicates an
adaptive response to xenobiotic stress [42].

In our study, the stress response of M. sinensis
grown in POP-pesticides contaminated soil was
evident in the reduction of Chl a, Chl b, and Car
content by 30%, 37%, and 29%, respectively (Fig.
2a). This reduction suggests an adaptation of the
plant's photosynthetic apparatus to severe POP-
pesticide contamination. Consequently, we can
infer that alterations in chlorophyll pigment ratios
may serve as reliable indicators of the
photosynthetic apparatus’s adaptation to POP-
pesticide exposure.

A Contaminated

b

0.17

0.06 +

0.037

0.04 4

0.031

Chl a+b/Car

Chla+b Chl alb

Figure 2 — Chlorophyll pigments content in leaves of M. sinensis grown
in POP-pesticides contaminated soil: a) pigments mass; b) non-unit ratio indicators

3.3 Phytoremediation potential of M. sinensis
concerning POP-pesticides

The molecular weights (M,) of DDT &
metabolites range from 318.0 to 354.5 g mol™.
Notably, among DDT metabolites, 4.4-DDT
exhibited the highest hydrophobicity coefficient
(log K,) of 6.91 and the largest M, at 354.5 g mol™".
The log K, for 4.4-DDE was slightly lower at 6.51,
with an M, of 318.0 g mol'. The lowest
hydrophobicity coefficient was observed for 2.4-
DDD (log K., = 5.87) with a M, of 320.0 g mol™,
even though the log K, for 4.4-DDD was higher at
6.02.

The accumulation of DDT & metabolites in M.
sinensis tissues demonstrated a clear pattern: both
24-DDD and 4.4-DDD showed minimal
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concentration in the biomass, with bioconcentration
factors (BCF) for AGB and roots being below 1
(Fig. 3a). This indicates a lack of significant
accumulative capability in the plant for these
pesticides. In contrast, the highest BCF was
observed for 4.4-DDE, particularly in the root
system, with a BCF of 2.07, while its BCF for AGB
was 1.02 (Fig. 3a). According to the translocation
factor (TLF) values, M. sinensis predominantly
accumulated 4.4-DDE in the roots evidencing
phytotabilization potential in relation to this POP-
pesticide (Fig. 3b). Conversely, a slight
phytoextraction potential was observed for 4.4-DDT
(Fig. 3b).

Therefore, it can be inferred that M. sinensis able
to bioconcentrate both 4.4-DDE and 4.4-DDT (BCF
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>1), activating phytostabilization (TLF < 1) and
phytoextraction (TLF > 1) strategy, respectively
(Fig. 3a, b).

The M, of HCH isomers (a-, -, §-, and y-) range
from 290.8 to 296.9 g mol”'. Within this group, &-
HCH exhibits the highest hydrophobicity coefficient
(log Kow=4.14), while y-HCH has the lowest (3.72),
even though M, of these isomers are identical.

The accumulation of HCH isomers in M.
sinensis tissues predominantly followed the
phytoextraction strategy: three out of four isomers
were more concentrated in AGB than in the root
system, with a-HCH being evenly distributed
throughout the plant (Fig. 4a, b). However, BCF

o0

EAGB [ Roots

2.07

Bioconcentration factor (BCF)

24-DDD

44-DDD 4.4-DDE

4.4-DDT

values indicate that M. sinensis cannot concentrate
o- and -HCH (BCF < 1). Among these POP-
pesticides, the highest accumulation was observed
for f-HCH, which had a BCF of 6.55 in the AGB
and 1.62 in the root system, accompanied by a TLF
of'4.04. On the other hand, y-HCH, due to its lower
hydrophobicity, predominantly migrated from the
roots to the AGB (TLF = 84), resulting in
significant ~ accumulation in  the latter.
Consequently, M. sinensis demonstrated a capacity
to bioconcentrate the less toxic isomer (f-HCH) in
considerable quantities, whereas for the more toxic
v-HCH, the bioconcentration was relatively lower

(~1).

Translocation factor (TLF)

24-DDD 44-DDD 4.4-DDE 4.4-DDT

Figure 3 — M. sinensis phytoremediation potential concerning DDT & metabolites: a) BCF; b) TLF
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Figure 4 — M. sinensis phytoremediation potential concerning HCH isomers: a) BCF; b) TLF

Investigation of M. sinensis phytoremediation
potential  evaluating  solely = POP-pesticides
concentrations data presents certain limitations. In
general, POP-pesticides distribution in M. sinensis

tissues correlates with their log K, values: higher
hydrophobicity (log Kov) typically leads to reduced
accumulation. However, this trend did not hold for
two substances: 2.4-DDD and S-HCH.
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Indeed, low concentrations of 2.4-DDD in the
plant biomass could be attributed to its transient
state during the anaerobic degradation of DDT,
eventually forming 2,2-bis(4-chlorophenyl)-acetic
acid [43]. Furthermore, the correlation anomaly for
DDD might be due to its high octanol-air partition
coefficient (log Kos = 10.1, compared to 9.82 for
44-DDT and 9.68 for 4.4-DDE). Organic
compounds with low log K, but high log Ko values
could not typically accumulate in plant tissues [44].
Further, the peculiar behaviour of 2.4-DDD could be
linked to its metabolically activated nature and
potential breakdown into two metabolites: o.p™
DDA and 0.p-DDE [45].

To understand the behaviour of f-HCH, its log
Kos value should be taken into account. This
coefficient is crucial for understanding the dynamics
of organic compounds between air and
environmental matrices such as soil, vegetation, and
aerosol particles. For f-HCH, the log Ko41s equal to
8.1, while for y-HCH, it is 9.7, which accounts for
the lower accumulation of the latter. Moreover,
contaminants with low log K, and high log Ko4, as
in the case of f-HCH, were reported to be unable to
significant bioaccumulation [44].

Thus, the phytoremediation potential of M.
sinensis in relation to POP-pesticides detected in
research soil is summarized in Table 3.

Table 3 — Summary of M. sinensis phytoremediation potential in relation to studied POP-pesticides.

POP-pesticide BCF>1 TLF>1 Phytoremediation potential
AGB Roots Mean
DDT and metabolites
2.4-DDD - - - - No potential
4.4-DDD - - - + No potential
4.4-DDE - Phytostabilization
4.4-DDT + Phytoextraction
HCH isomers

a-HCH - - - + No potential

p-HCH + + + + Phytoextraction

v-HCH + - - + Phytoextraction

6-HCH - - - + No potential
Conclusion Furthermore, M. sinensis has also demonstrated

The investigation into the potential of M.
sinensis as a tool for POP-pesticides-contaminated
soils has yielded promising results. This novel phyto
plant has exhibited robust growth, showcasing its
resilience and adaptability in POP-pesticides-
contaminated environments. Furthermore, our study
has confirmed its ability to effectively accumulate
the studied POP-pesticides. The process of POP-
pesticide accumulation within M. sinensis was
found to be influenced by several key factors,
including pesticide hydrophobicity, molecular
weight, and concentration in soil. These variables
played a crucial role in determining the extent and
efficiency of contaminant translocation within the
plant. Importantly, our findings revealed that POP-
pesticide accumulation mostly occurred uniformly
across both aboveground biomass and roots.
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remarkable adaptability by employing distinct
phytoremediation strategies depending on the
specific POP-pesticides present in the contaminated
soil. Our observations have revealed that M. sinensis
exhibits phytoextraction capabilities concerning
4.4-DDT, B-HCH, and y-HCH, achieving TLF of up
to 84. Conversely, the plant displayed
phytostabilization activity when encountering 4.4-
DDE, a critical compound that marks the final
degradation product of DDT, the primary POP-
pesticide found in Kazakhstan. Given the
hydrophobic nature of 4.4-DDE (log Ko of 6.51),
M. sinensis effectively stabilizes this compound
within its roots.

In conclusion, M. sinensis ability to apply
distinct phytoremediation strategies depending on
the specific contaminant present in soil positions it
as an asset in addressing soil contamination while
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