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[l . Abstract

The intensification of platinum (Pt), cobalt (Co) and nickel (Ni) mining and processing results
in the release of salts and metals into the environment. This calls for the identification of halophytes
with an ability to tolerate and desalinatestalcontamnated sites while simultaneously allocating
metals (Pt, Ni, and Co) into harvestable bioma3amarix usneoide€. Mey ex Bunge is an
indigenous exgecretohalophyt¢hat has beerused for erosion control and fure desalination and
allocation of metals from gold and uranium mine tailings and land contaminated by metallurgical
effluent. The aim of this study was itovestigate the uptake, translocation, and tolerance of Pt, Ni,
and Co byT. usneoide$rom liquid medium {n vitro) andsoil contaminated by base metal refinery
effluent spillages and previous overspray from the enhanced evaporation spray(isystein More
specifically, hein situstudy investigated the utility of matuffe usneoidefrees in thalesalination of
soil contaminated by previous metallurgical spillages and overspray emissions through the extraction
of sulphur and metals Pt, Ni, and Co into harvestable biomass. TFousneoidedrees were
categorised into different size classes bamedree measurements and allometric equatiSesen
soi l pits (four fpliacantra)dvére eacavaitedtahdrogpesiteffacas pfitha soit e d 0
profile were sampled at 20 different intervalsi((40 cm). Soil samples were freedeed and
aralysed for total element concentratioi®oot systera were harvested by excavating soil pits
(maximum depth of 3.5neter3 using a mechanical excavatdrees were harvested and immediately
separated into above (leaves, twigs, wood, and flowers) and belaveh(coarse and fine roots) plant
organs.Tree biomass was further separated into different above (outer bark, inner bark, and sapwood
and heartwood) and belowground (epidermis, cortex, and stele) tissueRgmgnaterial was rinsed
three times in fawater to remove unbound residual metals and residual substrate from root and shoot
surfaces. It must be noted that the determined metal concentrations are a combined measure of metals
adsorbed on the root surface, assimilateglanta and excreted orhé plant surface from the foliar
salt glands Metals were allocated in tregacross plant organs and tissue typesjhe order:Ni
(59.46 + 4.67 mg/kg) > Co (2.65 £ 0.34 mg/kg) > Pt (50 = 6 pgikiygreassulphur (S)was

hyperaccumulated in tree lea89 900+ 861 mg/kg(3.9%= 0.7 %]. Platinum was bioaccumulated



[bioconcentration factorBCF) > 1.5] and translocatediranslocation factorT(F) > 1] in the leafy

shoots ofoneindividual tree, Ni inone(BCF = 1.03, and Co inanother replicat¢éBCF =1.02. Soil
chemical properties (pH, electrical conductivity, and redox potential) differed between planted and
unplanted pits whereby pH and EC were lower in planted pits5.0; EC = 3199 uS/cm(34.99 mM

Nad)] compaed with unplantefipH 7.6; EC = $44uS/cm(96.44 mM NaCl)] (ANOVA, p < 0.01).

The lower EC, along with S hyperaccumulation (BCF > 20; TF > 1), supports the potentialTuse of
usneoidedor phytoextraction of S and Ni in shoot tissues and Co and Pt in Atogsspacing of

1333 trees / hal. usneoidedreescoud removean estimated 2.23 + 0.30 mg Pt/ha, 3t0Q.83 kg

Ni/ha, 1.28+ 0.90 kg Co/ha, and 1.280.09 tons S/haexcluding excreted salts. Excreted salts were
visible but could not be quantified without confounding surface dust contaminakierfirstin vitro

study determined factors influencing the rhizogenesi3.ofisneoidesn order to develop a mass
propagation protocoExplant establishmerin vitro was influenced by various donor plant factors

viz. growing conditions (contaminated < nroantaminated;KruskatWallis (KW), p < 0.05),
physiological age (younger > older donor plants; ANOVA, p < 0.05), genotype (KW, p < 0.001),
season of culturing (higher establishment in winter; KW, p < 0.05), lengtlxpdéint (40 mm > 25

mm; KW, p < 0.05), and volume of growth vial (50 mL > 15 mL; KW, p < 0.05) but not pH,
chronological age, strength of plant growth medium, or auxin pulse treatments. This study indicates
that propagation protocols can be developed Iyrothing factors influencing explant establishment.

A standardised and rapid vitro protocol was developed for the mass propagation. afsneoides
explants. Thisn vitro protocol was usefbr the metal uptake studies whereby established explants
were exposed to 25 % Murashige and Skoog standard plant growth medium supplemented with Pt,
Co, or Ni (as sulphate complexes) at 0, 25, 50, or 100 mg/L at pH 5.5 or 7.5 ovdag é&4posure
period. On completion of the metal exposure period, plantlets weredted, separated into roots and
shoots, freezédried, and analysed for metal concentrations. Higher metal concentrdion<o >>

Pt) were accumulated in roots (combined measure of metals adsorbed on the root surface and
assimilatedn plantg compare with shoots whereby BCF 1 (excluding Pt) and TF < 1. Metal BCF

(Ni > Co >> Pt; KW, p < 0.05) and TF (Co > Ni >> Pt; KW, p < 0.05) increased in adéqgmndent

fashion and were not influenced by pH | evel. Co



differ suggesting similar uptake dynamiegen treated separateRlatinum ¢efined in this study as

Pt > 17 4 mg/kg), Ni (> 1000 mg/kg), and Co (> 300 mg/kg) were hyperaccumulated in roots
(Armiyper accumul ati ono) a cCGobypegaccumukatoon imehoots By twoi t h
genotypes Genotype influenced Co allocation shootsbut not Nior Pt. Tolerance indices did not

differ [Co (97 %) > Pt (82%) > Ni (77 %)] between pH, metal, treatment concentration, or the
interplay between thedactors. Metal treatments did not impact measured morphological parameters
(excluding Ni treatments which promoted shoot length incren{&w), p < 0.05). Plantlet survival
differed between pH and metals [Pt @) > Ni (81%) > Co (62%)] (KW, p < 0.05).Variability in

Co accumulation capacity between genotypes indicated that selective bresidigghe developdd

vitro mass propagation proto¢dbr improved rhizofiltration and phytoextraction traits is feasible.
Results demonstrate that usneoide$ias the potential for recovery of Ni and Co (and Pt to a lesser
degree) from effluentexhibiting atolerance to Ni, Co, and Pt at 1,, Hhd 10,000 times the average

soil crustal abundance, respectively, undeoderately acidic (pH 5.5) and alkaline (pH 7.5)
conditions and across a wide metal concentration rdggults from th@n situ study indicate that-9
yearold T. usneoidesrees ca be used for the decontamination of sulpttatetaminated soils under
study site conditiongvhich aremore conducive to the survival of glycophyt&amarix usneoideis

thus able to assimilate, translocate, and tolerate Ni, Co, and Pt (to a lesser whgreexposed to
metals across a wide pH and metal concentration range, undeemiffgr situ and in vitro)
experimental conditions. This opens the possibility for the species to be used in a range of

phytotechnologies.

Keywords: halophyte, metallurgal effluent micropropagation, phytomining, phytoremediation
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V. Structure of the Thesis

This thesis is comprised of fivehapters. Thre®f these chapters are data chaptnd

Chapter 1 and Chapter 5 are the introductory and concluding chapter, respectively.

Chapter 1 contextuakes the thesis relative to thgatinum @t mining industry, the
introduction of contaminants into the environment, negative impacts associatetieviifesence of
these metals in the environment, physicochemical and biological (i.e., phytoremediation) technologies
for the removal of these metals, introducing and providing a rational for the use of the study species,
namely Tamarix usneoidesThis chater alsoprovides therationak, aims, and objectivesof this

thesis.

Chapter 2 investigates theallocation of sulphur (S), platinum (Pt), nickel (Ni), and cobalt
(Co) in 9yearold Tamarix usneoidegsalt cedar) grown on soil contaminated by bhastalrefinery
effluent Two manuscripg will be prepared from this chapter, namély Fate of sulphur, platinum,
nickel, and cobalt in a §earold phytoremediation trial with Tamarix usneoides (salt cedar)
process of being prepared as a manuscript for publication inlirtteenational Journal of
Phytoremediationand (2)Estimating Tamarix usneoides tree biomass, grown in platirsunt gold
mining sites, using allometric equatioiisapplications in phytommediation in process of being

prepared as a manuscript for publication intbernal of Plant Ecology

Chapter 3 explores numerous variables which may have accounted for thestalishment
percentage off. usneoide®xplants culturedn vitro. This dda chapterinvestigatesaspects othe
different stages oplant tissue culture which may have limited the number of established explants
required for the metal recovery experiment (Chapter 4). Thapter will be prepared, entitled
Development of a protel for in vitro mass propagation of Tamarix usneoidesan exe
recretohalophyte used for phytoremediatitor publication inPlant Cell, Tissue and Organ Culture

(PCTOC)

Chapter 4 investigateghe recovery of Pt, Ni, and Jas metakulphate complexed)y T.

usneoidedrom solution across a wide pfpH 5.5 or 7.5)and concentration randg@5, 50, or 100



XX

mg/L). A manuscriptentitiedRecovery of platinum (Pt), cobalt (Co), and nickel (Ni) framtson by
Tamarix usheoideshas been prepared and submitted the journal Plant Physiology and

Biochemistry

Chapter 5 summarses the findingsof preceding chapters, providing the biological

implications of this research.

The primary author of thishesis has published a review paper, entiflegatment wetlands
and phytetechnologies for remediation of winery effluent: Challenges and opportynitiethe

journal, Science of the Total Environmef(ittps://doi.org/10.1016/].scitotenv.2021.150p47 his

paper reviews the remediation of winery wastewater (WVBWireatment wetlandd'Ws). A major
challenge associated with wine productionludes the ineffective removal of persistent inorganics,
namely salts and their constituents, by TWs. A review of available literatalieates that
glycophytes have been extensivelyed in TWs de to their ability to hyperaccumulate a range of
elementsfrom contaminated land and watddowever,glycophytes are ineffective assimilating

these elements in the presence of sdlisto the lack of efficient salt tolerance mechanisms. The
predicted increase in primary (amid global climate change) and dagotintroduction of salts into

the environment via anthropogenic processes) salinisation limits the ability to use glycophytes for the
phytoremediation of elements from saline land or wdtkis presents a direct link to tkeope of this
thesiswherebyTamarix usneoidestudy species) was planted on a salt and metal-caygaminated

site fefer to Chapter2) to advance the survivable conditions Bearsia lanceandS. pendulingto

provide hydraulic control) anBerkheya coddifto extract Ni and Co)A similar challengerelative to

the wine productionindustry, s det ai | ed i n t The Authaprebeats thescasgru b | i c at
the use of halophytes in TWs to reduce the salt load (i.e. phytodesalination) of Wiktiding a

novel, potential solution to a major challenge associated with the wine production. Chapters 3 and 4
present a protocol for the propagationlofusneoidesBased on the design of TWs (e.g. substrateless
system),T. usneoidemay be mass propagateadascreened) for e$n TWs. The scope of this thesis

and the published papérvestigate the use of halophytes to reduce the salt load of saline land or

water (i.e. phytodesalination) cressntaminated witlvarious elements
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Chapter 1

Introduction



1.1. Platinum, nickel, and cobalt mining and production

South Africa (SA) has abundanatural resources. Platinum (Pt), as well as nickel (Ni) and
cobalt (Co) (which cabccur with Pt) are major contributors to the South African econ(Baister
and Mudd, 2010)Approximately 75 % o f the earthdés pl ati)mwhiadm gr oup
includes Pt, palladium (Pdhodium (Rh),ridium (Ir), osmium (Os)andruthenium (Ru)are located
in the Bushveld Igneous Complex (BIC), within $8awthorn, 2010, Matthey, 2018)ithin these
layered mafic and ultramafic igneous horizons, magmatic base metal su{ghideninerals are
commonly Piddominated and contain significant amounts of Ni and copper (Cu), and to a lesser extent

Co (Figure 1.1)Cawthorn, 201Q)

Platinum as well as Ni and Co, have a high affinity folpbwr (S) and may naturally occur
as S complexes. These metals may be adsorbed to the surfaapaties (such as the surface of
pyrrhotite [F@S], chalcopyrite [CuFe, and/or pentlandite [(Ni, FeJs] particles), dissolved in base
metal $ solutions (such as pentlandite), and/or present as mineral particles (such as bragBite [(Pt,

Ni)S]) (Langaet al, 2021)

Our world is becoming increasingly dependent on PGEs, Ni, and Co for their use in various
industries Table 2.1), where the scarcity, hysicochemical properties, and low substitutability of
these critical elements increases their demand in such indygtaesonet al, 2018, Wonet al,

2014) For example,hte transition to the hydrogen economy (irenewable energy industryill

elevatefuture demand for Pt and Co.
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. BushveldComplex D Merensky Reef Pt: 3.3 g/tonne ore
Ni: 1 300 g/tonne ore

D Transvaal Rocks Co: 30 g/tonne ore
S: 4 000 g/tonne ore

[ Bushveld Granite

B Upper Ground 2 (UG2) Layer

D Karoo Rocks Pt: 2.5 g/tonne ore
Ni: 700 g/ tonne ore
Co: 20 g/tonne ore

A S: 1 000 g/tonne ore

z Chromitite Layer

Figure 1.1. Bushveld Igneous Complex (BIC) with associated geology and hordfoesonomic importance.
A: Rustenburg Layer SuitéRLS), the most economically important layeonsisting of Merensky Reef and
Upper Ground 2 (UG2). Adapted froLangaet al. (2021) Cawthorn (201Q)andImplats (2021) Note, Pt =

platinum, Ni nickel, Ca cobalt, S sulphur.

The mining and processing (concentrating, smelting, and refining) of Pt, Ni, and Co differ
based on the elemental compositaf the mined ore (Figure S.1(Qrundwellet al, 2011) Tailings,
present insolid, liquid, and / or gaseous forms, produced by the metal mining and processing
industries ardransported to TSF, such as storage ponds or mine d(ihops et al, 2008) The
increased demand for critical eleme(udd et al, 2018)has consequédly elevated the production

and storagef tailings

1.2. Introduction of metals into the environment

Platinum, Ni, and Co may be presentreleasednto the environment via numerous natural
and anthropogenic sources. Natural pathways incitii®spheric (e.ggeothermaleventssuch as
volcanic eruptions) and geological (parent rock matesaljrces whilst anthropogenic sources
include metal mining and processifBauch and Fatoki, 2013yehicle emissiongthermal and

mechanicalattrition of vehicle catalytic convertes) (Juanet al, 2007) as well as the release of



domestic effluents (such as sewaged hospitaleffluen (Kimmerer et al, 1999) into the
environment Heavy metals and salts are released into the environment via TSF wall failure,
metallurgical effluent spillages, historical mining aittes (e.g. TSF footprints), TSF reclamation,
aeolian erosion (dust degeneration/ emission), evaporation spray systems, storage pond leakages,
tailing weathering (precipitation and subsequent oxidation of tailings), and metaberattivities,

use in reewable technologies (e.g. hydrogen fuel cells, medical waste, and electronics)vasie e

(Figure 1.2)

Tailing storage facilities constitute a major source of release of metal/loids and salts into the
environmentTailing storage facilities, TSF footptis, as well as areas of contamingpitlagesmay
contain multiple contaminants such as inorganics [salts, metatarally occurring radioactive
materials (NORMSs, such as thorium and uranium (U)) and other radionuclides] and organics (cyanide
complexes and explosive residues) produced by the mining and precious metal production processes

(Naickeret al, 2003, Tutwet al, 2008)

Rauch and Fatokf2013) demonstrated that elevated levels of Pt (&9878 ug/kg) were
present within the topsoil (02 cm) of areas surrounding smelters compared with surrounding towns
(wherevehicle emissionsverea major contributoto Pt release) These results asupported byther
studies indicating low mobility of Pt down the soil profil8oils located near Némelterswere
reported tocontain elevated Ni concentrations ranging fron® 2022 000 mg/kg compared with
uncontaminated soils (101 000 mg/kg)Everhartet al, 2006) Various sudies haveeportedthat
metal production and refining activities are major contributors toitkr@duction ofPGEs and other
metals into the environmenbfluencing the global biogeochemical cydfthese elemen{@lmécija
et al, 2017, Liet al, 2011, Tutuet al, 2008)(Figure 1.2) This indicates thametal refineriesand
smeltersare important anthropogenic sows@d# metal pollution contributing to the introduction of

elevated levels oEontaminants into the environment.



< Horizontal contaminant migration (e.g. spraying wastewater for increased evaporation for residual precious metal recovery)

Vertical contaminant migration (i.e. leaching)

Metallurgical effluent from PMR and BMR )

<

@ = PGEs(Pd, Rh, Ru, Os, Ir) Cu, Cd, Cr,Fe,and Zn % = Cl, NOg, SO, Ca,Mg, Na, K, and Si

Figure 1.2. Introduction of platinum (Pt), nickel (Ni), cobalt (Co), and salts into the environmeattyities
associated with the storage of tailings (e.g., tailing storage facilities (TSFs)) and matskenctivities. Salts
presentin Pt TSFs include sphates (S@), chlorides (C), nitrates (N@), sodium (Na), magnesium (Mg),
potassium (K), alcium (Ca),and silicon (Si).Metals include platinum (Pt), nickel (Ni), cobalt (Co), PGEs,
copper (Cu), cadmium (Cd), chromium (Cr), iron (Fe), and zinc (BMR: Precious metal refinery; BMR:
Base metal refinenjReferencesTutu et al. (2008) Kimmereret al. (1999) Juanet al. (2007) andAlmécija et

al. (2017)

1.3.Impact of Pt, Ni, and Co in the environment

In SA, mining has major sheraind longterm environmental impaci®.g.,land and water
(surface and groundwater contaminali¢Brasmuset al, 2020) and sociGeconomic impactgviz.
human health, village relocatiorsmpensation challenges, and drinking water polljt{&arrell et
al., 2012, Glaister and Mudd, 201®loreover, approximately 9698 % of mined ore is discarded as
tailings or waste rock resulting in various environmental impacts, such as TSF spillages, leakages, and
failures, the generation of acid fodrainage (ARD), and dust production, negativeipacting fauna

(including humans) and flotgealth and survivg[Tutu et al, 2008)



1.31. Impact on fauna

Faunarequire certain levels of macrand micronutrient$Ni) to function and survive however,
exposure to excess concentrations ohstlementgas well as nomssential elements Co and Pt
may cause varying degrees of skin irritations, sesaitin of airways, mutagenic and carcinogenic
effects including increased frequency of tumouas well as hepatic and renal damage and
neurological disorder§Genchiet al, 2020, Lisonet al, 2018) Platinum, Ni, and Co can enter the
food chain by thédioaccumulation of these metals in edible plant spdeeeKhan et al. (2015)for
review]. This highlights the need to determine the compaosition and concentration of metal/kbigls in
soi l as well as plant speci esd abKhankettaly(2015p assi m

excess metals may negay impact the nutrient status, growth and survival of plants.

1.32. Impact on flora

Essential micronutrientNj, boron (B), Ci, Cu, Fe, manganese (Mmyolybdenum (Mo)and
Zn] are defined as (i¢élements thathe plant requires to complete its life cycle, &Bingdirectly
involved in metabolic functioning, and (iii) where the function of the nutrient cannot be replaced by
any other nutrien{Arnon and Stout, 1939)These essential elements are involved in important
biochemical and physiological processes, such as redox reactions, and are vital constituents of
numerous molecules dluding enzymes. For example, Ni is incorporated in urease, an enzyme
responsible for hydrolysing urea into carbon dioxide {/Gd NH (Eskewetal., 1984) whereas the
role of Coin nonleguminousplantsis yet to be determing@keel and Jahan, 202Mlowever, Co is
an essential micronutrient (incorporated into vitamin BX2juired by animals. Although
micronutrients are required by plants, excess concentrations of these elements axiphyto
Phytotoxicity levels are metal site, and plant species dependentranging from 10 mg Ni/kg
(sensitive plant species) to > 50 mMigkg (indicator species), to > 1 000 mii/kg (tolerant plant
species such aalyssum sppand Thalspi spp. (Assuncaoet al, 2001) whereas Co phytotoxicity

levels forCo-sensitive plant species is approximately 0.4 mg/kg



Platinum, Ni, and Co are classified as trace elentemtich is attributed to their relatively
low natural concentrations in the environmempared with other elementslowever, excess
concentrations of these elements have been documented to negativelyrniompaaius plant species
relative to genetic, molecular, cellular, and physiological factbablé S1.3). Heavy metal toxicity
induces osmotic and ionic stress in plafunns and Tester, 2008) i mpacti ng t he
homeostas network (Egorovaet al, 2019) Platinum exposuréas been reportei reduce plant
growth and water content dfrabidopsisthaliana ( Ga wr cetEd, k2@18b)and Lemna minor
(Bednaroveet al, 2014) resulting inchlorosis and necrosiExposure to elevated Ni concentrations
has been demonstrated to disrupt membrane lipid compofRaset al, 1992) nutrient imbalances
(Sabiret al, 2011) reduction in water conterfLlamaset al, 2008) as well as leaf chlorosis and
necrosis(Shukla and Gopal, 2009)i et al (2009) reportedthat the growth ofLycopersicon
esculentunftomato),Hordeum vulgard.. (barley), andBrassica napug. (oilseed rapewas reduced
by 50 % when plants were exposedbibmg/kg, 89 mg/kg, and 169 mg/Kp, respectively. Cobalt
phytotoxicity symptoms also include nutrient imbalanaed decrease water cont¢@hatterjee and
Chatterjee, 2000)generation of reactive oxygen spec{gswari et al, 2002)as well as reduce the
rate of transpiratioand photosynthes{gwalabaet al, 2017) Thus, the ecotoxicity of these elements
highlights the neetb alleviatethe negative impacts associated with toxic metal(s) assinmeditd

subsequent exposure, in the environment

1.4.Phytoremediation

Numerous physical, chemical, thermal and biological remediation mechanisms have been
studied and implementefbr the remediation of a range of eleme(iffRC, 2009) The cost of
physical, chemical, and thermal remediation techriekbganges from 384580 i 41 537 400
ZAR/ha whereadiological remediation (such gshytoremediation offers a relatively inexpensive

(27691 1384 580 ZAR/ha) remediation technology which, unlike physical, chemical and thermal

lin the context of this study, trace elements defined as an element found in low concentrations/ mass fractions (e.g.
mg/kg) in aparticular matrix such as soil or plant tissue.

The plantés ability to control t he di s trequiting mdlecutes ai & t he
specific time whilst avoiding exposure to mesahsitive areas within the plant cell

p |



remediation, confers sintaneoudn situ decontamination and rehabilitation of contaminated land or

water(Garbisu and Alkorta, 2001, Weiersbye, 2007)

Phytoremediation involves the use of plants to sequestgiaminants in the rhizosphere,
degrade contaminants in the rhizosphere and ihoplanta and accumulate, extract, volai
contaminants, stab# substrate and/or control water content and move(aarface and suburface
water) of a particulacontaminated sitéTable 11) (Saltet al, 1998) Phytoremediation has been used
to remediate the soisurface and groundweer contaminated byacid rock drainage (ARD) and
metallurgical effluent spillage(Tutu et al, 2008, Windeet al, 2004) For example, the Mine
Woodlands Project (MWP) is a largeale phytoremediation program wHheyevarioustree species
(including Tamarix usneoidesSearsia lanceaand S. penduling have been planted in seepage
pathways to reduce the horizonséald verticaimigration of contaminant®ye and Weiersbye, 2010)
These speciesere selected to provide hydraulic control, as well as stabilise and extract contaminants
from polluted sites(Table 11). Various phytotechnologiesyiz. rhizofiltration, phytoextraction,
phytodesalination, phytostatstition, and phytohydraulics, are used as tools for phytoremediation
(Table 11). Phytoremediation (and potentially phytomining) is a «dfdctive process that may
extract a desirable contaminant of economic value whilst simedissly decontaminating and

rehabilitating contaminated s#@Neiersbye and Witkowski, 2007)



Table 11. Phytotechnologies used as tools for phytoremediatiRitytotechnologies described below are

applicable to the study species and site conditions. Referd€hiies§:, 2009, Pulford and Watson, 2003)

Phytotechnology

Description of potential mechanism(s) References

Rhizofiltration

Phytoextraction

Phytodesalination

Phytostabilisation
(and

phytosequestration)

Phytohydraulics

Sorption (adsorption / absorption) of metals by plant roots from w
) (Dushenkov et al,
streams (e.g. metallurgical effluentyletals may be (hyper)accumulate 995)

wi t hi nrhizoacoumslatofsf) .

Allocation of elevated metals (BCF > 1, TF > 1) from soil into harvest
(Kumaret al, 1995)
plant organs (e.g. leaves, stem, etc.).

Removal ofelevated salt loads from contaminated land and / or aqu

solution. Halophytes are uséd due to various molecular, morphologic
) ] ] . . (Flowers and Colmer
and/or physiological adaptations (e.g. excretion of salts via salt gl .
) o . o 2015, Rabhi et al,
which maintains ion homeostasis network. Phgsalination may be use 2010)
to advance favourable conditions for glycophytes (salimtylerant plant

species).

Reduction in the mobility and bioavailability of metals by t
immobilisation of metals via the (i) release of exudates which bind (Shackira and Puthui
metals, and / or adgation by plant roots. Plants establish vegetative co' 2019, Smith  anc

T promoting erosion control. Bradshaw, 1992)

Plant rootsintercept and prevent the horizontal migration of contamin,

within groundwater.This involves the reversal of theydraulic gradient

into a cone of depressigiby extracting groundwater down the hydrau (Ahlfeld and Heidari,
gradien}, creaing a contaminanfcapture zon@ . T h i s hydradlic 1994, ITRC, 2009)
gradient within the plumehengroundwater is extracted wgradient of the

plume

1.4.1. The case for rhizofiltration

Aqueous waste streams, generated by mining and metallurgical (i.e., PMR and BMR)

industries (Figure S.1.1), contain economically significant concentrations of critical elements

(Chojnackaet al, 2004) Along with otier metals, waste streampsoduced by metal refinerieme

charactesed by high salt content (namely -Gind SGQ%), low pH levels and elevated ammonia

levels The recovery of these precious metals freacondary resources (emetallurgical effluent

and ewaste) has gained increased attention from academic and industrial sectors due to the (i)
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economic significance of these critical elemdetsicidated by their current trading pric&of USD
$33.50 kg'; Ni: USD $14.99 kg; and Pt: USD $24 958.94'dLME, 2022], (ii) ecotoxicity of these
elements, (iii)broad range of recovery technologi@Salaganet al, 2017) and (iii) residual
concentrations of these critical elements in natural ore and mine dumps (i-beest raios)
(Sapsfordet al, 2017) As the production of metallurgical waste streams is consequentially linked to
the increased demarfdr precious metals, the effective recovery of these mdtafe secondary

sources (e.gnetallurgical effluent, contaminated sitesyaste)presents an economically viable case.

lon exchange, precipitation, bioleaching, and solvent extraction are comanie@thods
utilised for the recovery of precious metals from metallurgical waste str@umeiawan et al,
2006) This includes the reclamation afsidual precious metals, present in metallurgical wastewater,
via the evaporation of wastewater and subsequewbrking of the sludge through metallurgical
processeqGunarathneet al, 2022) However, these methods incur high capital and operational costs,
are ineffective when metal concentrations in wastewater streams are lose, hai#irdous materials,
and produce hazardous, concentrated waste products which igupaialisedlisposal(Bashiret al,
2019) reducing the use of conventiomaktal recovery techniqgue$hese disadvantages favour the

development of costffective and efficient methods of metal recovery.

Biosorption involves the use fobiological materials (e.g. plants, algae, and bacteria) to
remove metals from solution via adsorption proceg&ssudercet al, 2019) The use of plant roots
(i.e. rhizofiltration) hasgained interest for its advantages over conventional methodsto its
relatively lowcost production of less wastand elevated (targeted) metal recoygotential(Bashir
et al, 2019) This is especially the case when residual metal concentrations are present in the growth

media where traditional techniques may not be economically (@balderénet al., 2020)

Numerous plant species have beatilised for rhizofiltration of heavy metals, e.g.,
Eichhornia crassipegNi, Cu, Zni Hammadet al., (2011) and Typha domingensi&n, Al, Fei
Hegazyet al.(2011). A review of the available literature shows that plant species commonly selected

for heavy metal rhizofitation are aquatic speciebhe rhizofiltration potential of many aquatic plant
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species is low due to the small siakthe root system(i.e. root system architecturepmpared to
terrestrial species which produce longer, fibrous roots which increasesurfaee area for metal
adsorption. Moreover, the effective recovery of metals during processing (e.g. drying and
incineration) from aquatic plants is also limited due to the high water content of aquatic plant material
(Dushenkovet al, 1995) Various studies have demonstrated the abilityeofestrial plant species,
such asSalicornia europaeandSalsola crasséFarziet al, 2017) Atriplex halimus(Fountoulakiset

al., 2017, Sheleét al, 2013) andHelianthus annuugLee and Yang, 2010jo remove salts and / or
metals, ad successfully propagate these plant species under hydroponic conditions. Pldagesee
et al. (2021)for a review on this aspect. It must be noted thaofiltration is pH-dependentvhere

the optimal pH range is pHi37 (Mack et al, 2007) The efficacy ofphytoremediatiortrials depend

on a multiplicity of soil, aqueous solution, methd plant factors, as well as the interaction between

these factorsvhichvary through space and time

1.4.2. Factors influencinghe phytoremediation &ft, Ni, and Co

1.42.1 Metal factors

Platinum, Nj and Co are classifieasheavy metafs(typically defined by their atomic density
> 5 g/cn¥) sharing similar physicochemicgiroperties (Table 2) (Savignanet al, 2021) These
elementsare used in various industries (Table S1.1) amdconsidered economically strategic metals
due to heir physicochemical propertiasamely their high resistance to oxidation and corrosion, high
conductivity, thermoelectrical properties, and stability at a range of temper@imaget al, 2017)
In the absence of complexing agents, the standard potentials (E°) of'Pt.@PV) and Co (C8: 1.8
V), compared with water (#D: 1.2 V) and Ni (Ni*: - 0.25 V), indicate that Pt and Co are relatively

stable and insoluble in aqueous solutions acrostepéls (Figure 1.3)Platinum is a noble element

SThe theawymetdl i s inconsistently used in scientific literature
properties, e.g. densitassuch propertieslo not inform the reader about the biological, physicochemical, or toxicological
i mportance of the particular element. Therefore, idh the <co

to described a group of elements based on thelogical, physicochemical and toxicological properties and is concerned
with the puremetaland its compounds. It must be noted timathis study,elementsand their compounds, categorized as
metalsandheavy metalsliffer from nonmetalsrelative to teir biological, physicochemical, and toxicological properties
see:Duffus, J. H. 2002. " Heavy metals" a meaningless term? (IUPAC Technical R€uaoet)and Applied Chemistry4,
793-807.
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stable over a wide range of pH levels, whereby Pt saiylmicreases as pH decreaggltsushimaet

al., 2007)

The solubility of these metals is mediategd metal binding processes. Platinum, Ni, and Co
are classified as siderophiléfinity to bind with sakderived anions, such as $@which naturally
occur as sulphide £$ compoundsTheoxidation of these complexe&®ntributesto the introduction
of SO into wastewater strean{slamilton, 1994h) The complexation of these metals with 30
therefore increases the solubilifBarceloux and Barceloux, 1999a, ahd bioavailability of these

metals in solutiorfAmari et al, 2014)

Metal bioavailability may be defined as the fraction of the total metal content present in the
soil which is available to the plant for uptaKdis portion of available metal may bategorisednto
different speciation classeancluding portions of available red/or exchangeable metals (Class ),
metals adsorbed to reducible phases such-as&| and/or Mnroxides and sulphides (Class Il), or as
a major constituent of the primary mineral (Class(8xlomons, 1995)The presence of other metals
(ion competition) may reduce the bioavailability of metals by inhibiting the binding and subsequent

uptake of the other metal(@)ving and Williams, 1953)

lon competition ocgrs between metals with similar physicochemical properties, such as
similar valences and diameters (Tabl@)1where competition between cations is influenced by
rhizosphere pH and metal form. The theory of Hard and Soft Acids and Bases (HSAB) clBssifies
a soft acid and Co and Ni as soft borderline a¢iRisarson, 1968Nickel and Co arecategorised
within the same clasis the biological implication of this classification is that elements with similar
propertes have similar binding site preferenc@dack et al, 2007) This highlights the influence of
how the physicochemical properties dictate their bioavdigty as well as subsequent sorptioh
such éements. According to the HSAB theory, Pt, Ni, and Co bind with sulphateg$@d
chlorides (C)). Other physicochemical properties suchnaetal formalsoinfluence the solubility of
the metal complex in water aslubilisedmetal complexes, such as Pt salts (especially salts consisting

of sulphur, nitrogen or halogerdonor ligandswhereby saltsnay be more bioaccessible for plant
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uptakecompared with fre metal iongFeichtmeier and Leopold, 2015)his has been reported by
Omraniet al. (2020) wherebyPt, emitted by vehicle exhausts (i.e., abrasion of catalytic converters)
was bound with S- increasing the solubility and bioavailability of Pt (as &dmplex) in the

environment.

Accordng to the IrvingWilliams series, a transition metamay displace another ion
downstream from its specific binding site:?Zr Cu" > C/#* > Ni?* > Co** > F&* > Mn?* > Mg?* >
Ca*. For exampleNi?* displaces C# at a particular binding sit@.qg. transport proteingyhich may
account for the inhibitory effect (antagonistic interaction) of Ni on Co uptake, which has been
demonstrated in numerous studiBsrosLajszneret al, 2021, Pauét al, 2020, Tapperet al, 2007,
van der Engt al, 2018, Yamaguclet al, 2015) Nickel may outcompete Co, Ca, Cu, Mg, and Zn
for sorption at bintohg sites for plant uptake, translocati@md storage, thereby resulting in essential
metal deficienciefAmeenet al, 2019, Tanget al, 2019) The Ni hyperaccumulatorAlyssum
murale, has been demonstrated to hyperaccumulate Ni and Co whgeddseya coddi{also aNi
hyperaccumulatoraccumulates Ni and Co. However, Co concentrations >vidl/kg were shown to
decrease Ni uptake, indicating a possible antagonistic interaction between these metals due to their
similar physicochemical properti¢keeling et al, 2003, Tapperet al, 2007) Metal bioavailability

may be enhanced by modulating soil and plant physiological fg@beoraret al, 2013)

4 Metals within Group? - 12 of the Rriodic Table. Transition metals have variable valences with a strong tendermynto f
coordination compounds. IUPAC defines a transition metaha®lement whose atom has a partially filled d-shbll, or
which can give rise to cations with an incomplete d-sudll'.
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Table 12. Physicochemical properties of platinum (Pt), nickel (Ni), cobalt (Co), and sulphur (S). Asterisks (*),

bold and highlighted values represent metals with similar physicochemical properties. Similarities are based on

physicochemical properties implicated in elerrieimiding /

compl exation.

HSAB =

acids and bases thedfifamilton, 1994a, KabatRendias, 2011, Pearson, 1968, Zereini and Wiseman,.2015)

Property Platinum Nickel Cobalt Sulphur
Atomic number 78 28 27 16
Group 10* 10* 9 16
Period 6 4* 4* 3
Relative atomic mass 195.08 58.69* 58.93* 32.065
Atomic radius (pm) 138.5 124.6* 125.3* 103.5
lonisation energy 737.1; 1753.0; 760.4; 1648;
870; 1791 999.6; 2252; 3357
(1424;3) (kJ/mol) 3395 3232
Facecentred Facecentred Hexagonal )
Crystal structure _ ) Orthorhombic
cubric* cubic* close packed
Electron configuration [Xe] 4! 4scf 68 [Ar] 3d & 48 [Ar] 3d 7 48* [Ne] 3¢ 3p*
Oxidative states +2; +4; +5 +2; +3; +4; 45 +2; +3; +4 -2;2;4;6
Electronegativity 1.42 1.75* 1.7* 2.44
Density (Kg.nm?) 21.45 8.91* 8.89* 2.06
Resistivity
. 9.85 7.63 6.24 2x1023
(microhm.cm at 20°C)
Melting point (°C) 1772 1455 1495 115.21
Colour Silvery-white Silvery-white Greyishwhite Yellow
. : Soft/

o Soft/ borderline  Soft/ borderline _ _

HSAB classification borderline Borderline base

acid*

acid*

acid*

Pear

C
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Figure 1.3. PotentialpH diagrams (Pourbaix diagrams) for (A) platinum, Pt (in 0.5 M HCI), (B) cobalt, Co, and

(C) nickel, Ni, in aqueous solution. Solid lines represent zones of stability for the relative metal whereas dashed

lines represent the stability zones oditer. For example, as per the Ni Pourbaix diagramoxidises under
acidic conditions. Adapted frofopalovet al.(2014) Pourbaixet al.(1959) andGarciaet al.(2008)
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1.4.22. Soil and aqueous solution factors

Physical (e.g. soil compactionand chemical (e.g. pH, electrical conductivifgC), and
oxidationreduction potential(ORP or E)) soil and aqueous solutioproperties have been
documentedo influence the phytoremediation of contaminated sithe.compaction of soil has been
reported tampactroot growth and developme€Correaet al, 2019, limiting access to contaminants
by plant roots Chemical factors such as pHC, and E influence thebioavailability of metals
(Espositoet al, 2002) As pH level increases, the bioavailidy and sorption of metals decrease as
metals are precipitated out of soluti@kdrianoet al, 2004, Schneidest al, 2001) These results are
supported byPandaet al. (2007)wherebylower pH levels (pH 5) increasadi?* uptakeby Lathyrus
sativus compared with higher pH levelpH 8). In alkaline environments, plant biomasecomes
negatively charged thereby attracting cations whereas in acidic environments the opposite occurs, i.e.

plant biomass becomes positively aea thereby attracting anio(Schneideet al, 2001)

The B is defined ashetendencyof solutionto oxidiseor reduce available substances (loss or
gain in electrons)whereby metals may be presemtmultiple redox formgKabataPendias, 2011)
Metals bound to S species in aqueous solutions are maintained at ldomiever as g increases the
potential for the dissociation of salts withihre solutionincrease¢Chuanet al, 1996) Another factor
that needs to be considered is salinity and the presencdi®fasd their constituentglectrical
conductivity iscommonly used as a measure of soil salinity or soluble salt concentration in solution

(Visconti and de Paz, 20)L.6

Soil salinity, where EC exceeds 4 dSror 2 338 mg/kg NaCl(Carter and Nippert, 2011,
Committee and America, 2008% an increasing problem in arid and semidl environmentsPrimary
(natural) and secondary (vanthropogenic processes such as minimgjhpisy is theprimary factor
contributing to reduced agricultural productiviffomaz et al, 2020) Salinity influences the
physicochemicabproperties of soil and may destafglisoil aggregations, lowering water availability
(i.e. reduced hydraulic conductivitygnd root penetration whilst increasing anoxic conditiglh® to
salt crust formationjAcostaet al, 2011, Suret al, 2017) The main drivers of salt accumulation are

evaporation and leaching processes, where salt complexes accumulate according to their solubility.
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For example, solublsalts such asalcium chloride CaCl) and nitratesalts, accumulate lower down

in the soil profile whereas less soluble salts (such as calcium sulphate/ gypsun#{Ca&&mulate

closer to the surfacglobergte and Curtis, 2013palinity has been demonstrated to increase metal
mobility via the complexation of metanswith anions derived from salts, as well as ion competition
between salt and metal cations for sqilthse adsorption bindirgites(Acostaet al, 2011, Paalman

et al, 1994) These physicochemical parameters have been demonstrated to influence metal
bioavailability and thus, the efficacy of phytoremediation trials. Therefore, plants selected for
phytoremediation mudte able to (i) tolerate sitgpecific conditions qalinity, element composition

and concentrationsjji) ad/absorktarget contaminants, (iii) produdarge biomass,and (iv) access

zone of contamination (i.e. depth of root systéi)iford and Watson, 2003)

1.4.2.3 Plant factors

Element tolerancayptake, and translocation

As plants are sessile organisms, they must be able to avoid or tolerate andtalaltsat
phytotoxic levels present in the growing medium. Plaatstolerateand allocate a range of elements,
to varying degregesby adoptingavoidance and / or tolerance defence strategies to maintain ion
homeostasis networ(Hall, 2002) These defence strategies ocontthe genetic, molecular, cellular
and wholeplant scales, as well as via the interplayisein these level§alebiet al, 2019, Thakuet

al., 2016)

The upregulation of numerous metal transporters, includingedulated, Feegulated
transporter proteins (ZIP), cation diffusion facilitator (CDF), and heavy rastalciated proteins
(HMASs), have been implicated in elevated rates of metal uptaksaloy roots(Jogawatet al, 2021,
Krameret al, 2007) Metals may be taken up, passively or actively by specifid andeneral metal
ion transporters, such as $Qransporters (SULTR1(Takahashi, 2019)Thus, the interplay between
the up and downregulation of members of metal transporter families mediates the degrestaifs)

uptake by plants.
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At a physiological scale, metal uptake is facilitated by root interception, mass flow, and
diffusion. Roots that proliferate through the soil gain access to bioavailable ,métalebymetals
bind to the root cell wallwhich hasalow affinity or selectively. Heavy metal binding and uptake, via
sorption @bsorptiof mechanisms, is facilitated by physicochemical interactions between functional
groups and metalsjiz. electrostatic interactions, ion exchange, and metal compbexatiocesses
(Ozeret al, 2004) Intracellular binding sites with high binding affinitiésr certain metal$acilitate
the transport of ions acrodset plasma membrane. Negative membrane potential on the inside of the
plasma membrane also provides a driving force for cation uptake through secondary transporters, such
as H-coupled carrier proteins arar channel proteinfClemenset al, 2002, Kramer, 2010, Kramer

et al, 2007)

On a wholeplant level, mass flow involves the uptake of heavy metals from a solution based
on evapotranspirational pulvhereby thevater potential of the plant, soil, and atmosphere differ. This
difference in water potential mediates the passive uptake of water, and dissolvedpnestaitin
solution(Colombi et al, 2018) Diffusion also facilitates metalptakebased ordifferences in metal
concentration gradients. Generally, metal selectivity is lower in the transporters facilitating the influx
of metals into the cytoplasnMetal uptake and translocation differ between plant species, plant
genotype,plant orgars (e.g. leaves, wood, twigand roots), as well as different tissue types (e.g.
outer bark, inner bark, and sapwood and heartwpoll)R zesa® 2017, Violanteet al, 2010) This
difference is attributable tthe number and type (e.g. selectivity) of binding sites, as well as the
tolerance strategy elicited by the pl(Cemanstt o mai I

al., 2021, Hanikennet al, 2021)

Heavy metalptake andranslocation is specietependent and cawlled by mechanisms at
different scales. Once metal ions have been taken up by the roots, the ions (present as hydrated metals
and/or complexes) may be apoplastically (to prevent excess metal concentatanwulating in
sensitive cells) or symplastically transported to the stele. These metals are then loaded into the xylem
vesselqi.e., xylem loadingGhoriet al, 2019, Kuppeet al, 2001, Prasad, 201,3)heremetal ion

translocation idacilitated by a pkHdependent equilibrium between fregdrated metal cations, low
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molecular weight chelators, mefaihding sitesandt he pl ant 6s t r(kigued4)r ati on
(Guptaet al, 2019, Haocet al, 2012) Once metals have been translocated to aboveground tissue,

metal unloading, trafficking and storage take placetdiochaperoneghat interact withP-type

ATPase, maintain metal concentrations within the physiological limits of each cell, mitigating metal

A

phytotoxicity an dionthaneassthsss inatwoliClgmensh2001lp | ant 6 s

Although heavy metals may be stored in the rdogs, retined to prevent metal toxicity
related damage, reduced sequestration within root vacuoles may enhance translocation to shoots due
to differences in concentration gradie(@alCorsoet al, 2013, Lasaget al, 1998) The intracellular
uptake of metal ions may also be mediated by secondary transpplétirsg a vitalrole in loading

heavy metals into theylem for translocation to aboveground tissue.

Plant factors influence the physicochemical properties of metals present in soil and agueous
solutions by direc{changes in redox reactions, rhizosphere acidification/ s#tmin, metal uptake
and complexton via chelatiopand / or indirec{physicochemical properties of the rhizosphereot
system architecture, and microorganism actjvitlantrelated processg€henet al, 2017, Vives
Peris et al, 2020) Tamarix ramosissimaan alien invasiveTamarix sppdistributed throughout
southern Africa and the United Sta{€raineet al, 2016) has beemeportedto release solubaing
agents (e.g., lixiviants) into the rhizosphere, decreasing rhizospheravhp¢h consequently
increasing the bioavailability of metals for plant uptdeokbirsinghet al, 2010) The release of
solubilisng agents increases metal solubility by creating bioavailable complexes whereas certain
compounds, such as borderline acidic heavy metals (Tablemiay be precipitated out of solution,
complexed, or extracted from the solutidie extraction of acidic / alkaline metals alters solution pH
levels (i.e., alkalirges / acidifies, respectivelyBali et al, 2020, Cheret al, 2017, VivesPeriset al,
2020) Root exudates contribute to mineral weathering, changes in metal mobility, as well as changes

in the structure of binding sites.

5 Layer of soil directly influenced by plant roots (e.g. root exudatiassyell asoil microorganismsvithin the soil
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Uptake from

Figure 14. Processes involved in metal (M) uptake, translocation, and tolerAndéxiviants (solubilizing specie
released from plant rootsinad to metals, increasing metal bioavailability for plant uptake. Mmiaiplexesare
transported into the root via various metal transporters, such,aygePATPases, HATPases and channel prote
present in the plasma membrane of the roBts|n the xylem, metal compounds are translocated to shoot
apoplastic transport, to reduce metal phytotoxicity in cytopl&niletal compounds are subsequently translot
into shoot cellsvheremetalcomplexesare compartmentalized in cell vacuoles, trichomes, and / or excreted ¢
leaf surface through vesiculated trichomes (such as the salt excretion mechariisrasbgoidés(Wilson et al,
2017) CW: Cell wall. Adapted fronClemenset al, (2002)
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The selective uptake of metals by roots creates concentration gratiedgfer between
plant orgas and tissue types. These concentration gradients induce variation in metal accumulation
betweenplant orgas and tissue typefMarschner, 2011, Violantet al, 2010) Differences in metal
accumulation may also be attributed to variation in elemeatastance betweegplant orgas and
tissue types (Figure 1.4Marschner, 2011)Average concentrations of metals within plants range
from 000 to 1.46 mg Pt/kg dry weight (DW), 0.10 to 5 mg Ni/kg DW, and 0.03 to 2 mg Co/kg DW

(Herselmaret al, 2005, Kabatdendias, 2011, Rauch and Fatoki, 2013, Zereini and Wiseman, 2015)

Plantresistance

Complex and intrinsic genetiand molecularfactors (quantity distribution, and degree of
upregulation of metal transport proteidTP) involved in specific metal storage sites), as well as
crosstalk between genesconfer metal toleranc€Ricachenevskyet al, 2013) These MTPs,
contributing to Ni* and C@&* tolerance increase the compartmestion of divalent cations into
vacuolesi reducing metal phytotoxicityAt a physiological level, plants overcome heavy metal
toxicity by excluding or including (avoidance and toleran@®jict metal ions/ concentrationgo

maintain ion homeostasi$heseesistancenechanisméave been described in Figure 1.5 below.
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synthesis ~ which  detoxify = meta| - SG) of T. usneoidesactively excrete exces
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Plants may tolerate elevated metal concentrations by avoiding metal iatiorasensitive cells, tissues, and/or organs. Mechanisms includg
reducing metal influx [i.e., increase in specific binding sites or deactivation of transporter genes]. Halophytes aabatokaand N4 without an
antagonistic interaction. This attributed to the neselective transporters, at the root level, where both ions are transported-rebedtedly
(Kronzukker and Britto, 2011); (b) enhancing metal binding to cell walls (c) vacuolar compartmenta(iXatdo et al, 2011)(usudly categorized
as a tolerance mechanism unless stored in rdadfsincreased efflux from the cytoplasm, (e) intracellular metal chelation by organic acids, and
metal binding at the cell wafilasma membrane interfa¢@lemens, 2006, Kramet al, 2007) These processes reduce the translocation of metq
aboveground plant organs. Variostsidies have reported the retention of metals in roots of Callioyn sativum(Soudeket al, 2011) Panicum
antidotale, Pennisetum purpureusndHelianthus annuug¢Lotfy and Mostafa, 2014) ycopesicon esculenturand Triticum aestivur(Bakkauset
al., 2005) Note: M = metal; Lig = ligad (organic or inorganic origin), CW = Cell wall; PM = Plasma membrane; dashed lines represent tr
through a membrane.

Figure 15. Element resistancenechanisms, which may be incorporated by plants incluiamarix usneoideéstudy species)at
structural, biochemical, and physiological levels. Metal resistance invab@stingmetal exclusion [Figure 1.A] and inclusion

[tolerance (Figure 1.B, C,and D) or avoidance (Figure lClandD)s t r at egi es t o maintain the



23

Degree of metal uptake, translocation, and tolerance

Numerous studies have demonstrated the ability of various plant species to take up Pt, Ni, and
Co to varying degreesTéble 9.3). Based on the degree of accumulation in different plant organs,
plants may be categorised ascluders (survive on metal contaminated soils), indicators (internal
metal concentration is similar to soil concentrations)uawlators (bioconcentrate metals to

abovegroungblant orgas, such as leavesand hyperaccumulato(Baker, 1981, Brooket al, 1977)

Met al hyperaccumul ation may be defined as t
concentrations [generally > Q00 mg/kg (dry mass)] of a particular metal into abovegrqgoiadt
orgars, namely leavesyhich has been recorded in at least one specimen growing in its natural habitat
(Baker,1981, Brook=t al, 1977) However,the hyperaccumulation threshold has since be revised to
be metaldependent [se@/an der Entet al, 2013)for review]. For example, the hyperaccumulation
threshold for Ni and Co are >0D0 mg/kg and > 300 mg/kg, respective@ther criteria used to
define hyperaccumulatioméludes (i) a high bimoncentratiof factor (BCF > 1) (shoot: soil metal
ratio), (ii) translocation factor (TF) > 1 (retit-shoot metal translocation), and (iii) edaphic conditions
(such aghe presence aijther elements in the sdili.e. ion competitia) (Macnair, 2003, Van der Ent
etal, 2013) Thep!| ant 6s met al h o me o sptl aasnits6 sn eatbwad ri kk ymet doi a(the

and/or (hyper)tolerate metals at elevated concentratidansikenne and Nouet, 2011)

Limited studies have reported platinum accumulation in tf@ledinum has been reported to
accumulate inbark andtwigs of Picea spp (6 pg/kg), Cedrus spp. (7 pg/kg), andPseudotsuga
menziesii(9 pg/kg) (Fletcheret al, 1995) Picea mariana(77 pg/kg) (Dunnet al, 198) and pine
needles oPinus pinea1 1 102 pg/kg)(Dongarraet al, 2003)as well as ariousherbaceous species
including Medicagosativa (94 mg/g) and Brassicajuncea (39 mg/g) (Bali et al, 2010) Lolium
perenne(0.00331 1.63 pg/kg)(Verstraeteet al, 1998)and Arabidopsis thaliang10071 425 ug/kg)

( Ga wr et@s X048a) However, as the Pt hyperaccumulation threshold is yet to be défined

Pt hyperaccumulators have been reported in the literature.

61n the context of this thesise termgibioconcentratioda n dioaicumulation are used synonymously
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Nickel hyperaccumulation has been reporteddpproximately390 plants whereas 26 plant
species have been reported to hyperaccumulatd Reéeveset al, 2018) Lange et al., (2017)
demonstrated that Co accumulationAxisopappus chinensiscreased in a dosgependent fashion.
However, Co hyperaccumulation is a rare phenomenon whereby Co concentrations in plants (growing
on metalliferous soils) range from 0.08 20 mg/lg. The relatively lower cases of Co
hyperaccumulation by plants is attributed to the low bioavailability of Co and elevated Ni
concentrations in the environmgiMalik et al, 2000) Nickel has been demonstrated to outcompete
Co for binding sites (competitive ion adsorption), restricting the allocation of Co by (Hasng et
al., 2003) Nickel and Cohyperaccumulation by plants has been reported by numerous silalis (

SL.3).

From an anthropocentric st andpbypemtcumuldtehe pl a
elements allowfor phytomining(Chaneyet al, 1998) Phytomining is the process whereby plants are
used to extract and recover metals of economic value, such as Pt, from shallow surface ore bodies and
contaminated areas, in which the conventional method of segomiiaing (reclamation of TSF) is
not feasiblgChaney and Baklanov, 2017he extracted desired metal, in some cases, present within
the plant as nanopatrticles, may be recovered from plant tiaadegsed in various industrid@gludd
et al, 2018)(Table 4.1). Plants used for phytomining must produce ldnigenass be fastgrowing,
possess a root system capable of reaching the depth of metal contamination, and allocate elevated

metal ions to plant orgamnghich can be harvested and precious metals reco{@med etal., 2022)

1.4.3. Sat and metal cros$olerance

Primary (ncrease irthe rate of evaporation and frequency of drosylgnd secondary (e.g.
release of salts by mining processsaljinisationcompromises crop growth, survival, and ultimately
food security(Munns and Tester, 2008, Tomat al, 2020) Due to the similarities in salinity and
metal stresses (i.e. osmgtaxidative,and ionic stregs salt tolerance mechanisms may confer metal
tolerance(Flowers and Colmer, 2013pshiet al, 2020) Halophytes have gained attention over the

pastfew decads due to their ability to tolerate elevated salinity whilst simultaneoaBycating
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metals to varying degre€gan Oosten and Maggio, 201%s plants differ in degree of salt tolerance
(Flowers and Colmer, 2008here is a growing need to investigate halophytes for thediation of
saline met al contami nat ed s iutlisedfor phyteremediation are¢ r a di t

herbaceous plant species intolerant to saline environments (i.e. glycophytes).

Crosstolerance refers to specific and general tolerance amestns elicited by plants to
tolerate multiple abiotic and/or biotic stresg®kalje and Suprasanna, 2018, Wiszniewskaal,
2019) These oosstolerance mechanisms occur at the genetic (e.g. upregulation of genes, such as
OsCBSX4 under salinity and heavy metal stre¢S)ngh et al, 2012) molecular (e.g. crossik
betweenmitogenactivated protein kinase (MAPK) cascades and hormone signajiagilinaleet
al.,, 2002) cellular, and wholplant levels (salt excretion via salt glandg)Manousaki and
Kalogerakis, 2011, Nikalje and Suprasanna, 2048) well as the interplay between these levels
(Figure 15). The presence of salt glandof members of the genutamarix as well as other plant
specieqge.g.Spartina alternifloraWeis and Weis (200)%)have been demonstratedcantribute tahe
tolerance of saline sites via the accumulation and / or excretion of elevated salfHloagss and
Colmer, 2015, Wekt al, 2020, Wilsonet al, 2017) Therefore, it may be hypothesd that the
presence of salt glands may enable halophytes to effectigsignilate translocate, and subsequgnt
excrete salts, metal ions, and metalt compound& order to maintain ion homeostagisable 1.3).
These studies highlight the potential use of halophyted more specificallf. usneoideson saline

metal contaminated site§able 1.3)

Halophytesdiffer in theirmode of salt transport, storage, and potential excratiechanisms
Based on these differencés salt allocation halophytesmay be categorised asecretohalophytes
[excretion (exerecretohalophytes) or storage (efréaretohalophyte) of salts from / in specialised
salt glands or bladdersguhalophytesgompartmentaligtion of saltsin leaf / stemvacuole$, and
pseudohalophytes (accumutat of salts in vacuoles gsent in the rootgBreckle, 1995, Weet al,
2020) Halophytesmay also be further categorised based oretihvéronments they inhabit (such as
xero-halophyte, hydrdhalophyte, etc) and thesalt dependencyfgcultative vs obligate halophydes

The biological implicatiorof these categations involves the need to consider the type of halophyte
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selected for phytoremediation. For exampliaderet al. (2021) presented the case that the effective
removal of salts (i.e., persistent contaminants) from agricultural wastewater is mheoyathe

hal ophyt eds sal t.Farlekamgea ¢xoecratiohaloghytds anayi excrete salts onto
the surface of their leaves via salt gland excretion. Under certain environmental conditions (e.g.

rainfall), these salts mayere-introducel into the wastewater being treated.

Sulphur is an essential macronutrient incorporated into various biomolecules within the plant.
Sulphur has many biochemical functions including lipid synthesis, formatiorSobi&lgesyeactive
oxygen speciesROS signalling, as well as metal detoxificati¢@ill and Tuteja, 2011)Sulphur acts
as a ligand which binds heavy metals, such as Ni and Co, to metalloproteinsnzamdlese

(Hawkesford and De Kok, 2006, Hossairal, 2012)

Sulphate is the most oxidative yet stable form of S and is the primary form of S present in the
soil as well asn planta(xylem and phloem vessel#s halophytes, such 8amarix usneoidehave
been demonstrated to (hyper)accumulate§Dennis, 2008, Kendall, 2010, Wilson, 2016)evated
in plantaS concentrations may amplify the biosynthetic pathways-ioic&porated molecules and
compounds such as cysteine $gndglutathione GSH). These molecular protectants halevated
affinities for toxic metal ionbinding - confering heavy metal toleranceia metal detoxification
(Hossainet al, 2012, Suret al, 2005) This may be a potentiablerance mechanism contributing to

metal and salt crogslerance by halophytes.
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Study Element
number Halophyte accumulated Results Phytotechnology References
Elevatedgold (Au) accumulated in roots > shoots across Au treatment concentrédiéris50 mg/L).
Au (as CAuKN2 Au accumulation differed between Au speciB®\(Cls > C2AuKN2 > NasAu(S203)2:2H20), increasing . .
. . . . o Phytoextraction and (Wilson,
1 Tamarix usneoides HAUCla, and in a metal doselependent fashion. However, BCF decreased as metal treatnephtration increasec Phviostabilisation 2019)
NasAu(S203)2-2H20) pH level impacted Au translocation but not Au uptake by plantlRlantlets exhibited phytotoxis y
symptoms foiIC2AuKN treatments.
Elevated retal concentrationsvere accumulated in leaves of/8arold trees compared withyearold
5 Tamarix usneoides Al, Cr, Fe, Co, Ni, Cu, T. usneoidesrees Metal accumulation inT. usneoideseavesranged from3847 467 mg Al/kg, 219§ 461 mg Phytoextractiorand (Dennis,
Zn, Ag, Cd, Cs, Au, U Felkg,741 503mg Zn/kg,14.51 15.8mg Cu/kg, 10.8 13.5mg Cr/kg, 8.3 13.7 mg Cs/kg, 3.7 25 mg Au/kg, 3.6 phytostabilisation 2008)
7 11.9 mg Ni/kg, 1.2 4.4 mg Co/kg, 0.9 1.7 mg U/kg, 0.1 1.2 mg Ag/kg, and 0.8 0.6 mg Cd/kg.
Elevated concentrations of metal/loid¢al, As, Cd, Cr, Fe, Ni, Pb, and Zn) accumulated in ro
compared with shoots, whereas elevated levels of Cu and Zn accumulated in shoots > roots. TI
3 Tamarix africana As, Cd, Cr, Cu, Pb, Cu, Pb, and Zn. BCF > 100 for Al, As, Cd, Cr, Cu, Fe, Mi, &d Zn.All investigated metal/loids wert Phviostabilisation Santoset al.
and Zn present in salts secreted by salt gland§.affricanawhere Al, Fe, Mn, Na, and Zn were the main mel Y (2017)
contributing to salt crystal composition. Salt excretion Toyafricana was reported taonfer metal
tolerance.
i . . Hagemeyer
Tamarix aphylia - . Cd and Li wereallocatedand excreted onto the leaf surface by salt glands. The r&é allocation and . 9 y
4 Cd and Lithium (Li) _ . Phytoexcretion and Waisel
excretionincreased over time.
(1988)
Tamarix aphvila and Cu. Fe. Zn Mn. Ni Elevated concentrations of all metals were accumulated in »agiteotsRoot BCF > 1 foiCu (>6), Zn Waf aba
5 - apmyna o "7 (>9), Mn (>8), Ni (> 1.7),Cd (>5), and Pb (>6). Rootto-shoot TF < 1 for all metals indicatin Phytostabilisation
Phragmites australis Cd, and Pb . . (2009)
retention of metals in roots.
6 Tamarix articulata Ni, Fe, Pb, CdMn, and Znwere retained inaots compared with aboveground biomass (stems

leaves) whereas elevated concentrations of Cu and Cr were translocated and subsequently accui
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Tamarix @llica

Tamarix gallica

Tamarix gallica

Tamarix hispida

Tamarix hispida

Tamarix nilotica
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Ni, Pb, Zn, Mn, Cu,

aboveground biomass (when plants were growing in polluted soil).

Phytoextraction (Cu and Cd. Shah et al.

Cr, Cd, andFe andphytostabilisation (2013)
As and Hg accumulation increased in a ddspendent fashion. As and Hg were concentrated in t
with low TF (<1). Exposure to As and Hg compromised the nutrient status (namely Mniandhé&te Moreno
As and Hg accumulation decreased as As and Hgtiineat concentrations increased) and photosyntletivity Phytostabilisation Jiménez et
(reduction in chlorophylla) of the plant. Elevated concentrations ofAs and Hg concentration al. (2009)
accumulated by. gallica,compared with another halophyRistacia lentiscus
As accumulation increased in a datependent fashion. SalinitycreasedAs accumulation in roots bu
As decreased translocation, and accumulaticshiots Elevated Na concentratioascumulated ishoots> Phviostabilisation Sghaier et
roots T. gallicat ol er ated As treatment where the pla y al. (2015)
not negatively impacted.
Accumulation of Al in roots increased in a (i) salinignd (ii) metal dosedependentfashion. As
accumulation decreased as salinity increased. Al and As TF < 1 indicating element retention Al r
concentrations in roots ranged from 57885 mg/kg and 667/ 1 253 mg/kg for nonsaline and saline Sqhaier et
Al and As treatments, respectively, whereas Al in shoots ranged fronii 106 mg/kgand 83i 107 mg/kgin non Phytostabilisation alg (2016)
saline and saline conditions, respectively. Majority of accumulated Al was imeeabih cell walls, ’
potentially restrictingAl translocation to aboveground biomass. As was mainly compartnsedtati
vacuoles.
Ni (5.7 mg/kg), Cr (8.5 mg/kg), strontium (Sr, 264 mg/kg), FOGR mg/kg) Mn (74 mg/kg), Zn (200
Ni, Co. Cu, Cr.Fe. mg/kg), Cu (6.4mg/kg)., vanadlum_ (8_ mg/kg), Co (3.8 mg/kggre accumula.lted by. hISp.Ida.WIth an Phytoextraction and Toderich et
Mn. Zn. Ti. and V elevated Sr translocation factdr. hispidaaccumulated elevated concentrations of Fe, titanium (Ti), hytostabilisation al. (2010)
T Sr, Zn, and Co in aboveground biomass. Authors describechispida as a potential meta P ’
hyperaccumulator.
Pb. Cd T. hispidaaccumulatedow concentrations of Pand Cdfrom wastewaterangingfrom 500 - 660 pg Phytoextraction and Sasanet al.
' PBH/L and707 120 (g CdL, respectively. Rhizofiltration (2017)
Rootto-shoot metal translocation mobilifgllowed the series; Fe > Mg > Cr > Zn > Mn > Ni > Pb > (
e i G G N, oo o (i o o o wa PIOOTIGIon s Favyt o
Zn, Cd and Pb ’ ' g o, L, phytostabilisation (20064a)

presentin salts excreted by salt glands. The uptake of Pb, Ni, and Cattad)positive correlations
with soil metal concentrations




19

13

14

15

16

17

18

29

Tamarix nilotica

Al, B, Cr, Cu, Fe, Mn,

Elevated concentrations of Al, Cr, Cu, V, Mo, Fe, Pb, and Mn were accumulated in roots compar

Osman and

Tamarix smyrnensis

Tamarix smyrnensis

Tamarix smyrnensis

Tamarixspp

(Tamarix plants were
not identified to specie:
level)

Mesembryanthemum
crystallinum

(Halophyte) and
Brassica juncea
(glycophyte)

Sesuvium

Mo Pb. V. and Zn shoots, where Al Cr, Fe, Mo, and V concentrations differed betplagih orgas. TF series was Cr > C Phytoextaction Badawy
D >Mo >Fe>Pb>Zn>Mn>AI>V>B. (2013)
. . Kadukova
ElevatedPb accumulated in plant roots (8394 % of total Pb accumulated kplant) compared with and
Pb shoots,regardless of salinity. Elevated salinity increased Pb accumulation in leaves (which d Phytostabilisation Kalogerakis
between salt treatmenisyhereas salinitgecreased Pb accumulation by roots. (2007)
Cd accumulation increased in roots and shoots in a satlofig dependent fashion. Soil salin
promoted Cdhallocationas well a<Cd excretion by salt glands present onf Isarface Presence of 0.86
cd. Pb NaCl resulted in 3.5 ties greater rate of excretion compared with-galme growing mediaThis Phytoexcretion Kadukovaet
' disagrees with results obtained bgfévreet al. (2009) where salinity inhibited salt Cd excretion by al. (2008)
Atriplex spp. Presence of Cd, in combination with elevated salt loads, did not negatively impi
physiological growth off. smyrnensis
Metal accumulation in shoots @f smyrnensisanged from 150 270 mgPbkg and 7.5 42 mgCdkg, . .
Pb and Cd respectively Pb accumulation in shoots, under salinity, showed a hormetic response whe Phytoextra.c_tlon_ and Manousaki
o . . . phytostabilisation et al. (2008)
accumulation increased in a salindgsedependent fashion.
Elevated concentrations of Cu, Pb, Cd (three orders of magnitude greater), and Zn (and lower
Cu, Pb, Cd, Cr, Co Mn, Ni, Mo, and beryllium (Be)) were accumulated Bgmarixspp in this studyTamarixindividuals . . Suska
Mn, Ni, Mo, Be, La, also accumulated low concentrations of cerium (Ce)hmim (La), caesium (Cs), praseodymium (F Phytoextraction (.C.:u, I.Db’ cd, Malawskaet
Cs, Pr, Nd, Zr. neodymium (Nd), and zirconium (Zr), indicating the abilityT@marixspecies to accumulate a range andphytostabilisation al. (2019)
metals.
Ni accumulatedn roots (roots > shoots) for both plant speciwlereNi accumulation in roots ani
shoots increased in a dedependent fashion. Elevated Ni was translocated to and accumulated in
of M. crystallinumcompared withB. juncea Although authors concluded thit. crystallinumwas an Amari et al
Ni ideal candidatdor Ni phytoextraction, the highest Ni concentration in rootsl(378.00 mg/kg and Phytostabilisation (2017) '
shoots (78+ 1.4 mg/kg), alongwith a BCF of 0.78and a low translocation factor (i.e. TF < 1) 1
harvestable plant material suggests tMatcrystallinumis an ideal candidate fghytostabilisation(as
defined in the context of thibesid of Ni-contaminated sites.
Pb Plant physiological growth increased in a salinity ddspendent fason. The combination of salinity (! Phytoextraction (when soil is Khella

000 mg/kg) and Pb (ranging fromi 00 mg/kg) promoted biomass production. Elevated Pb treatn

supplemented with EDTA)
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portulacastrum (e.g., 600 mg/kg)at 8 000 mg/kg salinity increased Pb accumulation by roots and shoots (ele\ and phytodesalination (2018)
BCF), regardless of season. Pb accumulation in roots and shoots was directly proportional to in
salinity concentration. Pb TF decreased as salinity increased. It must be noted that po
supplemented, once off, with EDTA which may have promoted Pb accumulation.
- — - - 3 S
Bolboschoenus Cd was accumulated in the series; belowground blomgsg (roots and rhlzomes). . stems Phytostabilisatiorfat lower ~ Santoset al.
- Cd Although elevated Cd was accumulated at lower salinity levels, elevated salinity reduc .
maritimus . - . salinity levels) (2015)
accumulation and resulted in planbrtality.
Ex r n ively im hysiological growthKof virgini Elev nd Zi S
posure .to Cd negat ey. pacted physiological ggvvt of virginica. e.ate(.:i Cd and Phytostabilisatiomnd
o concentrationsaccumulated in plant roots shoots Salinity reduced Cdhllocation in shoots. Zn . Han et al
Kosteletzkya virginica  Cd, Zn . . . phytohydraulics
increased Na accumulation whereas exposure to Cd reduced Na concentrations. Although A (2012)
. S . o (rhizofiltration)
reduced Cd and Zn accumulation, salinity did not influence Zn accumulation in leaves.
. Accumulation of metals differed betwegnant orgas where Zn, Pb, Co, Cd, Ni and Cu we
. . Zn, Pb, Co, Cd, Ni anc . . L Sousaet al.
Halimione portulacoides cu accumulated in root > stems > leaves. Mettsumulatedn cell walls (> 50%), reducing metal Phytostabilisation (2008)
translocation to aboveground biomass.

Halimione portulacoides Elevated concentrations of all metals were present in the rhizosphere comparsdmytadsediment. Reboreda
ands artinz maritima ~ Cd, Cu The bioavailable fraction of metals differed between sediments, inhabited by the halophytes, sut Phytostabilisation and Cacador
P that these halophytes influence metal fractiomaitiothe rhizosphere (2007)

Sesuvium . N
| q Cd exposure compromisetie uptake of K and C&* which limited the growth of both halophyte
portulacastruman Elevated Cd accumulation in shoots dfl. crystallinum compared withS. portulacastrum Cd . Ghnaya et
cd mulation was influenced by biomass production and Cd treatmeentration Uptake of N w Phytoextraction 1. 2007
Mesembryanthemum accg hgbg co)lb ?;Sd uenced by biomass production a ea ation Uptake o as al. ( )
crystallinum not inhibited by Cd exposure.

Halogeton alomeratus Hg, Ni, Cd, Cr, Cu, Plants had a total salt yield of 4®5 kg/haElevated concentrations afietal/loids Ni, Cu, Cd, Cr, Hg, Phvtoextraction Li et al
g g and Zn. As, and Zn)were accumulated under saline conditions. y (2019)
Suaeda glauca and cd Cd exposure did not negatively impact plant nutrient staussence of salt (NaCl) enhancéd Phvtostabilisation Zhanget al.

Limonium aureum accumulation by both halophytashereelevated concentrations N accumulatedh both plants. y (2020)
Salicornia europaea. Al Co. Cr. Cu. F All metals were concentrated in roots > stems whereas elevated concentrations of zZn (T Ph bilisati q Mi | 6t fal
Suaeda marFi)tima‘ M’ N(')’ (;’Z U ™€ accumulated in leaves. Salinity influenced Co and Ni uptakd.tportulacoidesandS. maritimawhere hytosta ||s§t|orazn 2(')12 et fal.
Salsola  soda.  and - Mn, NI, and 2n Co and Ni uptake&vaspositively correlated to salinity in ots, stems, and leavesldf portulacoidegand phytoextraction (Zn) ( )

in the roots ofS. maritimd. Co and Ni accumulated in roots > stems > leaves. Co was retained ir
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Halimione portulacoides

(TF < 1) by all halophytes where&s maritimahad a TF > 1 for Ni. Elevated metal concentrations w
accumulated by plants sampled from coastal saline areas compared with inland areas.

portulacastrum

Exposure to Cdlid not negatively impact plant biomass production. Elevated concentrations of I
Cd were accumulated when growing medium was supplemented separately, compared with n

Salicornia ramosissima

Halimione portulacoides

Arthrocnemum
macrostachym

Spartina alterniflora

Atriplex hortensis var.
purpurea, A. hortensis
var.rubraandA. rosea

Juncus maritimus and
Phragmites australis

Atriplex amnicola, A.

. N . L ) L } L L Mnasrietal.
Cd and Ni combination(i.e., binary treatments)his indicates a potentiahtagonist: interaction ¢ompetitive ion Phytostabilisation (2015)|
adsorption between Cd and Ni. TF < 1 for Ni and Cd when plants were treated with metals separ:
in combination.
cd Elevated Cd concentrations accumulated in reatBoots. Cd accumulation decreased in a salinity-d Phviostabilisation Pedroet al.
dependent fashiobutincreased in aetaldosedependentTF < 1across Cd treatments. Y (2013)
. Elevated metal concentrations (excluding Pb) accumulatédl portulacoidesroots > stems > leave Andrades
Ni, Co, As, Cd, Cu, . o . I
whereasZn accumulated imoots > leaves > stems. BCF < 1 and TF <HL.portulacoideds an ideal Phytostabilisation Moreno et
Cr,Mn, Fe,Pb, Zn . I .
candidate fophytostabilisatiorof metal contaminatedtss. al. (2013)
Cd BCF > 1but decreased in a metal dose dependent fashion. ElevateanSidcabn to aboveground Redond
Cd biomass at lower Cd treatment concentrations. Relative growth rate decreased as Cd conc Phytostabilisation Gomez et
increased. TF < 1 for all Cd treatments. al. (2010)
Cu accumulated imroots in the following series: fine roots > leaves > rhizomes > stems. Highe
Cu treatment (1000 mg/kg) reduced biomass production and Cu accumulation. Elevated Ci Phviostabilisation Chai et al.
accumulated at 800 mg/kg treatment which was attributed to stimulation of biomass production (| Y (2014)
hormetic response).
Metals accumulated in roots shoots in a dosdependent fashiorkElevated Pb and Cu concentratio
accumulated in the roots & hortensisvar. rubra andA. rosea Although some plants had an eleval Kachout et
Ni, Cu, Pb,and Zn BCF (> 1), plants had a low TF < Atriplex hortensisvar. purpureawas an ideal candidate fc Phytostabilisation al. (2012)
allocationof Pb and Zn in shoots whereas hortensisvar. rubra was most suitable for Ni and C ’
phytostabilisation
Elevated Cd levels were accumulated in belowground biomass (roots and rhizoresyeground da Silva et
Cd biomass (stems and leavds) both plant speciesAddition of Cdtolerant rhizobacteria increased ( Phytostabilisation al. (2014)
uptake and accumulation in roots. )
Cd, Pb, and Ni Cd, Pb, and Nivere retained in roots > shoots where elevated naditadationby A. lentiformis Cd Cd phytoextraction b. Eissa and

concentrations ranged fro84 - 269 mg/kg and 3- 141 mg/kg; Pb ranged from 7515 mg/kgand 25-

lentiformis Phytostabilisation Almaroai
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lentiformis

337 mg/kg; and Ni ranged from 5159 mg/kg and 2 - 31 mg/kg, in roots and shoots, respective
Therefore, all investigateditriplex spp accumulated similar Ni concentrations coregavith Cd and Pb.

(Cd, Pb, and Ni).

(2019)

Sesuvium
portulacastrum and Ni
Cakile maritima

Ni was accumulated in a dedependent fashion in shoots by both plant speSesortulacastrum
accumulated elevated Ni concentrations in shoo@QLmg/kg) compared witB. maritima(550 mg/kg)
under hydroponic conditions at the highest Ni treatriieb®0 mg/kg Ni (65 %) wasaccumulated as i
soluble fraction byC. maritimawhereas ~25 % was complexed with cell wallsS. portulacastrum
accumulatedt4 % of Ni as a soluble fraction and 48 complexed to cell wall. Authors concluded tf
elevated Nicell wall binding may have enablegl. portulacastrunto tolerate elevated Ni treatmen
compared withC. maritima

Phytoextraction of Ni from
Ni-contaninated water (i.e. Fourati et

(phytofiltration/
rhizofiltration)

al. (2016)

Atriplex halimus Cd

Elevated Cd concentrations accumulated in reathoots. Salinity, as chlorides (NaCl and KCI) redut
Cd accumulation in roots and shoots whereas salinity (as BJalN@eased Cd accumulation in t
leaves ofA. halimus Cd and Zn wereexcreted via trichomes onto the leaf surface. However, sal
decreased the phytoexcretion efficiency of the halophyte where the presence of $ddtN(@stricted
salt excretion copared with chloride salts. Presence of salimyc{udingnitrate salts) increased the C
tolerance which was attributed to the reduction in Cd uptake and production of osmoprotectants.

Phytostabilisation

Lefevre et
al. (2009)

Triglochin maritima,
Juncus maritimus,
Sarcocornia  perennjs Hg
andHalimione

portulacoides

Hg was concentrated in the roots > shoots) Tof maritimag J. maritimus S. perennis and H.
portulacoides Roots and rhizomes were the main sites of Hg retention where the two moriac
maritima andJ. maritimu$ had an approximate Hg removal efficiency of%@8f total Hg. Investigatec
monocots retained Hg in belowground biomass, reducing the release of Hg back into the envir
Dicots H. portulacoidesand especiallyS. perennishad an elevated rodb-shoot Hg translocation
indicating that Hg may be released (ephytovolatilisation) andmay therefore be potential source of
Hg in the environment.

Phytostabilisatioh
Phytoextraction

Castroet al.
(2009)
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1.5.Types of studies investigatingphytoremediation potential

Results obtained frondifferent types of phytoremediation studies.gf field, pot, and
hydroponicstudie$ are not directlycomparable due to variation in abiotad bioticfactorswhich
fluctuate through space and tirfieable S1.3) (Fitz and Wenzel, 2002, Watse al., 2003, Yamato
et al, 2008) For example, phytoremediation studiese influened by soil (e.g., elemental
concentration gradientsroot access to depth of contaminajjonmetal (e.g., species and
bioavailability), and plant(e.g., metalallocation factors (Pulford and Watson, 2003)imiting the
comparability and repeatability of studies conducted on the same plant sphéuies. controlled
experimental conditions, than® s r ete @ panmicsllar treatmewgan bedistinguished from other
influencing factors, such abeimpact ofarbuscular mycorrhizal fungi (AMF) tmetal allocation by
the investigated plant speciéSpruytet al, 2014) This gap in knowledge calls for systems with
controlled and quantifiable variables (such as gnowedium pH, ntrient composition and

concentration, temperature, and relative humidij)Lonardoet al, 2011, Shahzaet al, 2017)

Plant tissue culturé@PTC), the aseptic culture of explants (material excised from a donor or
parent plant), has been widely used to expose explants to a set of known, and quantified, aigsical
chemical conditions over tim@arciaGonzaleset al, 2010) ConsequentlyPTCis a valuable tool
which has been used for screening plant species, and their genotypes, for specific traits such as
phytoremediation potentialf@ble .1) (Watsonet al, 2003, Yongpisanphoet al, 2017) Various
studies have concluded that results obtained from-fiatbd studies are comparative but should be
confirmed and verified by tissue culture experiments andwacsa(Capuana, 2011, Di Lonardst
al,, 2011, GattiGpi B 06 éBlp2a0@)aValidaiingveSults, by undertakirgjudies
differing in experimental conditions, is ciatto developing a network of cumulative eviderioe
createconsilience. Numerous tissue culture studies have also successfully identified plant species, and
their genotypesas potential candidates for their usephytoremediation trials, i.e., as todisr

phytoextractionphytostabilisationand phytoextractiorif@blel1.1).
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1.6.Study species

1.6.1. The genus Tamarix

The genusfamarix(commonly known as salt cedar), belonging to the faffidgnaricaceae,
are a group of halophytic (recretohalophytes) shrubs and trees indigenous to Africa and Eurasia
(Sookbirsngh et al, 2010) Alien Tamarix species, namelyf. ramosissimand T. chinensis were
introduced to South Africa and Namibia for gardens, agriculture, stabilisation of sand as well as Au
mine dust suppression in the late 1800s / early 1900s howhigehats resulted in riparian habitats
and saline areas being invaded by th€amarix species(Mayondeet al, 2019, Weiersbyet al,
2006a) Tamarixspp. provide habitat for fauna, such as birds, as well as stabiliater body banks

(Shafroth and Briggs, 2008, Sookbirsirgthal, 2010)

Halophytes are of interest due to their ability to control erosion in aridgrelerate salinity,
and accumulate a wide range of elemditge and Weiersbye, 2010, Flowers and Colmer, 2015,
Manousaki and Kalogerakis, 2011Members of the Tamaricaceae and Chenopodioideae
(Amaranthaceaa)antolerate and accumulate a wide range of elements in tissues, including halogens
and metals. For exampl&, usneoidefas been demonstrated to (hyperieoulateAl, Cr, Fe, Co,
Ni, Cu, Zn, Ag, CdCs, Au, U, Na, Ca, ClSe,and S@ (Dennis, 2008, Dyet al, 2008, Kendall,
2010 , Wilson, 2019)Tamarix aphylla- Li and Cd(Hagemeyer and Waisel, 198&ndCd and Pb
(Manousakiet al., 2009)(Table 1.3) The presence of salt glands and ion efflux appears to contribute
to salt and metal hyr and crosgolerance by recretohalophyte species (Table QB et al,

2020)

1.6.2. Tamarix usneoides

Tamarix usneoide&. Mey ex Bunge 1843 (Tamaricaceae: tBetn African Salt Cedar)
(Figure 1.6)s an indigenous, evergreen halophyte tree of sgiiregions, growing along rivers, and

over shallow saline water in paleochannels and gBasm, 1978) The indigenousl. usneoides
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occurs in the southern and western region of Southern Africa, from the Cape to Aragyukrix
usneoidedias ato been planted on Au/ uranium (U), Pt and Cu mines in South Africa for dust control
and abstraction of S and other contaminants froRDAWeiersbyeet al, 2006b) Like many
halophyte speciesl. usnheoidegossesses o uptake, translocation and excretion mechanisms to
maintain cellular ion homeostasis, as evidenced by the presence of foliar salt(¢¥ésdn et al,

2017, Wilsonet al, 2022) Although some specied Tamarix such asl. ramosissimahave been
reported to deplete water tablds,usneoidetias been demonstrated to have relatively low water use
requirements, and therefore is a water -®ffgdctive species which can batilised for
phytodesalination and acid rock drainage decontamméige etal., 2022) Therefore,T. usneoides
was selected for this study based on the species
found in Pt metallurgical effluerand contaminated sites, namely salts (dr&ir metalconstituents)

includingNi, Co, SO, CI, Ca, Mg, and Na.

1.7.Rationale

To the knowledge of the author, no previous studies have determined the tolerance, uptake,
and translocation of Pt, Ni, an@o by T. usneoidedrom an aqueous solutioor under field
conditions.This study forms part of a larger study investigating the phytoremediation potenfial of
usneoideso reduceand recover elements (Pt, Ni, @Gay, S, Ct, Se, and NE) present inAu/ uranium
(U), Pt and Cu mines and land contaminatednigtallurgical effluentproduced by base metal
refineries(Table S1.2). The combination of spillages associated with dfituent storageponds,
residual contamination from historic migj activities and previous evaporation spraying methods
have resulted in the contamination of approximaBefyha of landurrounding the pondstudy site).
Moreover, thepredicted increase in secondasglinisation augmentsthe extent of landcross
contaminated with saltand metal constituents This highlights the need to identify halophytes
candidatedor the simultaneous decontamination (relative to EC) and allocation of precious metals

from land contaminated by base metal refinery effiue
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Thus, T. usneoideswas investigated for its potential to reduce site salinity (i.e.
phytodesalination) tadvancesurvivable conditions for salinity intolerant plant speciggdqophyte,
namely Searsia lanceaand S. pendulina(to provide hydraulic antrol - (Dye et al, 2017) and
Berkheya coddi{extraction of Ni and Co from the study sitéNethengwe, 2013) This study also
investigate the potential use of. usneoide$or rhizofiltration, relative to the recovery of Pt, Ni, and
Co, from an aqueous solution across a wide range of pH levels and metal conceniraisowsuld
determine whetherT. usneoideshas the potential tobe used for the rhizofiltration (and
phytoectraction) ofresidualprecious metalsRt, Ni, and Co) from effluent produced by base metal
refineriesi reducing thehorizontal and vertical migration of contaminants in sites contaminated by
metal refinery activitiesTherefore the findings of this sy will createa better understanding of
usneoide8 under | yiirred abi skogdgy t heemgnttoterancd siptakecand ee o f

translocatiorunder different experimental conditions

Two types of studies, namely situ (field trial - Chapter 2) andh vitro (PTC - Chapter 4)
experiments were conducted and compared with previously published literature. The rational for these
studies were to build a network of cumulative evidence to create consi{eaad, 202Q)elative to
the ability of T. usneaesto accumulatetranslocate, and tolerate Pt, Ni, and Co across a wide pH and
concentration rangeResults obtained were compardzbtween experimental conditions (i.e.,
controlled andield studies), plant genotypdTable $1.1), as well ashalophytic (Table 1.3) and metal
hyperaccumulatingTiable S1.3) plant specieso determine the efficacy df. usneoidegas a potential
candidate to reduce site salinity (phytodesalination) and decontaminate metallurgical effluent

spillages - reducing the impact on fauna and flora.
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Figure 1.6. Tamarix usneoideB. Mey ex Bunge tree growing @m area contaminated byse metal refinery effluent, surrounding Ehghanced Evaporation Spray System
(EESS), Springs, Ekurhuleni, South Africa. A: overlapping scales; B: white monecious flowegenéic, molecular, cellular, and physiological, variation in salt

accumulatia i n which (2) (fisnow treed) may have el evated sal t ntalantsgrowing approxionatelyald apt at

m apart.
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1.8.Aim and objectives

The aim of thighesiswas to determine the tolerance, uptake, and translocation of Pt, Ni, and
Co by the indigenousxorecretdalophyte T. usneoidesunder field {n situ) and controlledi vitro)
conditions.In order to achieve thaim, specific objectives were set out.eTbbjectives of this study

relative to each chaptexere to:

Chapter 2

() Characteris soil chemical properties which are influenced by metallurgical effluent
spillages, and in turn mediate the fate of metals between tree biomass and soil profiles;

(i) Determne S, Pt, Ni, and Co concentrations within harve3tedsneoidebiomass (plant
organs and tissue types) and soil pit profiles;

(iif) Establish whether there is evidence for hyperaccumulation of elements of interest (i.e.
potential for phytomining) througheé derivation of the bioconcentration factor (BCF)
and translocation factor (TF)

(iv) Investigate the effect of tree size (size categories based on tree measurements and
allometric equations) on the amount of S, Pt, Ni, and Co extracted by tree replicates via

applying the BCF and TF.

Chapter 3

(i) Develop a standardised andapid direct organogenesisn vitro procedure for
establishment oT. usneoidegxplans, based on identifying plant tissue culture factors

which can be contrad to increase explant establishment.

Chapter 4

(i) Determinethe range in Pt, Ni, and Co tolerance and recovgs: potential for
phytomining) by T. usneoideshrough the derivationfanetal BCF, TF, and tolerance

index (TI),



65

(i) Assess the impact of aqueous solution pH, plant genotype, and metal concentrations on
the tolerance and recovery of Pt, Ni, and Cd bysneoides

(iii) Investigate therange in tolerance by. usneoidegelative to theimpact of metal
treatmenton measured morphological growth paramefsh®ot length, number shoot
branches, root length, number of roots, degree of root branching, position of root growth,

callus production, phenolic prodian, and presence of infections)
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Aspects of this chapter will formart of twomanuscrips:

1. Fate of sulphur, platinum, nickel, and cobalt in -ge@rold phytoremediation trial with
Tamarix usheoides (salt cedan) process of being prepared as a manuscript for publication
in thelnternational Journal of Phytoremediation.

2. Estimating Tamarix usneoides tree biomass, grown in platirmuntd goldmining sites, using
allometric equationg applications in phytoremedian: in process of being prepared as a

manuscript for publication in th#ournal of Plant Ecology

The firstmanuscript will benefit the scientific, and neaientific communities bygetermining the
utility of matureT. usneoidesrees for the desalinatiasf an industrially polluted technosol through
the extraction of S and precious metals (Pt, Ni, and Co). The aim of the second maisisoript

present an alternative, ndimvasive biomass measurement protocolriaitu estimation of biomass.
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2.1. Abstract

Pipe failures and overspray from emhancedevaporationspray system (EESS) at the Impala
Platinumrefinery on the Highveld of South Africadesigned to reduce the volume of metallurgical
effluents inponds resulted in the contamination sfirrounding soilln 2007, a phytoremediatidrial
was implemented by the University of the Witwatersrand whefieoparix usneoidesa southern
African exorecretohalophyte, was planted with the objectives of removingamianchloride and
sulphate salts in order to protect groundwater from pollution, and to test the trees capacity for removal
of contaminant metals. The sgiteee foliage and excreted salts were analysed for chemical properties
at intervals This chapterdescribes assessment of rmmppiced treesand soilsat 9 years after
planting in terms of the fate of S, Co, Ni and PEour trees different genotypesthat were
representative of the range in canopy heights present were selected for harVestirdensions
were measured in order to categorise trees into different size classes based on allometric equations.
Harvestedviomass wasmmediately separated inteafy shoots, twigs, branches, and trunks (wood),
and flowers. The root was thexxcavated to anaximum depth of 3.5 metres using a mechanical
excavator. All biomass was weighed immediately upon harvest (fresh mRegks were separated
into different soil depth interval§even soil pitscomprising four around the harvested root systems
and threeunplanted control pitswere excavated, and opposite faces were sampla@ different
intervals (= 40 soil samples per pit). In the laboratory, fresh subsames first washed, and then
separated into tissues, namely epidermis, cortex and stetedisr and outer bark, whereas twigs,
branches and wood (trunk) were separated into outer bark, innerabdrkapwood and heartwood
combined. The subamples were then dried, milled, and analysed for elemental concentrations. The
soil moisture contenpHag electrical conductivity (EC) and oxidative reductive potential (ORP) of
the fresh soil samples were measured. Dried soil samples were analysed for total elemental content.
Overall, the four trees contained metal in the order of: Ni (59.46 + 4.67ging/ICo (2.65 + 0.34
mg/kg) > Pt (50 = 6 pg/kg). Elevated Ni was allocatedThyusneoidesompared with Co or Pt
(ANOVA, P < 0.001). Sulphur was hyperaccumulated (3.9 % + 0.7 %) in the leaves, followed by
coarse roots > twigs > wood > flowers (ANOVA, p0<05). The pattern ofmetal bioaccumulation

was not consistent betwe#re four replicate tree®latinum was bioaccumulated (BCF > 1, ¥R)
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in the leafy shoots obneindividual tree (BCF =1.54), Ni in one(BCF =1.03, and Co inanother
(BCF =1.02. Accumulation was in the order of Ni > Co >>, Rthere metals were allocated in the
series:flowers > coarse roots > twigs > wood > leawdickel and Co were caccumulated (BCF >

1; TF < 1) in the roots ahreetrees. Only one replicate tree actwlated Pt to a greater extent in the
leaves, exhibiting both BCF 1 and TF> 1. There was a trend for highetementconcentrationsn
tissues with tree size, with most Pt and Co in the root tissues, and most S and Ni in the shoot tissues.
This supportghe potentialuseof T. usneoides$or phytoextractiorof Co and Pin the root andof S

and Niin the shoot. The medium and large individtraeshyperaccumulated S aboyground (BCF

> 20; TF > 1) and this was reflected by lower concentrations of S and lower electrical conductivity in
all four rooting zone soils by comparison witinplanted control soil profilesSfANOVA, p = 0.007%.

By 9 years of age. usneoidesad reduced the EC of th® i 100 cm depth of the substrate
(ANOVA, p < 0.09, whilst simultaneously accumulatirtg, and to a lesser extehi, Co, and PtAt a
spacing of 1333 trees / h& usneoidesreescouldremovean estimated 2.23 + 0.30 mg Pt/ha, 3t02
0.83 kg Ni/ha, 1.2& 0.90 kg Co/ha, and 1.280.09 tons S/haexcluding excreted salts. Excreted
salts were visible but could not be quantified without confounding surface dust contamihation
conclusionthese findingsndicatethat T. usneoidesan be used as a tool fibre phytoremediation of

sulphatecontaminated land, with plantings managed for root and canopy development.

Keywords: base metal refinery efflugritalophyte, metallophyte, phytoremediatiphytomining
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2.2. Introduction

2.2.1.Phytoremediation

Precious metal mining and smelting are important sources of environmental contamination by
heavy metals and salfisutts and Lefévre, 2015, Nriagu, 1998he recovery of precious metals from
secondary resources, such as coimnated sites, has gained attention due to the growing demand for
these critical elemeni{$u et al, 2020)as well as their toxicity in the envinment(Nagajyotiet al,

2010) However, conventional methods for the recovery of precious metals require high capital and
operational investment, produce concentrated hazardous waste, and results in further disturbance of
the environmeniWeiersbye, 2007)The efficacy of recovery processes is also impacted by the
presence of other contaminants suchsaks. This highlights the need to investigate alternative

technologies for the recovery of metals from saline sites.

Alternative approaches, such as phytoremediation involves the use of plants to sequester and /
or degrade contaminants in the rhizosghém planta as well as assimilate, volatilise, and / or
excrete contaminants from a contaminated €Rapuana, 2011, Pulford and Watson, 2003, Van
Oosten and Maggio, 2015However, as primary and secondary salinization is expected to increase
amid global climate changéRozema and Flowers, 2008)he ability to use glycophytes for
phytoremediation of metals from salisées are reduced. Moreover, phytoremediation studies have
focussed on the use of herbaceous plant species sullaspi caerulesceng&Zhao et al., 2003)
Berkheya coddii(Robinsonet al, 1997a) and Alyssumspp. (Broadhurst and Chaney, 2016)
However, the use of these plant species in the field is limited due to their small size and rate of
growth. Thus, plant used for phytoremediation must bediasting, produce largeidiimass, tolerate
geochemical site conditions, and accumulate elevated metals of irfiglobst and Kochian1997)

This calls for the identification of tree halophytes which produce large biomass, are fast growing, and
have the ability to desalinate metaintaminated while simultaneously accumulating heavy metals

(Van Oosten and Maggio, 2015)
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2.22. The case for halophytes

Salts and heavy metals induce osmotic and ionic toxicity stresses in plants, negatively
impacting the survival of salinitintolerant speciegMunns and Tester, 20Q8)his indicates a
selective pressure for salinitglerance floa with various molecular, morphological, and/or
physiological adaptation&lowers and Colmer, 2008)alophytes, which make up < 2% of terrestrial
flora (Flowers and Colmer, 2008)ave been stired to determine their phytoremediation potential of
heavy metals. Members of the gerfteamarix have gained interest for its potential use for erosion
control and for phytoremediation of contaminated sites in-sand arid environments. Moreover,
mostTanarix species, including. usneoidesare considered to be execretohalophytes, where salt
glands (glandular trichomes), present in the leaf epidermis, actively excrete excess salt and metal ions
to maintain ion homeostagi€ampbell and Strong, 1964, Wilsehal, 2017) This phenomenon has
also been reported in other plant species, sucBpastina alterniflora(Weis and Weis, 2004)
indicating a ubiquitous salt and metal ion storage and / or excretion salt gland function between plant
species for the maintenance (Safadhyatt &, 2plb, &isonéts | on |
al., 2017) This suggests that the presence of salt glands may confer salinity and heavy metal tolerance
by maintaining ion homeostas{glowers and Colmer, 2015Halophytes have developed various
adaptationssuch as the excretion shlts from vesiculated trichomes (salt glandsjnaintain ion
homeostasis isaline environment&Kadukovaet al, 2008, Wilsoret al, 2017) Santoset al. (2017)
reported the excretion of various metal ions (e.g., aluminium (Al), Cr, Cu, Ni, Pb, and Zn) by the salt

glandsof T. africana

Metal/loids have been reported to accumulate in the roots and shda@mafixspp such as
T. nilotica[nickel (Ni), cobalt (Co), and chromium (C¥)(Fawzyet al, 2006], T. hispida[Ni, Cr,
Co, and copper (Cu) (Toderich et al, 2010}, T. smyrnensigcadmium (Cd) and lead (Pb)
(Kadukovaet al, 2008], andT. usnheoidegsulphur and selenium (SeXKendall, 2010) and sulphur,
gold (Au), Zni (Dennis, 2008, Wilsort al, 2022]). Higher metal ions accumulated in roots f
aphylla( Wa f a 6 aT,. galida @ghaieret al, 2016) andT. nilotica(Osman and Badawy, 2013)

compared with Isoots. In some of these cases, salinity enhanced metal/loid uptake and accumulation
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by the Tamarix spp (Kadukova and Kalogerakis, 2007, Sghag¢ral, 2016)and other halophytes
including Sesuvium portulacastruifiKhella, 2018) Salicornia europaea, Suaeda maritima, Salsola

sodg andHalimione portulacoide¢ Mi ét al,i2012)

2.2.3. Metalallocationbetween plant organs

Determining the assimilation and distribution of metals between plant omgangelp to
inform the design of metakcovery from plants(Dinh et al, 2022) In plantametal distribution is
mediated byelementale.g., physicochemical properties) and plant (e.g., genotypic variation) factors
( T Rzes & r2017) Nickel and Co have an affinity to bind ®ligandssuch asphytochelatins
(Yadav, 2010) and metallothioneins (low molecular weight thidlZhi et al. (2020), as well as
amino acids (e.g., histidirie Amari et al (2017). The type and concentration of these ligands have
beendemonstrated tdliffer between plant species and plant orgarontributing to variation in
metal content between plant organs and tissue types. Nickel and Co have similar physicochemical
properties whereby an antagonistic interaction between these elemgtdsitshas been reported
(Keeling et al, 2003) When present in combination, Ni may outcompete Co (or-wérsa) from
binding sites and subsequent uptake by plant roots. This has been demonstréledcaga
caerulescen3anget al. (2019)andAlyssunspp.Malik et al. (2000)whereby @ uptake significantly

increased (1 320 mg/kg) when Ni was absent from the growing substrate.

The efficacy of the plantds ion homeostasi s
distribution of metals between plant orgafidanikenne et al, 2021). For example, Ni is
hyperaccumulated in the leaves #&lyssum inflatum(Ghasemiet al, 2009) whereas non
hyperaccumulator spis, such aRkubus ulmifoliugMarqueset al, 2009)limit the translocation of
Ni in leaves by retainingNi in roots. Metal hyperaccumulation as well as exposure to phytotoxic
concentrations of certain elements (such as Ni)
(Krameret al, 2007. This highlights the importance for hyperaccumulators, as weltlagtations of
halophytes, to maintain iohomeostasis. Variation in the efficacy of ion homeostasis networks

between plant species suggests that plant species differ in their abifiigtibute metals between
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plant organs (e.g., leaves, twigs, wood, and roots) and tissud éygeabove (outer bark, inner bark,

sapwood and heartwood) and belowground (epideisex, steleplant organs]

Sulphate (S@) is the predominant far of sulphur (S) absorbed by roots through S
assimilatory pathwaygHawkesford and De Kok, 20065ulphate is then reduced in leaves to
adenosiné-phosphosulphate (APS), sulphite (0sulphide (%), and then cysteine. Cysteine is
then incorporated into glutathione (GSHa lowweight molecular thiol (antioxidant) involved in the
detoxification of metal§fHasanuzzamaet al, 2017) Thus, variation in the presence of S in plant
organs may contribute to diffences in the distribution of metals between plant organs due to the
detoxification (e.g., compartmentalization) of metals. Furtherma@néous studies have reported that
sulphur (S)is co-localisedwith Co or Ni within the leaves of hyperaccumulat®soadhurstet al,

2009, Tappereet al, 2007) Results obtained by Yamaguadi al., (2019) support these findings,
where éevated S concentrations (where S may act as a counter ion for Co) in the le@Vethef
barbinervismay have been implicated in Co accumulation. These authors suggested that differences
in the localization of S (and more specifically SDrelative to the distribution of Co and Ni in leaves

indicategthat different metal assimilatory pathways may exist.

2.24. Phytomining

Phytomining is the process whereby metals of economic importance are recovered from the
biomass of plants with the aityl to accumulate metals in particular plant orgéd@baneyet al,
1998) Although numerous plant species exhibit metal accumulatmnvarying degrees
hyperaccumulation is a rare and speaiescific trait(Manaraet al, 2020) Hyperaccumulation
differs between metals where the Ni and Co thresholdgearerally considered to lxe1 000 mg/kg
and > 3@ mg/kg, respectivelyBaker, 1981, Van der Ewet al, 2013) Hyperaccumulators ka been
investigated for their phytomining potential (e.g., N{Tognacchiniet al, 2020). It has been
generally assumed thalapts used for phytomining must produce large biomass and/or be fast

growing, translocate metal(s) to shoots, and hyperaccumulate metal(s) in shoots which can be
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harvested and precious metals recové&ukoraret al, 2013) However, accumulatiomifine root

biomass may also be economically desirable, depending upon the growing medium.

2.25. Important considerations for phytoremediation trials

Root system architecture (RSAthe spatial partitioning of the root system) addresses the
shape (locatin and the way in which the root system occupies the rhizosphere) and structure
(describes root relationships, s uc h(Lyack, 1999 pogr ap
The RSA is influenced by biological (e.g. plant species) and physicochemical characteristics of the
growing medium (Khan et al, 2016) Physical characteristics, such as changes in soil hardness /
compaction has been reported to restrict root growth and develoghié@kanssoret al, 1988)

Reduced root growth | imits the plantds access toa

In the context of this study, the dilution effect is defined as the decrease in metal
concentrationgn plantaover time(Jarrell and Beverly, 1981 his effect is attributed to the increase
in bark: wood ratio asrees grow larger,whereby lower metal concentrations accumulates in bark
compared with wood (i.e., sapwood and heartwood). As plants agelatieer contribution of bark to
the overall biomass increases, consequently decreasing metal accumulation over time. Although some
studies( Fi | iTp @\ ikdbal, i2012) have reported elevated metal concentrations in the bark
compared to roots and leavescumulation in bark asell as atmospheric metal depositiamhgre
the irregular surface of bark increases the surface area for metal adjomistribe considered when

interpreting results

Platinum, Co, and Ni are geochemically classified as sideromdmentswith some
chalcophile characteristicéFairbridge, 1972) Based on these physicochemical properties, these
elements interact with @nents whichare biogeochemically associated with iron (Fgjabata
Pendias, 201])influencing th& bioavailability andassimilation of Pt, Ni, and Co by plants. Such
metals include, but are not limited to, (lwalabaet al, 2020) Zn (Boyd and Martens, 1998and
Pb(Khanet al, 2019) The presence of these elements in contaminated sites must be considered when

investigating pl ant stialeetativete Bt, Npahdjot Gor e medi ati on poc
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2.26. Rationale

This study forms part of a larger study investigating the ability toTusesneoide$o reduce
the concentrations of ammonia (BJHsulphur (S), chloride (Gland some metal/loids including Pt,
Ni, Co, and selenium (SeJamarix usneoidewas selected to reduce electrical conductivity (EC) to
survivable conditions for metal hyperaccumulating species inclugiangheya coddi{Nemutandani
et al, 2006, Nethengwe, 2013@nd plants to provide hydraulic control, nam8barsia laceg andS.

pendulina(Dye et al, 2017)

2.27. Aim

The aim of this studyas to determine the utility of-®onthold T. usneoidesrees in the
desalination of soil contaminated by base metal refinery effluent through the extraction of sulphur,
and precious metals Pt, Ni, and Co into harvestable biomass. This aim was achieved through assessing
the fate of these elements between tremmhss (plant organs and tissue types) and soil profiles
whereby soil chemical properties were compared between planted and unplantespgdific
objectives of the studyereas follows:

1. Characterisation of soil chemical properties which are influenmgdmetallurgical
effluent spillages, and in turn mediating the fate of metals between tree biomass and soail
profiles;

2. Determination of S, Pt, Ni, and Co concentrations within harvéstedneoidebiomass
(plant organs and tissue types) and soil pitijasf

3. Establishing whether there is evidence for hyperaccumulation of elements of interest (i.e.
potential for phytomining) through the derivation of the bioconcentration factor (BCF)
and translocation factor (TF)

4. Investigating the effect of tree sizeizgs categories based on tree measurements and
allometric equations) on the amount of S, Pt, Ni, and Co extracted by tree replicates via

applying the BCF and TF.
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2.3. Materials and Methods

2.3.1. Study site

The study site is located within ti8®weto Highveld Grassland vegetation type, with a mean
annual precipitation of 662 mm (summer rainfallAPE of 2060 mm, with minimum and maximum
temperatures of 6C and 27°C, respectively, Wh a cool temperate climate and frequent frost
occurrences(Mucina and Rutherford, 2006)Historically, the vegetation structure comprised
grasslandiomespecies. Soils associated with the study site are deep, regdidal and sandy loam
plinthic soils and typically comprise of E@lack and red clay soil patterrBa (plinthic soil pattern)
Bb (plinthic soil patternjand typeqJobet al, 2019) The geological features associated with the site
include intrusive Karoo Suite dolerites surrounded by bands of diamictite and afdwitaltitude
ranges from #2071 1760 m.The site is located on a major dolomite aquidich is recharged by
the BlesbokspruifScott, 1995) The Blesbokspruit is a wetland of RAMSAR importance, located to
the east of the study site. Both Cowles and Alexander Dams drain into the Blesbokspruit.
Groundwater, as well as contaminaptesentwithin groundwater, naturally migratéoag the path of
least resistancé.e., from higher to lower elevatiohsThestudy site has a higher elevati(®b78m
above sea leveompared wittboth Cowles and Alexander Dam (15@8, suggesting that surface
and groundwater would flow towards theo dams(and associatedietland and theBlesbokspruit.
Historically, the Blesbokspruit has been polluted by mining activities such as dewatering, seepage
from tailing storage dams, tailing reclamation, and aeolian er@gittmann, 1981)Roychoudhury
and Starke(2006) recorded elevated Ni (36 mg/kg; ranging from 16.238 mg/kg)and Co (9.8
mg/kg; rangingfom 3.6i 123 mg/kg) concentrations in bulk sediments of the Blesbokspruit. Various
anthropogenic activities along the Blesbokspruit may account for these elevated levels of Ni and Co
concentrations.Surrounding land uses include minirglated activities(metal production and
refining, and historic mining activity including TSFs and TSF footprints), agriculture, and urban

sprawl.
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The Impala Platinum Refinery Services (IRS)

The Impala Platinum Refining Services (IRS), located in Spriftdajrhuleni Eastof
JohannesburgSouth Africa was created in 1998 to provide refining and smelting services through
offtake agreements with Group compan(gsplats, 2021) The IRS consists of the platinum (PMR)
and base metal referies (BMR), and smelters. Two effluent streams from the PMR, as well as any
excess wastewater from the BMR, are pumped into ponds for tailing storage and further metallurgical
processing (Figure 2.IFigure S1.1).The ponds are situated approximately @98 west of the
Blesbokspruit, an area of RAMSAR importance. The Blesbokspruit consists of a stream running

through the towns Springs, Nigel, and Heidelberg, ultimately joining the Suikerbosrand River.

The storage ponds and Enhanced Evaporation Spragi8(EESS)

The ponds consist of four, double higansity polyethylene (HDPE) lined ponds containing a
combined total storage capacity of 110 000 Tinese ponds store effluent from two streams produced
by the PMR. The first effluent streacontains an acid stream (used to remove; Hirtl NQ from
scrubbers) whilst the second is an alkaline stream received from an effluent tank farm area (where the
last step of the alkaline effluent treatment process takes place before being dischargegtdsh
These effluents are subsequently sent to crystallizers for treatment (waste concentration and disposal
of sludge) where wastewater is discharged into the pdkgisvater evaporates, precious metals are
reclaimed from the sludg&unarathnest al, 2022) The EESS (Figure 2.1), was built at the ponds in
1993 in order to enhance evaporation of water via aerial spraying, was and decommissioned in 2008,

when the ponds were reéd.

The ponds and EESS as a source of contamination

Effluents stored in the ponds contain varying concentrations of ammonia, platinum group
metals (PGM), Ni, Co, Gl Fe, sodium (Na), Se,SQ?, and tellurium (Te)Burger, 2015) The
recovery and refining process is not 100 % effective and threraiesidual metal salts, both chlorides

and sulphates, are discharged to the ponds (Figure Qrandwell et al, 2011, Sinisalo and
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Lundstrom, 2018)The pond effluent chemical properties and metal concentratterss measured

from December 2004 to January 2012 (n = The wastewater had an alkaline pH (average 9.62) and
high electrical conductiwt (EC: 13 467 mS/m), with S® (37 548 mg/kg) being the major
contributing salt, and elevated Pt averaging 10.24 mg/kg), Ni (11.56 mg/kg), and Zn (13.45 mg/kg)

concentrationgBurger, 2015)

The combination of spillages associated with the ponds, residual contamination from historic
mining activities (e.g.,O0ld Geduld tailing storage facility (TSF)) (Figure 2.1), and previous
evaporation spraying methods have resulted in the contaminatipprakamately3.4 ha of soil, with
an estimated volume of IW0 n? and 60 cm average depth of significant contamination, surrounding
the pondsThese spraying activities, commissioned in 1993 and decommissioned in 2008 (15 years),
involved the abstractioof wastewater from the ponds, which was subsequently sprayed directly into
the atmosphere to increase the rate of evaporation. The prevailingvesitiho soutreasterly wind
direction resulted in the deposition of effluent onto soils surrounding thespéwdording to the
Gaussian plume model, effluent metal concentration would have decreased as distance from the

sprayerdLitalien ard Zeeb, 2020)

Contaminants present in the study site soilsy migrate vertically and horizontally, via
aeolian erosion and rainwater or effluent leaching processes, along numerous flow pathways to
surface and groundwater bodies. Groundwater, asageationtaminants present within groundwater,
naturally migrate along the path of least resistance (i.e., from higher to lower elevations). The ponds
(1578 m above sea level) are elevated above both Cowles and Alexander Dam (1578 m), suggesting
that surfaceand groundwater would flow towards the two dams (and associated wetland) and the
Blesbokspruit. Anthropogenic activities in Ekurhuleni, including gold mine tailings dam failures since
the early 1900s (sg&utton and Weiersbye, 200 Have resulted in acid mine drainage and elevated
concentrations of a range of metals, luning Ni and Co, in drainage lines and sediments
(Roychoudhury and Starke, 2006Jhese pollution levels provide an additional rationale to
determining the Ni and Co phytoextraction potential, under saline conditioiis,usheoidesThus,

the ecotoxicity of these metals as well as the growing demand for these critical and precious metals
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(elucidated by current trading pric€o: USD $33.50 k¢ Ni: USD $14.99 kg; and Pt: USD $24
958.94 ¢t (LME, 2022), indicates the need to recover these precious metals while simultaneously

remediating saline metabntaminated sites.

2.3.2. EESS phytoremediation project

In 2007, the University of the Witwatersrand was requested to conduct a research project on
phytoremediation of the salt and metahtaminated land surrounding the ponds. Site contamination
had been characterized by assessing chemical parameters, aadtredion of elements present in
effluent and the soils (C.J. Viljoen, unpublished data; I.M. Weiersbye, unpublished data) over a full

hydrological cycle.
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The study site (3.4 ha) was divided ipi@antingblocks (Figure 2.2.A) based on the locations
of tailings pipelines and roads. Site preparation in late 2008 comprised of ripping on contour to a
depth of 600 mm and pitting of 300 mm x 300 mm. In January ZDO@sneoidegaccounting for
88% of all plantsat the site) was planted in a broad band surrounding and abutting to the walls of the
evaporation ponds, where8garsia pendulinandS. lanceavere planted in two rings encircling
usneoidedrees. Planting involved treatment of the pits with Stocku® 660 hydrogel (Evonik
Essen, Germany The trees were planted on contour at a density of 1333 trees/ ha (2 m x 1.5 m
espacement), where the age of the trees ranged fromtthtwelve months old with an approximate
height of 20- 50 cm. Trees recedd a single treatment in spade slots with 50 g of 2:3:2 soluble NPK
starter fertiliser within two weeks of planting, and no further treatmetdsse refer to Chapter 1 for

more information on the study speciésusneoides

The aims of the phytoremedia trial were to test the tolerance to site conditions and

efficacy of four species (I.M. Weiersbye, personal communicatiéfeBruary 2014):

a) T. usneoidef terms of consumption of N, hyperaccumulation @@ soil desalination,
and potentially accumulation of Se, Co, Ni and Pt in shoot or root under saline conditions,
b) B. coddiiin terms of hyperaccumulation of Ni and Co in the sheohsequent to site
desalinationand
c) S lanceaandS. pendulinan terms of wateuse, to provide hydraulic control (thereby

reducing leaching and groundwater contamination).

Tamarix usneoidewas selected for the trial to provide some degree of hydraulic control, but
primarily to reduce the concentrations of ammonia, sulphur, chloride and some metals
(phytodesalination), creating survivable conditions for higher weatertrees to provide hydrda
control, S. lancea and S. pendulia (Dye et al, 2008, Dyeet al, 2017) and a Ni and Co
hyperaccumulating shruBerkheya coddi{Nethengwe, 2013, Slatter, 1998 amarix usneoidewas
also planted to provide fagtowing canopies in contact with the ground surface thereby mitigating

any horizontal contaminant migration via aeolian erosion andoffunlt was predicted thaf.
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usneoidesvould die back as substrate salinity declined, and the glycophyte siSciascea, S.
pendulinaand metallophyt®. coddiicould then be planted over the area. However repeated spillages
of effluents and destruction dfees by wildfires have prevented this progression, and to date,
usneoidesemains the species of preference on the site (I.M. Weiersbye, personal communication, 20

March 2022).

2.33. Genetic verification of Tamarix usneoides

The phytoremediation &l comprises clones of trees sourced from the Orange River near
Upington and Augrabies region of the Northern Cape province of South Africa. Due to the presence
of hybrids betwee. usneoidesnd the invasivalien specied. ramosissimand T. chinensidn
SouthAfrica (Mayondeet al, 2015) trees selected for this study were genetically verifiegpure
breedingT. usneoideby G. Cron, H. Serepa drG. Mayonde (2015, unpublished data) according to
the methods ofMayondeet al, 2016) Approximately 100 g of developing shoot tips were collected
from 10T. usneoidetrees (differing in size), placed in a coffeedilbag and a Ziploc bag containing
activated silica gel. Samples were stored in a cooler box and transported to the University of the
Witwatersrand, Johannesburg, where they were stored2ét °C until samples were processed.
Collected bliar samples uretwent cleaning, DNA extraction, cleap, purification using a modified
standard technique, followed by restrictidn ligation, preselective PCR, selective PCR,
fingerprinting with the scoring of 102 alleles, and AFLP structure analysis alonigsiclehensisand
T. ramosissimaA Bayesian moddbased clustering analysis (Structure 2.3.4) was used to score the
likelihood of hybridisationMayondeet al, 2016) All trees used in this study (namely AM4, AM8,

AM2, and AM10) were grouped as nbgbrid, purebreedingT. usneoides
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2.34. Allometric equations

Four replicate trees were selected based on height and canopy dimensions being
representative of the range of trees on the site (Figure 2.3). Biomass pararnetees height (i,
stem basal diameter (SBD, measured at 0.3 m aboveswgééice), stem diameter at breast height
(DBH, measured at 1.2 m above soil surface), canopy diametdofiDest length of canopy), and
canopy diameter (D perpendicular to D) were measured (using a measuring stick and vernier
calliper) to determine ¢e volume (Figure 2.3Williams et al. (2005). Tree biomass was calculated
using the following equation (Equation 2.1):

Br. usneoides =V conel B overcone (Equation 21)

8 8 8
Where, Vcone: -

B over.cone= V conel . SBD.;> DBH. H
V cone= Volume of cone
B overcone= biomass of overestimated cone shape

Hi 2= tree height at 1.2 m above soil surface



110

4| "'w» Moo IR
lhdl"m'-ﬁh

Figure 2.3. Measuringof treedimensiongcanopyheight, stem basaliameter, stem diametet breast height
canopy diameter (D) longest length of canopy), and canopy diameter flerpendicular to D) to determine

tree biomass and size class categories using allometric equations. For reference, the author (ib. Tug) is

tall.
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2.35. Harvesting of Tamarix usneoides trees

Aboveground biomassjz.leafy shoots, twigs, stems, branches, trumkzod)and flowers (if
present), were harvested first, followed by belowground biomassgcoarse and fine roots from
different soil depths. Roots were categorized into different sections based on soil depth layers
namely taproot, lateral roots, and fine ®{TR) (07 100 cm soil depth interval), red layer (RL) (100
T 210 cm soil depth interval), and rocky soil (RS) (21840 cm soil depth interval). Subsamples of

plant organs were further separated into different tissue types.

Aboveground biomass

Abovegound biomass of four trees was harvested from Plots C and D (Figuard223. A
clean black tarpaulin was placed in the shade in close proximity to the tree being harvested. One tree
branch was excised using a Zubat Silky Handheld 8@ mm) at a the to minimise plant material
drying out before being weighed for fresh mass. Each branch was placed onto the black tarpaulin to
prevent contamination by soil and any loss of plant material. The tarpaulin was cleaned between trees.
Tamarix usneoideposseses scaldike leaves which are sessile and overlapping along diees.
These are categorised as leafy shoots (Figure 2.4)eafnshoots, and woody materiaincluding
twigs (circumference < 1cm), wood (circumference > 1cm), and dead wood. Floemrsaelected

when present.
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Figure 2.4. Separation of leafy shoots from ntafy stens and woody material dfamarix usneoidednset A:

Leafy shoots scalke leaves which are sessile and overlapping along fine twigs.

All plant material was placed in black plastic bag and immediately weighed. Plant materials
were transferred to 3 mm nifesylon 40 % shade net bags, which were stored in a shed on site and
left to air dry to determine dry mass. These materials were not used for any further aiblydese
trunk and branches were further separated into three tissue types, namely aui@Bbdead tissue
derived from the phloem), inner baiB, the living phloem), and sapwood and heartwood combined
(SH, the living and dead xylem, respectively, together with any pith present and medullary rays)
(Figure 2.5). The OB, IB, and SH and medunfirays differ in form and function. These tissues differ
in cell types, structuré~ahn and Arnon, 1963junction, and element composition and concentrations
( Mesj asz Petaly BOjgd) ®lant material was separated using a ceramic knife (Levo

Ceramic Utilty Knife) to prevent sample cros®ntamination.
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Figure 2.5. Separation procedure of twigs (circumference < 1 d&mgnches and stem (circumference > 1 cm)

into outer bark (OB), inner bark (IB), and sapwood and heartwood combined (SH) using a ceramic knife.

Chronological age of plant material impacts plant physiology and metal uptake dynamics
(Rout and Sahoo, 20073ubsamples (> 100 g) of each plant organ and tissue type (e.g.,it\Vags
IB, and SH, wood OB, IB, and SH) were collected from different areas of the tree to obtain an
average representation of each tree for elemental analysis. Easansple was washeaell in tap
water to remove surface dust as well as the excreted salts, artdrdestimes in distilled water. Each
washed sulsample was placed in a plastic Ziploc bag and stored in a chest freezfr &€ until
freezedrying. The subsamples for elemtal analysis were freeadried in a Labcon FreeZone 4.5 L
Freeze Drying System (LABCONCO, Labconco Corporation, 8811 Prospect Avenue, Kansas City,
USA) for 72 hours at 85 °C. Tree trunk sections (Figure 2.6) were collected at 30 cm and 120 cm
sections boveground, relative to the height at which SBC and DBH were measured, respectively. The
density of wood sections was determined using the vdigptacement metho@Olesen, 1971)
whereby a wood block displaces an amount of water atgrivto its volume. During adrying, plant
material was weighed until there was no further loss of moisture. The final mass of plant tissue was

recorded on 10/08/20X895 days from date of harvest)
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Figure 2.6. Wood sections were collected for density and volume measurements. Wood section (on left) was cut
at 1.17 1.3 magl ground (to preserve circumference where DBH was measured for allometric equations)
whereas the wood sectigon right) was cut at 0.2 0.4 m (to preserve circumference where SBC was measured

at 0.3 magl).

Belowground Biomass

Soil pit excavation

Soil pits containing the roots of AM8, AM2, AM4, and AM10 were excavaafigr
harvesting of all abovground biomas, on 13/07/2015, 20/07/2015, 24/07/2015, and 14/08/2015,
respectively, by a soil surveyor (Red Earth cc, Pietermaritzburg, South Africa). A dcader
backhoe (TLBi Caterpillar, CAT 428F Backhoe Loader, AEHQ681® was used to excavate a
total of ®ven soil pits, four pits containing the roots of each (iree planted)and three contrdj.e.
unplanted)pits (Figure 2.2). Control pits 1, 2, and 3 were selected in areas void of trees (> 10 m
radius), at a distance of 10 m, 12 m, and 11 m, reségtirom the nearest tree. Soil pit dimensions
differed slightly due to soil properties and safety considerations. The dimensions of each pit were

approximately 3.5 m (depth) x 1.5 m (width) x 2 m (Ilength), except for control pit three (2.4 m depth
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x 1.5m width x 2 m length). Each soil pit was excavated to taper off towards the bottom of the pit to

mai ntain the pitdéds structur al integrity.

Vegetation covering or surrounding each soil pit was carefully removed by hand with clippers
and using a spade &void disturbing the surface soil. The soil classes were classified by Red Earth cc
(13/07/2015 20/08/2015), and each soil pit was divided into three broad soil depth intervals based
on depth and soil type and horizon, namely tap root, TR100 cm suiace soil depth interval), red
layer, RL (100" 210 cm subsoil depth interval), and rocky subsoil layer, RSi(Z4D cm soil depth
interval, which consisted of soil conglomerates). Soil from each layer was stockpiled approximately 5
m away from the pitn separate pilesSoil surrounding the root was first removed in order to allow
the root to be retrieved as intact as possible. Rhizosphere soil samples surrounding the tap root and

associated lateral and fine roots, were collected and placed in pladtic EZags.

The retrieved taproot and laterals were photographed to observe root system architecture
(RSA). Each layer of soil (TR, RL and RS) was sieved, using a square, stainless steel mesh sieve (1
m?), to retrieve coarse (circumference > 1 cm) and (oeumference < 1 cm) roots within each
layer. Coarse and fine roots were placed in separate black plastic bags and immediately weighed.
Coarse and fine root stdamples (> 100 g where possibks finer roots in RS layer were negligible)
were collectedrom different parts of the root system to ensure a representative sample of the entire
root system. The remaining roots were then transferred to nylon mesh (shade netting) bags and air
dried in a storage shed (as described above. The subsampled raotgasked well in tap water at
the site and transported to the laboratory for further washing, and subsequently rinsed three times in
distilled water and blot driedt is accepted that this washing method is unlikely to remove all
adsorbed contaminants fnoroots. The washed subsamples were stored in the cold room at 4 °C until
further separation took place. Coarse and fine roots were separated into the epidermis (E), cortex (C),
and stele using a ceramic knife, which was cleaned with distilled water dretssmples. The
separated root tissues were weighed and stored(atC prior to freezelrying, and then reveighed

for dry mass in order to calculate a fresh mass/dry mass ratio to apply to the total biomass.
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Soil pit sampling

Soil (> 100 g) was colleetd at intervals down the profile from two opposing soil pit faces.
Intervals sampled included surface litter, mineral crust (if presenf},d@n, 2- 5 cm, 5- 10 cm, 10-
15 cm, 20- 30 cm, 30- 40 cm, 40- 50 cm, 50- 60 cm, 60- 70 cm, 70- 80 cm, 70- 80 cm, 90- 100
cm, 120- 130 cm, 145 155 cm, 170 180 cm, 196G 210 cm, 240 260 cm, 280 300 cm, and 320
340 cm (n = 38 soil samples per pit, excluding litter and crust). Soil samples were collected using 15
cm (length), sharp edgembly-vinyl chloride (PVC) tubes which were pushed into the face of the soil
pit at right angles. The PVC tubes were soaked in acetic acid for 30 minutes prior to sampling to clean
any contamination from the manufacturing process. The tubes were then rinsed wélled diater
and dried. The tubes were cleaned and dried between interval sampling to prevent interval cross
contamination. Before samples were collected, a PVC sampling trowel and back of the PVC tube
were used to scrap the surface of the soil pit faggewvent any contamination from dust falling from

above and/or traces of metals from the TLB steel claw during excavation.

It was assumed that the average number of residual roots remaining in the pit equalled the
average number of roots exiting the esidual roots were collected, weighed for fresh mass, dried,
and reweighed for dry mass. Residual root mass was added to the total but was not used for metal
analyses. Three control pits were excavated in areas absent of any trees (radius < 10 még €illy o
pit face was sampled at different intervals (mentioned above) for all control pits. Excavated soil layers
from (unplanted)pits were not sieved through for roots. Soil samples were double bagged in plastic
Ziplocs and placed in a cooler box andhiported to the laboratory for measurement of ORP, EC and
pH. Subsamples were removed for fredpging prior to metal analyses, and the remainder of the
sample in the Ziploc bags were stored 20 °C. It was noted that the fresh soil samples emitied th

scent of ammonia gas.
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2.36. Characterizing soil contamination at the study site

Auger soil samples

Thirty-nine pointswithin and surrounding the study siteefer to Figure 2.9for sampling
locationg weresampled with aplastic trowel and a soil autgeprovide a quantitative-8imensional
representation of the soil classes and chemical properties. The surface soil was first sampled with a
hard plastic spatula or trowel for the surface litter layer, afid- &2 cm, 0.2 2 cm and 4 10 cm
depths.The subsequent auger samples weré 20 cm, 50° 60 cm, 100 110 cm, and 145 155 cm

depths.

Sample preparation

Soil samples

Soil samples (n = 210) were homogenized using the-andguarter methoqRaabet al,
1990) Individual soil samples were poured on clean plastic plates and shaped into a cone, using clean
glass slides (Figure 2.7). All soil peds were broken down using clean glass slides. The soil was
levelledusing clean disposable plastic knives. The levelled soil sample was equally divided into four
quarters. Two randoly chosen quarters were removed and bagged for archiving. The remaining two
guarters were rearranged into another cone shape. This methodpeated until approximately 50 g
of soil was obtained. Clean plastic plates were used between soil samples using distilled water and a
new plastic knife was used for each soil sample. The soil subsample was placed in a sealed bottle,
weighed to obtain @t mass, and stored at20 °C to reach eutectic temperature. The sample
containers were then opened and sealed with Whatmann No. 1 filter paper secured with an elastic
band and punctured with a pin. Soil samples were frdged using a Labcon FreeZon&4. Freeze
Drying System (LABCONCO, Labconco Corporation, 8811 Prospect Avenue, Kansas City, USA) for
72 hours afi 85 °C, allowed to reach room temperature before removing from the chamber (to

prevent condensation from the atmosphere), immediately smadectweighed to obtain dry mass.
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Figure 2.7. Bulk/cone and quarter method for soil homogenizatismmple was poured in a cone shape (A).

Plastic plate and glass sligB) were cleaned between samples whereas a new plastic knife was used for each

soil sampleSamples were stored in sealed plastic specimen bottle for processing (C).

Analysis of soil chemical properties
The temperature (°C), pH (probe: WTW SenTix 41), eleat conductivity, EC (uS/cm)
(probe: WTW Tetra Con® 325), and oxidation reduction (redox) potential (ORR,ang) (WTW
SenTi x ORP 0é100AC) were measured for each soil
probe was calibrated using two startiaolution buffers at pH 400and pH 7.0 at 25 °C degrees, the
EC probe was calibrated usibgo standard solutia (1413 pS/cm). Twenty millilitres (2@1L) of
distilled water were poured into each container containing ten grams (10 g) of homogenizeatcoil
container was rigorously shaken for five minutes and left to stand for three minutes to facilitate the
soil going into solution. All three probes were placed in the paste at the same time to record the EC,

Eh pH and temperature simultaneously

Plantsamples

Residual contaminants were removed from the surface of the plant tissue by washing the
material vigorously under tap water followed by three rinses in distilled water (two minutes per rinse),
in a borosilicate beaker. All glassware used had bednxashed with 25 % nitric acid, HNOfor at
least 24 hours to remove any adsorbed metals, and rinsed in deionised water. The excised ends of
plant tissue were discarded to avoid potential contamination when samples were cut and collected in
the field. The leafy shoots were cut on a cleastit cutting mat, using a ceramic knife (Levo Clean

Cut Ceramic Knife) to prevent potential contamination from a steel blade. Shoots were cut into fine



119

sections and placed in a sealed plastic specimen bottle. Twigs and woody tissue were separated into
OB, IB, and SH whereas coarse and fine roots were separated into epidermis E, C, and stele (Figure
2.5). All samples were weighed to three decimal places (Presica 125a SCS digital analytical balance),

stored in & 20 °C freezer, batch freezgied for 72 hots ati 85 °C, immediately sealed, and re

weighed for dry mass.

A handoperated ceramic coffee grinder (Hario, Ceramic Coffee Grinder M3C8ith an
adjustable particle size grinding capacity, was used to grind each sample (> 5 g) into a homogenous
powder. Samples were ground using the finest grinding capacity and thgoumd. The coffee
grinder was cooled to prevent heating the sample and loss of volatile elements, e.g., nitrogen (N),
sulphur (S), mercury (Hg), arsenic (As) and selenium (Se). THeecgfinder was cleaned with
distilled water and dried using compressed air between samples. Homogenized plant samples were

stored in sealed plastic specimen bottlés2@ °C until metal analysis.

2.37. Multi-elemental analysis

Three different analytad methods, namely Energy DispersiveR4y Fluorescence (ED
XRF), Inductively Coupled PlasnmiaMass Spectrometry (ICRIS), and Acetylene or nitrous oxide
flame Atomic Absorption Spectrometry (AAS), were performed to determine trace concentrations of

S, Ni, Co, and Pt in the plant and soil samples.

Energy Dispersive -Ray Fluorescence (EBXRF)

Energy dispersive J)Ray Fluorescence (ERRF) is a nordestructive analytical technique
that has been used in numerous studies to determirertbentrations of a wide range of elements in
different biological and ncbiological samples. Exactly.®g of each soil and plant sample, and
Certified Reference Materials (CRM), were analysed for Na, Mg, AR S§, Cl, K, Ca, V, Cr, Mn,

Fe, Co, Ni,Cu, Zn, Ga, GeAs, Se, Rbh Sr, Mo, Y, Zr, Nb, Ag, Cd, Sn, Sb,Te, I, Cs,Ba, La, Ce,
Pr, Hf, Ta,W, Hg, TI, Pb, Bi, Th, and U(Table S2.1) using XEPOS EBXRF (SPECTRO Xab
Pro, AMETEK Materials Analysis Division, Germany) using the TQ Powders Short methed.

elements that are not ihold above, as well aslaginum group metals (PGMs), including Pt,
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palladium (Pd), rhodium (Rh), osmium (Osythenium (Ru), and iridium (Ir), as well as gold (Au)
are not detectable with this ERRF. Based on the level of agreement (LoA) between the analysed

and certificate values of CRMs for metals of interest, samples wareaigsed.

Inductively Coupled Plasai Mass Spectrometry (ICGRIS)

Sensitive and interferendeee analytical techniques were required to determine Pt
concentrations.Analyses were conducted by the Central Analytical Faciliyniversity of
Stellenbosch, South Africa. Plant samples werpamexl according telanseret al. (2009) 0.2 gof
dried plant samples were gisted in a mixture of 1.BiL 37 % HCI and 4mL 65 % nitric acid
(HNOs) in polytetrafluoroethylene (PTFE) vessels in a microwave MLS 1200 mega digestion unit
(MLS GmbH, Germany). Hydrofluoric acid, HF (OrBL at 48 %) was added to soil samples. The
solution was left at ambient room temperature for 10 minutes. The digested samples were diluted to
50 mL using ultrapure water in a Nalgene flask. After dilution, samples were immediately analysed in
triplicate using Inductively Coupled Plasma Mass Spectromeigilgnt 8800 QQQ ICRVS)
calibrated with multielemental standards within the expected range. Certified reference materials
(CRMs) were analysed alongside the samplé® CRMs were selected to cover similar biological
matrices, namely leaves, shoots, sp@il for the elements of intereBlercentage recoveries for the
reported elements were within the US EPA guideline stipulation of 80% to 12886t Table ).

The limit of detection for Pt was 0.01 mg/Kkdetal concentration, on a dry mass basis (mg/kg), was

calculated as follows (Equation 2@)SEPA, 2007)

Metal concentration (mg/kg)= —— @O O (Equation 22)
A:  mg/L of metal in processed sample
V:  final volume of processed samptal()
F:  concentration unit factor
W: Sample weight (g)

DF: Dilution factor for diluted samples
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Acetylene or nitrous oxide flame Atomic Absorption Spectrometry (Flame AAS)

Acetylene or nitrous oxide flame atomic absorption spectrometry (Flame AAS) was Flame
AAS was conducted by the School of Metallurgical and Chemical Engineering at the University of the
Witwatersrand, to determine Pt concentrations in thie ID0 cm and 100 210 cm soil depth
intervals of soil pits (n = 7). Soil depths of @ cm, 2i 5 cm, 5i 10 cm, 10° 15 cm, 15 20 cm, 20
i 30 cm, 307 40 cm, 40i 50 cm, 50i 60 cm, 60i 70 cm, 70i 80 cm, and 90 100 cm were
combined in proportion (1 g per every &t interval) to create a 0 100 cm soil depth interval,
whereas 120° 130 cm, 1457 155 cm, 1707 180 cm, and 190 210 cm were combined,
proportionally, to create a 100210 cm soil depth interval. The 210340 cm soil depth was not
analysed due to ¢hlow vertical mobility of Pt in soils and thus, Pt in this soil depth layer was

considered negligible.

Soil samples were further homogenized using a pulveriser or mill. One gram (1 g) of each soil
sample (n = 14) was digested using aqua regia (1 : 33t{NGI) under closed microwave digestion
conditions. Samples were filtered to remove undigested particles and transferred talL100
volumetric flasks. Once transferred. of 1 % lanthanum (La) solution was added, and the sample
was made up to 100L with deionised water. Lanthanum (1 %) was added as the atomic absorption
signal of Pt is depressed (due to signal interference) in the presence of other noble metals and acids. A
100 mL standard stock solution was prepared, without the addition of the atigesil sample, to
have a matched matrix for analysis. Four standards with concentrations of 0.5, 2, 5, and 10 mg/L were
prepared from the stock solution. Double sample spiking was carried out in whici@M&10 cm
soil depth sample was spiked at 0.§/ky and 5 mg/kg. The soil samples, spiked samples, and
standards were analysed in triplicate on a Thermo Scientific ICE 3000 AAS (ThermoFischer
Scientific, Waltham, USA). The flame emission was set to 266.00 nm with a slit width of 0.1 nm.
Leaves and coae roots (E, C, and stele) of the harvested A8 were also digested as described

above and analysed by Flame AAS to validate the results obtained freMSCP
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Certified Reference Materials (CRMS)

Certified Reference Materials (CRMs) comprisedastresediment sample (GSI2; prepared
and certified by the China National Analysis Centre for Iron and Steel), Standard Reference
Material® 1570a (spinach leaves; prepared and certified by the National Institute of Standards and
Technology), Standard Refeie Material 1571 (orchard leaves; prepared and certified by the
National Bureau of Standards), IPE sample 140 (dandelion roots; prepared and certified by
Wageningen University, Environmental Sciences), and IPE sample 200 (maize shoots; prepared and
certified by the Wageningen University, Environmental Sciences). Three CRMs were measured after
every 10" sample of soil or plant material. Ramdly selected samples were further analysed in
duplicate by EBPXRF (SPECTRO, AMETEK Materials Analysis Division, SPECTRO Analytical

Instruments Inc., GmbH, Germany).

2.3.8. Efficacy oWashing protocol

The aim of this study was to assess the allocatiort,d£®, Ni and S between plant organs
and tissue typedt is important to note thatis did not include determining the phytoexcretion
potential of T. usneoidegi.e., the amount and elementabmposition of excreted saltsfamarix
usneoidesas been rapted to excrete a range sfilphur and chloride compounds and metait
the leafy shoot surfad@Vilson et al, 2017) Metal ions have also been documented to accumulate in
theleaf cuticular waxes anark (OB) of various plant species duebtith ative excretionin planta
(Krutul et al, 2017)and atmospheric depositioax planta(Bohm et al, 1998) The study site is
located in proximity to amelter and platinum andase meil refinefes, as well as mine tailings
facilities in the areaDust was visible on the tree foliage, anakséd on a review of the available
literature, various contaminants malgohave been emitted by the refinery, subsequently depositing
onto the surfee of the harvested treeBue to the high likelihood of surface contamination
confounding result¢Ferrariet al, 2006, IAEA, 2000) the scope of thidield study did notinclude

investigaion of for the composition ofkalts excreted onto théeaf shoot surface via salt glands.
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Therefore, plant material was washed in distilled water prioelémental malysis in order to
determineonly thein plantametal concentration@Vyttenbach and Tobler, 2002he use of distilled
water has been demonstrated tadBsonablyeffective in removing elements adsorbed to the surface

of Quercus ilexAlfani et al, 1996, Ugoliniet al, 2013)andEmpetrum nigrungMonni et al, 2001)

It must be noted thidhe presence of epicuticular waxes on the leaf surface also influences the
level of surface contamination as demonstratetiéyhuis and Barthlott (1998Hexanes have been
utilized as an extraction solvent for epicuticular wafeashotteet al, 2001) however, the use of
hexane was discounted as hexane has been reportechtwe a range of organic and inorganic
elements, a variable whiaannot be adequately controlled for. Moreover, soil particles may not be
adequately digested during plant material digestions, limiting interference with digested plant material
(Wyttenbach and Tobler, 2002Jhus, it was assumed that the presefcany residual dust particles

that were not washed affd notsignificantlyinterfere with the analysis of plant material.

The factors mentioned above indicates the need to evaluate the efficacy of the plant washing
protocol utilized in this studySilicon (Si), iron (Fe), chromium (Cr), and tellurium (Te) are
ubiquitous in the earthés crust and are relatiyv
in plants (i.e., transfer factors) compared with the soil indicates a low level of surfaamiz@tion
(Ferrari et al, 2006) Thus, these el ements were used as s

efficacy of the washing procedure (i.e., distilled water) used in this study.

ED-XRF and level of agreement with CRM
Measurements obtained by EXIRF may also be mmalized by CRM analysidhis ensures
measurement traceability (ability to relate an analytical measurement back to a national or

international standard, such as a CRM) and reduces bias during normal(izatéyezet al, 2007)

2.39. Derivation oftree bioconcentration, and accumulation factors
Metal assimilation pattern was determined using the bioconcentration factor (BCF), where a
BCF > 1 indicates active uptake based on the evidence of accumulation above soih |plaita

[Equation 231 Raskinet al.,(1994] and the rocto-shoot translocation factor (TF), where a TF > 1
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indicated enhanced reehoot transport, with accumulation in shoots to a greater extent than in roots

[Equation 241 Macnair, (2003}.

BCFroot or shoot = (Equation 23)

TF = (Equation 24)

2.310. Coefficient of Industrial Pollution (CIP)

The CIP has been used to describe the relative level of soil contamiaatiass large areas
of land(Table 2.1YHakanson, 198(nd is calculated by dividing the concentrations of metals in site
surface soil by their median background concentrations and taking the average. If there are too few
spatial observations for the median to represent the regional geochemical backgreditiigasnall
site) the CIP is not a realistic indeXhis exercise is therefore conducted for method demonstration
purposes onlyThe CIP was calculated for each auger sample. Two CIP values were calculated using

the following equations (Equationssand 2 6):

CIP = [Ni/mNi) + (Co/mCo) + (S/mS)]/3 (Equation 25)
CIP = [(Cr/mCr)+(Cu/mCu)+(Ni/mNi)+(Co/mCo)+(Se/mSe)]/7 (Equation 26)
where: A[]06 = measured concentration (mg/ kg)

m = median
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Table 2.1. Degree of contaminatiomelative to the geochemical backgroubdsed on theCoefficient of

Industrial Pollution (CIP)Adapted from Hakansoii1980)

Degree of contamination Description
X< 15 Low

1. x<® Moderate

4 x3x8 High

8 x&16 Very High

16 xOB2 Extrenme

xO 32 ExtremelyHigh

2.3.11. Soil contamination maps and dejpttofiles

Maps of the soil contamination depth profiles and interpolated surface points were provided
by .M. Weiersbye and C.J. Davies (unpublished data, 2015). The maps were constructed using Esri
ArcGIS Version 1@, The Kernel smoothing kriging methodag used to optimize fitted value
smoothness for the interpolations where fitted values are governed by prior covariances modelled by a

Gaussian process.

2.3.12. Guidelines for soil contamination levels and larghges
Recommended and legislated permissibleavy metal concentrations (Table 2.2) differ

between countries as well as proposed land use.

Table 2.2. Permissible concentrations (mg/kg) of nickel (Ni), cobalt (Co), copper (Cu), zincd@apium
(Cd), and sulphur (S). N/A: data not shown. Please note that Agricultural soil screening values (SSV) are
relatively complex to develop based on the receptors (crop species and nutrient requirements, type of livestock,

impact on human health). Agultural SSVs are sitepecific.

South Africa® Australia® USA®
Element/ Al Ia_nd use? Informal Standard Industrial Commercial Ir:dustrl
land use protective 2 residential*  residential* land-use* / industrial a

water resources

Ni 91 620 1200 10 000 3 000 20 000
Co 300 300 630 5 000 500 N/A
Cu 16 1100 2 300 19 000 5 000 41 000
Zn 240 9200 19 000 19 000 35 000 100 000
Cd 7.5 15 32 260 100 450
S 4000 (S@?) 4000 (S@*) 4000 (S@) 4000 (S@®) N/A N/A

(@ National Environmental Management Act (NEMA): Waste Act, 2008 (Act No. 59 of 2008)

(2 National Environment Protection (Assessment of Site Contamination) Measure 1999 (as amended 2013)
@ Preliminary Remediation Goals (PRG) from the-BBA (Provoost et al., 2006)

*s0il screening values (SSVs)
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2.3.13. Statistical analysis

Descriptive statistics were calculated (total, range, median, mean, standard deviation and
skewness or kurtosis). Data were tested for absence of normal distributions using the\Slapiro
test (Shapiro ad Wilk, 1965) followed by a test for homogeneity of variance using the Fligner
Killeen test(Conoveret al, 1981) Non-normally distributed data were transformed using log,- box
cox, squargoot, a power transformations. Normally distributed data were analysed using a Students
t-test (paired)or two-way analysis of variance, ANOVAFisher, 1946)to determine if there were
significant differences between two or more groups. A multivariate ANOVA (MANDWAs used
to determine if the means of two or more vectors, as well as the interaction between these vectors,
significantly differed. KruskaWallis (KW) tests(Kruskal and Wallis, 1952)vere performed where
data transformations were unsuccessful. A {host Tukey Honest Significant Difference (HSD)
(Tukey, 1949)or a Dunn's tesi{Dunn, 1964)was performed on normally and roormally
distributed data, respectively, in order to show where significant differencesestciill descriptive
statistics and statistical anal yses were perfor

PushUp 0 ) .

A linear discriminant analysis (LDAas used to predict group membership based on
numerous continuous response varighteh as plant organs and tissue types relative to the BCFs
for Pt, Ni, Co, and S plant metal concentrations data. These data were standardized to generate Z
scores. The LDA was used to determine standardized canonical discriminant function coeffidients a
demonstrate which predictor variables possessed

packaggRipley, 2014)n R.
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2.4. Results

2.4.1. Level of agreementdp)

The initial EDXRF analysis (85.51 %) had a slightly higher average level of agreement
(LoA) compared with the ranalysis (82.37 %) for 2élements (Table S2.1)kon (97.89 %), Cu
(97.63 %), Sr (97.63 %), As (97.04 %), and S (95.06 %) had a higher L&¥Sr12 (stream
sediment) CRM. Level of agreement between initial anénaysis differed significantly for
Dandelion roots IPE 140 (ANOVA, p < 0.001) and maize leaf IPE 200 (ANOVA, p < 0.001) but did
not differ significantly for orchard leaves IPE 15ANOVA, p = 0.071). The highest LoA for Ni
was obtained using the CRM dandelion root (Initial analysis = 71.61 %nakysis = 82.85 %)
whereas the LoA for Ni in other CRMs averaged 41.06 %. The LoA for Co averaged2713%
LoA obtained for Ni signifiantly differed between plant organ (ANOVA, P < 0.001). Refer to Table
S2.1 forLoA (%) between certified values and analysed values for the certified reference materials

(CRMs) analysed using energy dispersiv&y Fluorescence (ERRF).

Platinum determiation using acetylene/ nitrous oxide flame AAS
The 0.5 mg/kg Pt spiked samples had a higher LoA compared with the samples spiked with 5
mg/kg Pt (Table ). The overall correlation coefficient wag R0.76 (Figure 2.8), in which point 3

was an outlier.
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Table 2.3. Level of agreement (LoA) for Pt concentrations of spiked AMIBT 210 cm soil samples analysed
in triplicate using acetylene / nitroogide atomic absorption spectrometry (Flame AAS). Note: AAS 1, 2, and 3
refers to returned values (triplicate: n = 3) using Flame AAS. Lanthanum (1%) was added to solutions to reduce

interference with other metals within the samples. The isoghown in peentheses as a percentage (%).

Sample Spike concentrations

AM8 10071 210 cm 0.5 mg/kg 5 mg/kg

AAS 1 0.469 (94 %) 0.676 (13.5 %)
AAS 2 0.472 (94 %) 0.679 (13.6 %)
AAS 3 0.471 (94 %) 0.680 (13.6 %)
Average 0.470 (94 %) 0.679 (13.6 %)
Level of Agreement (%) 94 13.6

y = 0.0436x 0.042

R2=0.7608
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Figure 2.8. Standard solutiomfg/kg against absorbance (nifioy four gandards with concentrations

0.5, 2, 5, and 10 mBtL.

Use of AAS in Rietermination

Results from Flame AAS indicate that interference was préseegardless of whether La
was used to reduce/eliminate such interferences. The LoA between 0.5 mg Pt/kg and 5 mg Pt/kg
spiked soil [AM8 (07 100 cm soil depth interval)] was 94 &nd 14 %, respectively. This LoA
suggests that the sensitivity of, and low detection limits associated with, Flame AAS should be used

to determine Pt when analysing | ower Pt ranges
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samples were below 0.mg/kg, the Flame AAS analytical technique (with the addition of La),
effectively determined Pt concentrations in soil samples. Insignificant differences between Flame
AAS and ICRMS (Table 2.3 indicate that Flame AAS is an effective technique for Ptrdetation

in soil samples containing |l ow | evels of the pre

Analytical instrument crosgalidation (ICRMS vs. Flame AAS)

Digested solutions from leaves and coarse roots (E, Cstah@dl of AM10 were analysed
using boh ICP-MS and Flame AAS to compare the detection of Pt in the plant m&fatinum
concentrations obtained for differéhtusneoidesrgans and tissue typégfer to Table 214) did not

significantly differ (ttest, p = 0.404) between the two analytieghniques (refer to Tablel2).

Table 2.4. Crossvalidation of Pt concentrations (ug/kg) obtained from acetylene/ nitrous oxide flame atomic
absorption spectrometry (AAS) and inductively coupgiasma- mass spectrometry (IGMS). Note: C.roots =

coarse roots.

Plant organ/ tissue

Tamarix usneoidesree ICP-MS AAS
type
Leaves 42 20
AM10 C.Roots_ Epidermis  78.5 65.3
C.Roots_ Cortex 86 127
C.Roots__ Stele 16 13

2.42. Efficacy ofwashing procedure
With regards to the efficacy of the washing procedire,transfer factors fdgi (0.023), Fe
(0.030), Cr (0.095), and Te (0.57®)ere relatively low [i.e. degree of transfer (uptake and

translocation) of metals from soil into the plant
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2.43. Physicochemical properties of the study site soils

Physical description

The soils were classified by the soil surveyor, Red Earth cc. Thad® cm soil depth

interval of each soil pit (n = 7) comprised of overburden, includéhgcated soil (soil, sandy, and/or

waste) whereas the remaining soil depth intervals (1840 cm) were predominantly red apedal B to

yellow-brown apedal B parent soils (Tabl&)2.

Table 2.5. Physical soildescription of the soil depth intervalsi(@55 cm) of thirtynine (n = 39) auger points

surrounding the ponds. Data commissioned from Red Earth cc for this study.

.SOII depth Material Description
interval (cm)
0-05 Crust
01 2 Overburden (soil, sandy, and was Orthic A, red apedal B, yellowsrown apedal B, slag
and salts
2-10 Overburden (soil, sandy, and was Orthic A, red apedal B, yellowsrown apedal B, slag, and sal
and salts
Overburden (soil, sandy, ameaste), Orthic A, red apedal B, yellowwrown apedal B, ash (280
10-20 : X -
soil and salts cm), salts, Ghorizon, soft plinthic B
50- 60 Overburden (soil and waste), ai Orthic A, red apedal B, yellowsrown apedal B, Soft Plinthi
soil B, ash, slag
90- 100 Overturden (soil), and soil Rt_'—:d fapedal B (B1 and B2), yellewrown apedal B, sof
plinthic B
145- 155 Soil Red Apedal B and B2, yelloWwrown apedal B, soft plinthic B

Coefficient of Industrial Contamination (CIP)

Based on auger samplegllected from the unplanted areas of soils beyond tree cantpges,

CIP relative to Ni, Co, and S concentrations was 2.00 + SE 0.16, ranging from 0.95 to 6.08. The CIP

indices differed between auger points (ANOVA, p = 0.034). The CIP for Ni, Co, aallisSvithin

the moderate level of contamination relative to the background (Table 2.1). The mean CIP, relative to

Ni, Co, Cr, Cu, As, and Se, was 1.74 + SE 0.16 and ranged fromi B24/7. TheCIP values

significantly differed between sampled soil depf8V, p < 0.001). The CIP values did not differ

between sampled auger points (KW, p = 0.488). The CIP for a wider range of elements of interest also

falls within the category of moderate level of contamination category with respect to the available
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medianbackground for this small site (Table 2.1). A stronger CIP trend and significant differences

may have emerged from a wider selection of background values, at further distances from the ponds.

Contamination maps exhibit the extent of Ni, Co, and S contdioim at the study site
(Figure 2.10). Based on auger samples (i.¢.,165 cm soil depth), Ni concentrations ranged from
30071 750 mg/kg (primarily distributed in western and southern sections of the study site) whereas S
concentrations were unifiody distributed throughout the study site and ranged fromi1Q0000
mg/kg. Elevated concentrations of Ni and Co were present in th&® cm soil depth interval.
Elevated S concentrations were present withih D00 cm soil depth interval (i.e. layer of soil

explored by the tap root, lateral roots, and fine rediR).

Auger concentrations (0110 cm and 145 155 cm)

Elemental concentrations significantly differed between the two soil depth groupings of 0
110 cm and 145 155 cm from each other (ANOVA, $ 0.001) (Table &) (Figure 2.9) However,
auger points did not significantly differ between sampled soil pits at comparable soil depth intervals,

1007 210 cm, soil pits {test, p = 0.802) and 145155 cm (ttest, p = 0.947).

Table 2.6. Elemental concentrations (mg/kg) at soil depths acquired from auger sampling (n = 40Bdf the
hectare area surrounding the refinery effluent ponds. Data acquired-B§REDData are from auger samples

collected from open soil patches (i.e. not undezstye

Element 07 110 cm (meant SE) 1457 155 cm (mean *

SE)
s 4 547 + 642 2 152 + 513
Cr 182 +55 131+8.2
Mn 938 + 58 584 + 103
Fe 34 958 + 748 41136 + 1 664
Co 22+2.6 14+ 4.3
Ni 245 + 26 56 + 6.9
Cu 75+4.1 44+4.1
Zn 136 + 8.37 56 + 6.9
As 41 +3.55 3.8+0.4
Se 72+7.61 38+ 15
cd 1.0 £ 0.04 1.2+0.2

Pb 33+3.7 16+2.6
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Figure 2.9. Maps of soil surface concentrations of nickel (A), cobalt (B), and sulphur (C) created using ArcGIS (Kernel smoothing Rrigi® Version 10.4, Esri).

Data is derived from soil auger samples collected on soils that were not directly under trebe (iplanted patched)laps reproduced with permission from .M.

Weiersbye and c.J. Davies (unpublished report).
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Guideline and screening soil values for lamskefrom soil pit data

Sulphateexceeded th&SV forall landusesin two of theunplanted,control soil pits, and
approached the limit in the third control pit. Sulphate was well within all-lesedlimits in theT.
usneoideplantedpits (Table 2.7)Nickel soil concentrations the 0 to 100 cm depth of both planted
and unplanted soil pitexceeded the South African SSVs &lrland-uses deemed to be protective of
waterresources (ALUPWR), but not for informal residential, formal residentialpawstrial land
uses (Table 22) whereas Co Cd, Cu, and Zn concentratiidsnotexceedhe SSVs for any landses
set out bythe NEMA Waste Act (Act No. 59 of 2008) [NEMWA], National Environment Protection
(Assessment of Site Contamination) Measure 1999 (as amended 2013), or the Preliminary
Remediation Goals (PRG) from the United Stdfaesironmental Protection Agency (LEPA)
(Provoostet al, 2006)
Table 2.7. Nickel (Ni), cobalt (Co), sulphur (S), cadmium (Cd), copper (Cu), and zinc (Zn) concentrations
(mg/kg) in soil pits analysedt different soil depth intervals. Underlined values depict element concentrations
that exceed the norms and standardsSfauth Africa (= NEMA Waste Act, 2008: national horms and standards
for remediation of contaminated land and spiblity, 2014).Concentrations exceeding the South African soil

screening values, SSVi®r All Land-Uses Protective of Water Resources (ALUPWR) argbiold and

underlined. Note that all values are within the SSVs stipulated for the current industrialisand

Soil Depth

Soil pit Interval pH Ni Co S Cd Cu Zn
07 100 cm 6.65 169 20 1665 0.96 63 188
AM4 100- 210 cm 5.34 49 8.7 628 0.94 40 45
210- 340 cm 5.74 46 20 383 1.17 52 33
07 100 cm 7.03 178 20 2515 0.96 66 190
AM8 1007 210 cm 4.78 44 15 1174 1.29 38 36.6
2107 340 cm 5.64 64 27 589 1.57 56 39.6
07 100 cm 5.88 154 23 2090 1.09 76 159
AM?2 1007 210 cm 5.25 43 11 518 0.79 40 33.7
21071 340 cm 5.68 49 21 342 1.00 50 31.2
07 100 cm 5.85 150 20 2112 091 73 162
AM10 1007 210 cm 5.98 60 4.5 434 0.8 40 49
21071 340 cm 5.8 42 14 319 1.00 44 32
07 100 cm 8.67 250 28 1130 110 113 201
Control 1 1007 210 cm 5.83 64 5.6 3238 1.00 42 39
21071 340 cm 5.69 48 15 1205 1.00 47 31
Control 2 01 "100 cm 7.05 114 21 4339 0.93 61 69
1007 210 cm 5.09 58 9.7 3691 1.00 36 37
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2107 340cm  5.64 63 13 672 163 47 38

0i 100cm  9.05 126 8 17107 086 51 77

Control3 1007 210cm 841 71 32 28730 144 51 35
2107 340cm  7.99 80 32 25200 1.00 76 38

Soil chemical properties (pH, EC, a@RP

The pH level (ANOVA, p = 0.035), E(ANOVA, p < 0.001), and EC (KW, p = 0.032)
differed betweerthe planted ad unplantedsoil pits (Table S2.2). The pH level and EC of planted soil
pits (pH 6.0 and EC = 899 uStm) were lower compared with unplantgall pits (pH 7.6 and EC =
9 644 uS/cm) whereasnBivas higher in planted pits (328 mV) than that of unplanted pits (221 mV).
The pH level differed between soil depth intervalg (000 cm, 100 210 cm, and 210 340cm
intervals) (KW, p = 0.021) but did differ significantly between soil 8V, p = 0.207). Electrical
conductivity was significantly influenced by. usneoideplanting (ANOVA, p = 0.007), namely
AM2 - Control 2 (p = 0.041), AM2 Control 3 (p = 0.009)and AM41 Control 3 (p = 0.028) (Tukey
HSD post hoc test). Electrical conductivity did not significantly differ between soil depth intervals
(ANOVA, p = 0.354) or experimental pits (ANOVA, p < 0.08pxidation eduction potential
significantly differed baveen soil pits (ANOVA p < 0.001) Redox potential was not statistically

discernible between soil depth interval (ANOVA, p = 0.923).

Across soil pits, pH level decreased in trder of07 100 cm (7.16 + 0.46) > 210340 cm
(6.03 £ 0.35)> 1007 210 cm (5.80 % 0.45). ThenEvas lowest in the ® 100 cm profile (279 mV)
compared with the 100210 cm (285 mV) and 210340 cm (294 mV) depths. The EC was lowest
in the 210i 340 cm interval (4 284 u&) followed by 0i 100 cm (5 858 u$Mm) and 100i 210 cm
(8 308 uSeém). The surface EC of the study area ranged from 1000 000 puSém (Figure 2.0).
Soil EC was elevated igoil pitsareas absent df. usneoidesrees(i.e., south side and parts of the
eastern side of ponds) and lower in areas whergsneoidesreeswere established (north and west

side of ponds), lower EC ranges, regardless of the soil depth.



IMPALA PLATINUM ESS Ponds
Reference Number: IP_c_pH_20170323_CD uNIvE
Map 1c: Krigged pH WITW

RA!
JOHANNESBU

ND
RG

IMPALA PLATINUM ESS Ponds
Map Reference Number: IP_2c_Ec_20170323_CD
Map 2c: (Ee)

Figure 2.10. Maps showing the depth profiles and surface soil concentrations (krigggablatens) of pH, (A) and electrical conductivity, EC (B). Salt crystal formation
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was observed on the profile (C) of control pit 3 at a depthiof00 cm Maps reproduced with permission of I.M. Weiersbye and C.J. Davies, unpublished data.
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Soil moistue content (%)

Soil moisture (%) differed between soil depth intervals (KW, p < 0.001), and beplseed
andunplantedsoil pits (KW, p < 0.001) where lower (8.00 %) compared with control (9.71 %) pits
(Figure 2.1). The highest moisture content wasameled within the 100 210 cm and 210 340 cm

soil depth intervals (Figure 2L1A, inset).

H
o
1
HH

Hi

Mositure content (%)
(ep]
H

0-100cm 100-210cm 210-340cm

Soil depth interval

Figure 2.11. Soil moisture conten{%) measuredn soil pitsgrouped into intervals (D 100cm, 1007 210cm,
and 2107 340 cm). Data are means + standard ermars with different letters depict significant differer
(Tukey HSD poshoc testp < 0.05)(A) Inset showing observed saturated substrate in100 cm soil dept
interval ofcontrol pit 3.

Metal (Pt, Ni, and Co) and S concentrations

Platinum concentrations (0.348 + SE 0.067 mgtktfered between soil pits (ANOVA, p <
0.001) (Table 2.8) but didot differ between soil depth intervals analysed.@0 cm and 10@10
cm). Platinum concentrations differdsetween soil pits (ANOVA, p < 001), namely AM2 and
AM10 (p = 0.011), AM4 (p < 0.001), AM8 (p < 0.001), Control pit 1 (p = 0.010), Control pit 2 (p =

0.006), and Control pit 3 (p = 0.005) (Tukey HSD post hoc test).
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Nickel concentrations did not differ between planted (66.19 + SEMd/Rg) and unplanted
control (70.07 = SE 7.85 mg/kg) pits, with a maximum concentration of 321 mg/kg. Ni concentrations
(88.84 £ SE 4.35 mg/kg) were higher in thé 000 cm soil depth interval compared with 10210
cm (29.13 + SE 1.13 mg/kg) and 21340 cm (28.59 + SE 1.18 mg/kg) (ANOVA, p = 0.02) (Figure

2.12).

Cobalt concentrations did not differ between planted (6.24 + SE 0.51 mg/kg) and unplanted
control (6.14 £ SE 0.89 mg/kg) pits (ANOVA, p = 0.094), with a maximum of 31.70 mg/kg (Table
2.8). Colnalt tended to be higher in thei QLO0 cm (6.84 + SE 0.63 mg/kg) and 21840 cm profiles
(6.73 £ SE 0.61 mg/kg) soil depth intervals compared with-Z4D cm (3.92 + 0.60 mg/kg) (Figure

2.12).

Sulphur concentrationgere higher(8 013 + SE 1488 mg/kgn unplanted pits compared
with planted pits (1 533 £ SE 126 mg/kg) with a maximum concentration of 52 850 mg/kg. Sulphur
concentrations were higher ini0100 cm (3582 + SE 536 mg/kg) and 10@10 cm (3743 + 1283
mg/kg) soil depth intervals, than inetl210- 340 cm soil depth (1310 £ 799 mg/kd)able 2.8

(Figure 2.2).
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Figure 2.12. Platinum, Pt (A), nickel, Ni (B), cobalt, Co (C), and sulphur, S (D) concentrations in different soil depth intefva@) 6m, 100 210 cm, and 210 340 cm from planted st
pits (presence of. usneoidesrees; n = 4) and unplanted soil pits (absencé&.afsneoidesrees within 10 m radius; n = 3). Two opposing walls of each soil pit were sampled at ti
depths. Note: each figure has a different concentration rargeigyalues). *Co and Ni were moalized. Lowercase letters represent significant differences between elemental conce
present inplantedand unplantedpits. *Platinum concentrations were determined (only in1M0 cm and 100 210 cm soil depth intervals) using acetylene/ nisroxide atomic absorpti

spectrometry (Flame AAS) whereas Co, Ni, and S concentrations were determined u¥rgdFlorescence (EXRF).
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Table 2.8. Statistical analyses (ANOVA) of platinum (Pt), nickel (Ni), cobalt (Co), and sulphur (S)
concentrations between sampled soil pits and soil depth intervald4@ cm, 100° 210 cm, and 210 340
cm). NS = Not significanthydifferent. A Tukey HSD poshoc test was calculated to determine where the

significant difference occurred between each soil lesigl. code: * represents the degree of significance.

Element Level Statistical test Statistic df p= Slg.
code
ANOVA F=16.020 6,7 <0.001
AM2 - AM10 (p = 0.011)
AM2 - AM4 (p < 0.001)
Soil pits AM2 - AM8 (p < 0.001)
Platinum Tukey HSD .
AM2 7 Control 1 (p =0.010))
AM2 i Control 2 (p = 0.006)
AM2 i Control 3 (p = 0.005)
Soll depth Anova F =0.003 1,12 088 NS
interval
Nickel 20!: pits - Kruskal 6% =1.905 6 0.928 NS
>0l &Pt wallis ¢?=13.380 2 0.001  **
interval
Soil pits F =0.585 6,14 0.737 NS
Cobalt i ANOVA
Soil depth F =239 218 0039 *
interval
F=7.252 6, 14 0.001 il
AM10 - Control 3 (p = 0.001);
AM2 _ Control 3 (p = 0.002);
Soil pits ANOVA AM4 - Control 3 (p = 0.002);
Sulphur Control 3- AM8 (p = 0.007);
Control 3- Control 1 (p = 0.016);
Control 3- Control 1 (p = 0.037)
Soil depth A\nova F=1.297 218 0298 NS
interval

Other ecotoxicologically important elements

Substrate concentrations of Cu, As, &1d Zn decrease as soil depth increases (Figugd 2.1
Elevated concentrations of Cu (72 + 7 mg/kg), As (22 inigdkg), Sr (49 £ 12 mg/kg), Zn (149 + 21
mg/kg), and were present in the @00 cm soil depth interval, compared with 20810 cm [Cu: 53
mg/kg; Zn: 39 mg/kg; As: 3.5 mg/kg; and Sr: 10 mg/kg] and-2340 cm [Cu: 53 mg/kg; 35 mg/kg;
As: 2.46 mg/kg; an&r: 14 mg/kg] soil depth intervals (Figure 2.1Lead and Cd occurred in similar

concentrations throughout each soil depth interval. The highest Fe concentration occurred in 210
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340 cm (63 582 + 4 182 mg/kg) compared with 00 cm (38 692 + 2 511 mgfkand 100 210 cm

(46 171 + 1 968 mg/kg) (Table 2.9).

100000
_ 00 -100cm
0100 - 210 cm
10000 @210 - 340 cm
1000 M
100
10
. W HH'
Cl Cr Mn Fe Cu Zn As Se Sr Cd Pb

Element

Figure 2.13. Concentrations ofecotoxicologically importanimetalloids and halogens (Cl) present within
different soil depttintervals (0i 100 cm, 100 210 cm, and 210 340 cm) of seven soil pits [four planted pits

and three control (unplanted) pits] excavated from the study site. Element concentrations were plotted on a
logarithmic scale. CI: chlorine, Cr: chromium, Mn: mangse, Fe: iron, Cu: copper, Zn: zinc, As: arsenic, Se:

selenium, Sr: strontium, Cd: cadmium, and Pb: lead.
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Table 2.9. Statistical analyses of ecotoxicologically important elements between planted saiiitnplanted

control pits, and soil depth intervalsi(@00 cm; 100 210 cm; 210" 340 cm) for ecotoxicologically important

elements.
Element Level Statistical test  Statistic df = = Sig. code
Cr Soil pits ANOVA F =0.087 6,14 0.997 NS
Soil depth interval ANOVA F =18.390 2,18 <0.001 **
Tukey HSD 07 100 cm_210 340 cm (p < 0.05),
100- 210 cm 210 340 cm (p < 0.001)
Mn Soil pits ANOVA F=0.448 6,14 0.835 NS
Soil depth interval ANOVA F =5.954 2,18 0.01 *
Tukey HSD 07 100 cm_210 340 cm (p = 0.024),
1007 210 cm 210 340 cm (p = 0.018)
Fe Soil pits ANOVA F=0.382 6,14 0.878 NS
Soil depth interval ANOVA F = 18.640 2,18 <0.001 ***
Tukey HSD 07 100 cm_100 210 cm (p = 0.004),
07 100 cm- 2107 340 cm (p < 0.001)
Cu Soil pits ANOVA F=0.213 6,14 0.967 NS
Soil depth interval ANOVA F=14.150 2,18 <0.001 ***
Tukey HSD 07 100 cm_100 210 cm (p < 0.001),
07 100 cm 210 340 cm (p = 0.026)
Zn Soil pits KruskatWallis & =2.139 6 0.907 NS
Soil depthinterval  KruskatWallis 6® = 14.345 2 <0.001 ***
As Soil pits ANOVA F =0.506 6,14 0.794 NS
Soil depth interval ANOVA F =25.150 2,18 <0.001 **=*
Tukey HSD 07 100 cm_100 210 cm (p < 0.001),
07 100 cm 210 340 cm (p < 0.001)
Se Soil pits KruskatWallis &= 9.926 6 0.128 NS
Soil depth interval KruskatWallis &%= 7.240 2 0.027 *
Sr Soil pits KruskatWallis & =1.056 6 0.983 NS
Soil depth interval KruskatWallis &%= 16.794 2 < 0.001 ***
Cd Soil pits KruskatWallis &*=5.443 6 0.488 NS
Soil depth interval KruskatWallis & = 3.522 2 0.172 NS
Pb Soil pits ANOVA F=1.023 6,14 0.45 NS
Soil depth interval ANOVA F=4573 2,18 0.025 *
Tukey HSD 07 100 cm 210 340 cm (p = 0.030)

2.44. Dimensions of the harvested Tamarix usneoides trees

Allometric equations

Numerous parameters were measuredroter to determine the volume and mass of trees

using a nordestructive technique. For the purposes of deriving allometric relationships four trees of

different heights were selected. The volume of each tree significantly differed (ANOVA, p < 0.001)
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between size class intervals (Tabld®@, namely between AM10 AM2 (p = 0.007), AM10- AM8
(p = 0.002), and AM16 AM4 (p = 0.001). Stem basal diameter (SBD) and stem diameter at breast
height (DBH) were the strongest predictors for tree dry mass compatiedree height, canopy

diameter (B, D>), and canopy cover (Table 2)1

Table 2.10. Total estimated aboveground volume®(rof the fourTamarix usneoidetees, varying in size,

harvested from the studjte.

Tree Size class Volume (cone) B (overcone) Volume [Total (m?)]
AM4 Very Small 7.78 -50238 50 245

AMS8 Small 20.95 - 93 349 93 370

AM2 Medium 43.28 - 475 048 475 086

AM10 Large 162.46 -27858% 2786 08B

Total 234.47 - 3404 525 3404 60

Table 2.11. Linear regression was used to determine the correlation and strength of predictors in determining
the dry mass offamarix usneoidesrees subsequently harvested from the study area. Note, H: height, D1:
Diameter, D2: diameter perpendicular to D1, SBD: sbarsal diameter measured 30 cm aboveground, DBH:
stem diameter measured at 120 cm aboveground. Significance codes: < 0.001 (***); 0.001 (**); 0.01 (*); > 0.5

(NS = not significant).

Standard

Equation Coefficient Estimation Error (SE) Adjusted  p-value Sig. code
a 0.939 0.021 *
_ 16.152 2.362
Dry mass (kg) = aH+c ¢ -49523  10.498 0042 *
Dry mass (kg) = i 15.181 2.062 0.947 0.018 ¥
aDl+c - 27.156 6.885 ) 0.059 NS
*
Dry mass (kg) = i 16.040 1.778 0.964 0.012
aD2+c - 27.596 5.667 0.040 *
Dry mass (kg) = o 0.148 0.009288 2988 5004
aSBD+c -24.574 3.042372 0.015 *
Dry mass (kg) = a 0.172 0.005018 0.998 0.001 Frk

aSD+c c -7.143 0.971789 0.018 *
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Wet and dry massncreased as tree size increased (Tabl@)2.Rlant biomass (DM)

significantly differed between trees (ANOVA, p = 0.044) and plant organs (ANOVA, p = 0.01)

Table 2.12. Wet (WM) and dry mass (DM) of abovand belowground biomass of the folamarix usneoides

trees harvested from the study site.

Trees AM4 (Very small)  AM8 (Small) AM2 (Medium) AM10 (Large)

Tissue Type WM (g) DM(g) WM(g) DM(g) WM(g) DM(g)  WM(9) DM (9)
Leaves 1953 776 3925 1744 18048 6 720 39021 12 168
Twigs 612 295 913 582 24 379 16 283 32 998 17 152
Wood 1796 940 4 565 2435 107 450 47 171 115 565 51 821
Coarse Roots 2 255 1072 2 406 973 9 795 4177 24 698 9941
Fine Roots 41.6 23.8 22 15 30 19 106 67.2
Flowers NP NP NP NP 8.8 3.3 22 7.4
TOTAL () 6 658 3106 11 830 5749 159711 74 373 212 410 91 156
TOTAL (kg) 6.66 3.11 11.83 5.75 160 74 212 91

Moisture content (%)

Moisture content (%dliffers between trees or plant organ (KW .05 (Table 2.B).

Table 2.13. Moisture content (%) of different abovand belowground plant organs of the folamarix

usneoidesrees, varying in size, harvested from the study Bitmts were collected fromi0100 cm (TR), 100
T 210 cm (RL), and 210 340 cm (RS). NP: not present.

Plant organ AM4 (Very small) AMS8 (Small) AM2 (Medium) AM10 (Large)
Leaves 39.73 44.44 37.23 31.18
Twigs 48.23 63.73 66.79 51.98
Wood 52.33 53.35 43.90 44.84
Flowers NP NP 37.08 33.29
Coarse Roots TR 47.52 40.45 40.25 40.22
Fine Roots TR 57.24 68.05 64.16 63.38
Coarse RootsRL 36.68 40.45 42.65 40.25
Fine Roots RL 57.24 68.05 64.16 63.38
Coarse RootsRS 47.52 40.45 42.65 40.25
Fine Roots RS NP 68.05 64.16 63.38
Average 48.31 54.11 50.30 47.22
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Density of tree trunk@ncluding outer bark)

Tree trunk sections were harvested from-0024 m and 1.1 1.3 m aboveground (positions
where SBD andDBH was measured, 0.3 and 1.2 m, respectively). Tree trunk density (including OB)
significantly differed between the fodr. usneoidesrees (ANOVA, p = 0.001) but did not differ

significantly betveen SBD (0.3 m aboveground) and DBH (1.2 m abovegroundD{A p = 0.837)

(Table S2.3).

Tap root system (TR)

Taproot (and associated lateral and fine roots) differed in size, mass (T&pj@@dLnumber
of co-dominant tap roots (Figure 21 Tamarix usneoidesad multiple cedominant tap roots (Figure
2.1471 depicted by numbers). The taproot of AM4 (FiguredHad grown horizontally. Smaller trees

had fewer cadominant tap roots.



T 4 St \ g

Figure 2.14. Taprootsystem of fouTamarix usneoidesees varying size classedz.very small (AM4), small

4

(AM8), medium (AM2) and large (AM1Oharvested from the study sitBlumbers in blocks represent-co

dominant tap roots. Right angle (90on AM4 represents approximate angle of tap root growth.
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2.45. Platinum, Ni, Co, and S concentrations in Tamarix usneoides

Flowers contained the highesoncentration of Co (7.15 + 2.05 mg/kg) and Ni (180 + 50
mg/kg) whereas wood and twigs contained the lowest concentration of Co (1.24 + 0.30 mg/kg) and Ni
(50.46 + 14.56 mg/kg), respectively (Figure 2.Table 2.4). Higher concentrations of Pt were
accumulated in coarse roots (0.085 + 0.028 mg/kg) compared with other plant organs. Higher
concentrations of Co (3.15 + 0.52 mg/kg) and Pt (0.06 £ 0.01 mg/kg) accumulated in belowground
biomass (coarse and fine roots) compared with Co (1.96 + 0.33 mgtkdt40.039 + 0.005 mg/kg)
in above ground plant biomassiz. leaves, twigs and wood). Similar concentrations of Ni were

accumulated in belowground (59.38 + 5.04 mg/kg) and aboveground (59.58 + 8.77 mg/kg) biomass.

Overall, the four trees contained nistan the order of: Ni (59.46 + 4.67 mg/kg) > Co (2.65 +
0.34 mg/kg) > Pt (50 = 6 pg/kg). Nickel levels significantly differed from Co (ANOVA, p < 0.001)
and Pt (ANOVA, p < 0.001). Platinum, Ni, and Co concentrations in agmund tissue types were
in the order of Ni > Co >> Pt. In belowground tissue types, Pt, Ni and Co concentrations were in the
order of; epidermis > cortex > stele (Figure &.1Sulphur concentrations differed between plant
organ, tissue type, AG / BG (Table B)1However, S concentiians did not differ between tree
individuals. Elevated S hyperaccumulated in the leave®@3%t 746 mg/kg) ofl. usneoidesrees
followed by coarse roots (83 + 1 798 mg/kg) *wigs (25083 + 951 mg/kg) > wood (2305 +

2052 mg/kg) > flowers (2300mg/kg; n = 2) (Table S2.4).



Table 2.14. Platinum (Pt), nickel (Ni), cobalt(Co), and sulphur (S§oncentrations in different plaparts (leaves, twigs, wood,
flowers, coarse and fine rodptand aboveground (outer bark, inner bark, and sapwood and heartwood) and belowground (ef
cortex, and stele) tissue typesTafusneoidesrees harvested from the study si®ant samples werenalysed using Inductively
Coupled Plasma Mass Spectrometry (IGMS). Platinum determination was cross validated using acetylene/ nitrous oxide
atomic absorption spectrometry. Coarse roots were collected fromi th@@cm (aproot- TR), 100- 210cm (RL), and 210 340

cm (RS) soil depth interval®dlote, roots of AM4 were absent in RL and RS soil depth intervals. Sulphur was analysed usil

Platinum Nickel  Cobalt  Sulphur

Plant organ Tissue type Tree (ug/ka)*  (mglkg) (mglkg) (mg/ka)
AM4 60 37 1.2 39150
AMS 44 48 1.6 42360
Leaves AM2 71 71 2.8 38 400
AM10 42 58 22 39690
Average (leaves) 54 54 1.9 39 900
AM4 51 59 32 27730
AMS 32 57 1.9 29160
Outer bark (OB) AM2 68 66 35 23800
AM10 90 58 31 19510
AM4 48 44 15 26450
AMS 21 36 1.1 27470
Twigs Inner bark (1B) AM2 50 47 22 22730
AM10 20 52 1.4 27880
AM4 18 65 12 27390
AMS 14 23 0.7 18240
Sapwood and heartwood (St AM2 20 66 14 24 770
AM10 17 32 0.7 25870
Average(twigs) 37 50 1.8 25083
AM4 29 30.00 1.3 11380
AMS 68 3800 1.3 13110
Outer bark (OB) AM2 28 3400 12 28860
AM10 110  190.00 3.8 23930
AM4 3 16.00 0.4 26000
AMS 3 1300 0.8 26730
Wood Inner bark (IB) AM2 33 8400 1.6 30930
AM10 32 4300 1.1 33655
AM4 3 1200 0.2 12760
AMS 15 1700 03 22610
Sapwood and heartwood (St AM?2 20 86.00 24 18 930
AM10 3 4500 0.6 27160
Average (wood) 29 51 1.2 23 005
AM2 100 230 9.2 21300
Flowers Flowers AM10 69 130 51 23300
Average (flowers) 85 180 7.2 22 300
AM4 140 160 18 18 010
AMS 370 67 41 23540
Epidermis- TR AM2 130 120 51 23340
AM10 79 87 11 17 060
AM4 22 55 0.7 38650
Coarse roots AMS 61 44 12 43270
Cortex- TR AM2 43 94 1.2 44720
AM10 41 66 1.1 43380
AM4 21 19 05 25030
Stele- TR

AMS8 30 23 0.7 32710



AM2 68 57 1.3 34 180
AM10 16 41 0.8 24 940
Average (TR) 85 69 3.8 30 736
AM8 210 46 8.4 22 620
Epidermis- RL AM2 36 35 3.0 17 550
AM10 28 28 3.2 26 930
AM8 30 44 2.2 43 180
Cortex- RL AM2 30 86 1.8 47 720
AM10 63 87 1.7 44 940
AM8 22 19 0.7 32710
Stele- RL AM2 34 45 0.6 33850
AM10 25 48 0.9 33920
Average (RL) 53 49 2.5 33 713
AMS8 23 21 9.4 11 750
Epidermis- RS AM2 99 100 2.9 21 340
AM10 29 30 29 23 090
AM8 23 32 5.3 34 930
Cortex- RS AM2 52 92 14 46 410
AM10 86 61 2.2 39590
AM8 14 16 11 32210
Stele- RS AM2 34 67 1.2 30970
AM10 41 52 1.0 37 940
Average (RS) 45 52 3.0 30914
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Figure 2.15. Platinum, Pt (A), nickel, Ni (B), cobalt Co (C) and sulphurS (D) concentrations accumulated in different abovegroleavés,wood, twigs, and flowers) a
belowground (coarse roolsR, RL, and RS) planpartsof four Tamarix usneoidesees, harvested from the study site. Note: dashed line represents soil surface. Caption

B, C, and D represent accumulation series for that particular element.



Soil depth (cm)

Soil depth (cm)

A: Platinum

Mean (mg/kg) + SE
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B: Nickel

Mean (mg/kg) + SE
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Table 2.15. Statistical analyses gflatinum (Pt), nickel (Ni) an@dobalt (Co)concentrations in differerfamarix usneoidt

plant organgviz. leaves, twigs, wood, coarse rocasid fine roots), tissue typs aboveground (outer bark, inner bark,

sapwood and heartwood) and belowground (epidermis, cortex, and siede}ree intviduals (AM4, AM8, AM2, ani

AM10). Note: AG/BGrepresents aboveground (AG) versus belowground (BG) biomass.rndSsignificant.fi * 6 r ¢

degree of significant difference relative to initial soil concentration, wheadye:* = 0.01,** = 0.00% and *** = < 0.001

Element Level Statistical test Statistic df p= Significant code
Plant organ ANOVA F =4.069 4;55 0.006  ***
TukeyHSD Wood-Coarse Roots (p=0.006)
Tissue type ANOVA F=5.761 5,54 <0.001 **=
Pt TukeyHSD Stele- Bark (p = 0.032)Epidermis- Cortex (p = 0.026), Epidermis
Stele (p < 0.001)
Trees ANOVA F=1.199 3;56 0.319 NS
AG/BG ANOVA F=4.377 1,58 0.041 *
Plant organ ANOVA F =3.080 4,55 0.023 *
TukeyHSD Flowers- Coarse Roots (p = 0.043), Woe#&lowers (p =0.009)
Tissue Type  ANOVA F=3.284 0.012 *
Ni TukeyHSD Stele-Flowers (p = 0.007)
Trees ANOVA F=28.232 3,56 <0.001 **=*
TukeyHSD AM8 - AM10 (p = 0.009), AM4- AM2 (0.020), AM8- AM2 (p <
0.001).
AG/BG ANOVA F= 0.)085 1,58 0.772 NS
Plantorgan ANOVA F =3.462 4,55 0.014 *
TukeyHSD WoodFlowers (p = 0.018)
Tissue Type ~ ANOVA F =18.490 5,54 <0.001 ***
Co Epidermis- Bark (p = 0.014), Bark Stele (p = 0.001), Epidermis
TukeyHSD Cortex (p < 0.001), CortexFlowers (p =0.005), Cortex Stele (p =
0.047), Epidermis Stele (p < 0.001), SteleFlowers (p < 0.001).
Trees ANOVA F =0.901 3;56 0.447 NS
AG/BG ANOVA F=2017 1,58 0.161 NS
S Plant organ KwW 6°=14.563 4 0.006  **
Tissue Type KW G?=46.571 13 <0.001 ***
Tree Kw ?=1.344 3 0.719 NS
AG/BG KW 6°=1.344 1 0.036 *

Bioconcentration factor (BCF)

Platinum, Ni, Co, and S were bioaccumulatedTbyisneoides the following series: S (25)
>> Ni (2.1) > Co (1.2) > Pt (0.4) (Tablel®). Platinum, Ni and Co followed similar bioconcentration
series, in which BCF: flowers > coarse roots > twigs > wood > leaves, whereas S accumulated in
washedleaves > coarse roots flowers > twigs > wood. The BCF significantly differed between
plant orgns relative to Pt, Ni, and Co (ANOVA, p < 0.001) but not S (ANOVA, p = 0.932). Cobalt

BCF significantly differed from Ni (ANOVA, p = 0.009yable 217).
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Table 2.16. Bioconcentration factor (BCF) of platinum (Pt), nickel (Ni), cobalt (Co) and sulphur (S) in different:);&ntsand tissu
types offour Tamarix usneoidesees of different size classes (ANM4very small, AM8i small, AM2i medium, AM10i large). Note
Coarse (circumference >cIn) and fine root (circumference <ctn) were harvested fromi0100cm (aprooj, 1007 210cm (RL), an
RS (210 340cm). Values in bold represent BCF > 1.

Plant organ Tissue type Tree Pt Ni Co S
AM4 0.10 0.68 0.25 29
Leaves AMS8 0.06 0.73 0.52 20
AM2 1.54 1.03 0.76 24
AM10 0.17 0.95 1.02 25
AM4 0.05 1.47 0.96 14
Outer Bark AMS8 0.08 1.36 0.91 15
AM2 1.47 1.58 1.01 14
AM10 0.37 1.85 2.26 11
AM4 0.08 1.03 1.35 0.3
. AM8 0.03 0.75 0.59 13
Twigs Inner bark (IB) AM2 1.08 116 105 14
AM10 0.08 1.24 1.04 16
AM4 0.03 1.18 0.44 18
Sapwoodand AM8 0.02 0.54 0.33 9.0
Heartwood AM?2 0.43 1.32 0.41 14
AM10 0.07 0.78 0.50 15
Outer Bark AM4 0.05 0.78 1.13 7.7
AM8 0.10 1.05 0.87 55
AM2 0.61 0.89 0.71 16
AM10 0.45 3.80 2.52 13
AM4 0.01 0.51 0.62 17
AMS8 0.01 0.38 0.85 11
Wood Inner Bark AM2 0.71 182 067 18
AM10 0.13 1.59 0.78 17
AM4 0.01 0.43 0.48 8.5
Sapwood anc AM8 0.02 0.49 0.44 9.8
Heartwood AM2 0.43 1.64 0.91 11
AM10 0.01 1.11 0.69 15
Flowers AM2 2.16 4.64 2.07 13
AM10 0.28 3.11 2.57 14
Epidermis- AM4 0.31 1.88 1.99 8.7
TR AM8 0.39 1.26 1.27 7.8
AM?2 2.63 2.13 1.67 9.6
AM10 0.28 0.89 0.37 15
Cortex- AM4 0.05 0.89 0.71 20
Coarse Roots TR AM8 0.06 0.61 0.37 15
AM?2 0.87 1.32 0.32 19
AM10 0.14 1.19 0.82 12
Stele- AM4 0.05 0.37 0.39 13
TR AM8 0.03 0.37 0.35 12
AM2 1.38 0.91 0.77 14
AM10 0.06 0.80 0.36 9.9
AM8 0.47 3.16 2.14 17
Epidermis- RL AM2 0.83 2.10 2.17 28
AM10 0.14 14.04 5.98 39
AMS8 0.07 2.14 0.44 33
Coarse Roots Cortex- RL AM2 0.69 3.51 0.63 81
AM10 0.31 2.83 3.15 97
AMS8 0.05 1.26 0.50 26
Stele- RL AM2 0.79 2.58 0.65 57
AM10 0.12 3.99 2.29 14
. . AM2 NA 6.16 1.09 54
Epidermis- RS AM10  NA 1024 272 30
Coarse Roots AM8 NA 1.05 0.47 53
Cortex- RS AM2 NA 4.22 0.35 119
AM10 NA 1.99 1.84 71

Stele- RS AM8 NA 0.84 0.28 a7
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AM2 NA 3.67 0.37 81

AM10 NA 7.36 4.08 10

AM8 0.08 0.62 0.46 11

TR AM2 1.46 1.82 1.13 12

AM10 0.12 2.53 3.62 3.4

Fine Roots AM4 0.03 1.92 1.16 48
RL AMS8 0.34 2.49 1.50 23

AM2 0.99 4.84 2.58 56

AM10 0.11 0.62 1.31 48

Table 2.17. MANOVA statistical analysis of platinum (Pt), nickel (Ni), cobalt (Co), and sulphur (S)
bioconcentration factors relative to plant organ (leaves, twigs, wood, flowers, coarse and fine roots),
aboveground (outer bark, inner bark, and sapwood/heartwood)edoground (epidermis, cortex, and stele)
tissue type, tree size class, aboveground (leaves, twigs, wood, and flowers) versus belowground (AG vs BG)

biomass ofTamarix usneoides

Element Level Statistic (F =) df = p= Sig code
Plant organ 20.074 509 <0.001  x**
Tissue type 20.278 4,9 <0.001 **
Trees 13.31 3,9 <0.001  **
AG vs BG 2.798 1,56 0.100 NS
Pt Plant organ: Tissue type 1.749 3,9 0.226 NS
Plant organ: Trees 2.293 13, 17 0.108 NS
Tissue type: Trees 3.257 11, 17 0.043 *
5!222 organ: Tissue type , g3 9,17  0.084
Plant organ 2.291 5,17 0.092 .
Tissue type 1.167 4,17 0.216 NS
Trees 3.858 3,17 0.028 *
AG vs BG 7.719 1,64 0.007 ik
Ni Plant organ: Tissue type 0.005 3,17 0.999 NS
Plantorgan: Trees 0.357 13, 17 0.967 NS
Tissue type: Trees 0.514 11, 17 0.868 NS
plnt organ: Tissue P¢ ¢ 195 9,17 0992 NS
Plant organ 1.624 5,17 0.207 NS
Tissue type 3.741 4,17 0.023 *
Trees 3.999 3,17 0.025 *
AG vs BG 0.929 1,64 0.339 NS
Co Plant organ: Tissue type 0.565 3,17 0.646 NS
Plant organ: Trees 0.245 13,17 0.646 NS
Tissue type: Trees 0.722 11,17 0.993 NS
'I;:zre]ts organ: Tissue type ;g 9,17 0704 NS
Plant organ 2.097 5, 17 0.116 NS
S Tissue type 1.939 4,17 0.150 NS

Trees 1.826 3,17 0.181 NS
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AG vs BG 7.598 1,64 0.008 bl
Plant organ: Tissue type 2.087 3,17 0.140 NS
Plant organ: Trees 0.321 13, 17 0.978 NS
Tissue type: Trees 0.862 11,17 0.589 NS
.'?:ths organ: Tissue type ; o 9,17 0459 NS

Translocation factor (TF)

Translocation factors, TF > 1 for AM4 (Pt and S), AM 8 (Ni and S), AM2 (Pt, Co, and S), and
AM10 (Pt, Ni, and S) (Table 28). Tree individuals significantly differed in their ability t@nslocate
Co whereas no significant difference was present for Pt and Ni TFs (TaBleSelenium (Se) had a

TF > 1 throughout.

Table 2.18. Translocation factor (TF) of platinuifiPt), nickel (Ni), cobalt(Co), sulphur(S) and seleniun{Se)

from belowground biomass to aboveground biomass by Tauararix usneoidelarvestedrom the study site

Note: AB = aboveground biomass (leaves, twigs, wood, and flowers) whereas BG = belowground biomass
(coarse md fine roots harvested from different soil depth levéR;= 07 100cm, RL = 100/ 210cm, and RS

= 2107 340cm).

Tree ID TF Platinum  Nickel Cobalt Sulphur  Selenium
AMA4 AG/BG 0.64 0.61 0.28 0.85 0.95
Leaves/BG 1.27 0.6 0.26 1.51 2.09
AMS AG/BG 0.3 0.95 0.32 0.78 1.12
Leaves/BG 0.46 1.37 0.48 1.35 2.53
AM2 AG/BG 0.84 1.03 1.15 0.81 1.34
Leaves/BG 1.23 0.85 1.06 1.24 2.77
AMLO AG/BG 1.23 1.29 0.83 1.20 2.27

Leaves/BG 1.08 0.98 0.80 1.86 4.86
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Table 2.19. Statistical analyses for platinum (Pt), nickel (Ni), and cobalt (Co) translocation factors (TF).

Element Level Statistical Test Statistic df= p= sig. code
F = .
Pt Tree ANOVA 3.173 34 0.147 NS
. Tree F = .
Ni ANOVA 3.446 34 0.132 NS
Tree F = . *kk
Co ANOVA 67220 34 <0.001

AM2 - AM10 (p = 0.039), AM4- AM10 (p =
0.004), AM8- AM10 (p = 0.011), AM4- AM2 (p
< 0.001), AM8- AM2 (p = 0.001) [NS: AMS-
AM4]

Tukey HSD

2.46. Amount of metadllocated between plant organs

Plant organs of . usneoidesontained 86 740 g of Pt, 1437 1702 mg of Ni, 8.88 68.1
mg of Co, and 124 313 g of S, excluding excreted sdlt@ble S.2.4)Tamarix usneoideare planted
at aspacing of 1333 treeshia. Therefore, th&amarix usneoideees removean estimated 2.23 +
0.30 mg Pt/ha, 3.02 0.83 kg Ni/ha, 1.2& 0.90 kg Co/ha, and 1.280.09 tons S/ha (Table 2.20).
The amount of S (ANOVA, p < 0.001), Pt (ANOVA, p < 0.05), Ni (ANOVA, p < 0.001), and Co

(ANOVA, p < 0.001) assimilated by. usneoidediffered between plant organs.

Table 2.20. Amount of platinum (Pt)ig), nickel (Ni) (mg), cobalt (Co) (mg), and sulphur (S) (g) removed per he
by T. usneoideplanted at a spacing of3aB3 stems / ha. Amount of metal removed per hectare is based on trees \
in sizes, namely very small (AM4), small (AM8), medi§&M2), and large (AM10) stands. These calculations w

based ofT. usneoidebiomass harvested on a particular date (i.e. single point in time).

Tree Pt (mg) Ni (kg) Co (9) S (tons)
Large 2.44 3.78 0.13 1.46
Medium 2.98 4,99 0.18 141
Small 1.80 142 0.07 1.17

Very Small 1.69 1.88 0.10 1.09
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2.5. Discussion

2.5.1. Reliability of metal analyses performed {KRF, ICRMS, and Flame AAS)

ED-XRF

Energy dispersive XRF (EEXRF) measurementsr most elements of interest on CR~ed
an LoA > 70 %(Tables 2.3 and 2.4), a finding supported by other studies Jergenseret al.
(2005). However, the low LoA for Ceoil and plant samplamay be attributed to (i) emission line
overlap, (ii) critical penetration depth, and/or (iii) type and nature ofXRP procedure used.
Interference caused by emission lineedap occurs between two elements with similar
physicochemical properties such as Co and Ni, as well as Co and Fe [common peak overlap whereby
the FeK Bline interferes with the C& Wine) (Potts andVebb, 1992) Thus, the determination of Co
concentration is impeded when Fe is present in high concentrdRansonset al, 2013) Thus,
elevated levels of Fe in the soil (Figure3.and plant samples may have interfered with Co detection

and quantification.

The critical penetration depth, which allows for the effective reception of emitted radiation of
elements by the detector, is influenced by matrix mineralogy and the amoumrgy emitted by a
particular elementParsont al, 2013) Low Z elementsZO 1 4) , ranging from hyd
emit lower energy emission lines when struck by incident radiatioesel fowerZ elements have a
lower critical penetration depth compared with highexlements. The mass attenuation coefficient
(i.e., how easily the sample can be penetrated by incident or emittance radiation based on sample
volume) depends on the analyte (low or higblement), photon energy, as well as derd@pendent
differences insample matrices (soil, plant shoots, or plant roots), resulting in large variations in
critical depth penetratio(Clark et al, 1999) Thus, the volume and type of EXRF technique used
(TQ Powders Short) may have reduced the accuracy oh€xsurementHowever, should this have
been the case, discrepancies of other eleménttecest (e.g., Ni), from the same sample, would have

been obtained.
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The significant differences obtained from the Lok Co may be attributed to the degree of
similarity in the type and nature of the procedure (i.e., TQ Powder Short) used in tisTstisd
procedure did not involve any complete digestion of the sample. This may have increased the
probability of incident rays striking the element whereby differences in soil particle sizes, residual
concretions, or aggregations, between samples difféni density and mineralogy, may have emitted
scattered rays. Samples may also agglomerate, due to heat, moisture, and/or static charge, thereby
inhibiting grinding particles to a particular sigeGi v a n o v Although 8aénfllelpreparation (e.g.,
grinding procedure) may contaminate samples, the potential for@vossmination was mitigated
using ceramic knives anderamic burrcoffee grindes which were cleaned between samples
Therefore, only constituents ceramic equipmenyjz. Al (as AlLOs), zirconium, Zr (as Zrg), and/or

silicon, Si (as Sig), may have been introduced into samples.

However, EBDXRF was successful in measuring elements (refer to Table 2.3) in soil and plant
matrices. The accuracy ofidse measurements (level of agreement > 70 %). Therefore, based on
current data, and that of previously published studiesXRB is a reliable technique that can be used
to accurately determine element concentrations when elements with interfering enivissiov/erlap

are in low and/or moderate concentratiiparsonst al, 2013)

2.5.2. Physical and chemical sorigperties

Physical substrate description

Sampled augering pits indicated a uniform overburden lé@yansported soil and waste)
within the 07 100 cm soil depth layer followed by soil (100340 cm). Overburden substrate has
been demonstrated to impact plant root growth processes such asmneiatmn, anchorage, and
sorption of nutrients due to limited access to elements required to maintain ion homeostasis and for

plant survivalCorreaet al, 2019, Hakanssogt al, 1988)

CIP
Sulphate concentrations in two unplanted pits exceeded the SSV for all land uses whereas

SO were wihin the SSV limits (Table.2). Qulphur concentrations irunplantedpits, compared
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with plantedpits, may be attributed to the presence of plant speciesl(igsneoidésin plantedpits.
This may be attributed to the halophytic naturel ofisneoidesvhereby elevated levels of salts are
assimilatedn planta The presence df. usneoidemay have effectively reduced the S concentrations
in planted pits, highlighting the efficacy of halophytes in desalinating sites with elevated salt loads
(i.e. candidte for phytodesalinationNickel, Co, and S concentrations did not significantly differ
betweenauguringpoints (07 100 cm) andunplantedpits, whereas element concentrations in the
unplantedand plantedpits did. This indicates that the concentratidnetements within sampled
unplantedpits and auger points represent the level of contamination of the studyirsitiee absence
of T. usneoidesrees. It may therefore be assumed that the concentration of elements withih the O
100 cm soil depth interVadid not significantly differ before the introduction (planting) of
usneoidesThe concentration aglements within the lowest auger depth (1485 cm) did not differ
from concentrations measured within the 10810 cm soil depth. This suggests thamaximum
sampling depth of 155 cm would be sufficient to deterritiedevel of contamination at the study site
T reducing overall costs and time of futwampling, collection, storage, and analysis.

Relationship betweepH, EC and ORPRand sulphur ad metalconcentrationsin the soil

profile

Platinum, Ni, and S concentrations decreased with soil depth whereas Co was relatively
uniform along the soil profileindicating vertical mobility (leaching downwardsh review of
available literaturesuggests that limited studies have assessed the degree of Pt (> 10 cm depth)
mobility down soil profiles. Other studies have reported that the major depth of Ni and Co
contamination occurs within ® 100 cm depth intervals in wetland systems impacted byngi
activities (Lusilac-Makieseet al, 2015, McCarthy and Venter, 2006nd 01 10 cm of soils in
proximity to a copper smelt€Ettler et al, 2011) However, the elevated concentrations of Pt, Ni, and
S in the Oi 100 cm soil depth profile of this study are supported by previously published studies
e.g.,, P Mi h a étjale2013|Rauch and Fatoki, 20138)i (Izosimova, 2005, Kasheet al, 2007,
Kashulina, 2017) and Co (Gray and Eppinger, 2012, Kashulina, 201Blevated element
concentrations in the D 100 cm soil depth interval may be attributed to glijfacesource of

pollution (e.g., spillages, atmospheric disposition depositiorsuphur andmetal ions, vehicle
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emissions, etc)Ettler et al, 2011) (2) the solubility and verticaimobility of some elements
espeially sulphate and metal ions under acidic pH conditions dbersoil profile( Mi h a étple v i |
2013) (3) binding on substrate materials, such as organic matter, (4) tree transpiration and hydraulic
lift, and (5) other biological factors,including roottransport of elementsas well asinteractions

between these factors.

Smelters have been reported to contaminate areas surrounding these facilities. For example,
Everhartet al.,(2006)demonstrated that emissions from a Ni smelting facility introduced elevated Ni
concentrations, rangg from 63i 22 000 mg Ni/kg in areas surrounding the smelter. This suggests
that emissions from the IRS smelters may have contributed to elevated metatoncentrations in

0- 100 cm soil depth intervals whereby the degree of contamination decreaséisdepth increases.

Previous spraying methodsd effluent spills from broken pipelinesntributed to elevated
sulphate andnetal ion concentrations on tlendsurface surrounding the pon@ medepositedons
migrated down the soil profilé whereby the rate of migration is mediated by the physicochemical
properties of theelement(e.g., speciation) and environmental factors (e.g., sorption processes,
precipitation, etc.)Mi h a | gt &. {2018)calculated that Pt migrates down the soil prafieparks
and under tree crowns in various citie¢)a rate of 1.1 2.2 cm/year, whereas other studies have
calculated the migration of Pb at 1.36 cm/yiea©xisol soils impacted by a Cu smel{&ittler et al,

2011) Nickel is a relatively immobile heavy &k in soil, compared with Cewhich exhibited the
highest degree of mobility compared with Cd and Zn in a study conducted by Anderson and
Christensen(1988) This degree of mobilityand presence of few binding sitesay account for the
relatively uniform digribution of Co throughout the sampled soil depth layers (Taliea2d 27)
whereas the presence of Ni in thé Q00 cm soil depth soil layer is supported by a low degree of

mobility in substrate.

The mobility and bioavailability of metals in the ls@re mediated by precipitation
dissolution, sorptiomesorption, complexatiedissociation, and, redox reactiofgiolante et al,

2010) The pH and Esignificantly differed between soil depthiBhe relationship between pH angd E
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largely governs metal mobility and mineraldfaation and therefore couldfluence Pt, Ni, Co, and S
distribution along the soil profile (Table7}. Nickel, as Ni*, is the predominant form under acidic

soil conditions, whereas Ni is complexed with ligands under alkaline conditgpwsito, 2008)
Although lower pH values were strongly associated with higiNrconcentrations, low positive
correlation factors were obtained. However, the positive correlatiocabed that elevated pH levels

(> 7) result in Ni retention. Thus, the variation in &hd Co between soil depth layers may be
attributed to differences in pldnd E, as well as the interaction between these parameférs.
significant difference may have contributed to differences in Ni concentrations along the soil depth
intervals as 0 100 cm had a higher pH (7.2) and lower(E79 mV) compared with 100 210 cm

(pH level: 5.8; & 285 mV) and 210 340 cm (pH level: 6; E 294 mV) (Table S2.4). Thushe

higher pH level and lower:Enay have reduced Ni mobility and bioavailability in thé 000 cm soil

depth interval. Additionally, as overburden substrate gdggraksesses little organic matter (along
with pH > 7), Ni may have formed irreversible complexes such as precipitates, further contributing to
the retention of Ni within this soil depth intenf@molderset al, 2009, Wendlingt al, 2009) This

may also account for elevated concentrations of As, Cr, Cu, Mn, Se, and Zn iii t@0Qm soil

depth interval. As Ni has a high affinity for S,-8icompounds may have been taken up and
translocated (in the form, NiSPto the leaves (TF > 1) resulting in elevated Ni concentratioils in

usneoideseaves.

Lower pH levels were presenttine plantecits compared with control (unplanted) pitgth

the exception of deep soils which were mostly acidic throughdutdther potential mechanism
resulting in the amelioration of pH By, usneoidefvolves the radase of root exudatésdecreasing
pH while increasing the cation: anion uptake réali et al, 2020, Cheret al, 2017) The presence
of T. usneoidesnay have also influenced, E.g. via the release of low and high molecular wight
exudatesyccounting for elevatednBn plantedpits (328 mV) compared witbnplanted(221 mV)
pits. The decrease in pH and increase ireihances the mobility and bioavailability of metals in soil,
creating an environment conducive to metal uptake by p(s&¥esget al, 2004) Thus, elevated pH

levels, particularly in the D 100 cm soil depth layer, may have increased the retention of metals in
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unplantedoits. The difference in pH measured from the auger samples in the area3 wireoides

trees were present (north andstvside of ponds) compared with the absence of any vegetation (south
and east sides of ponds)simply an artefact of the original pollutant emissions. The prevailing wind
direction resulted in most EESS spray depositing in these areas, and pollutieragashated by
effluent pipe bursts which drained through these areas (C. Burger, |.M. Weiersbye, personal

communication, 2015).

Salinity has been demonstrated to increase metal bioavailgBiostaet al, 2011) This is
attributed to the (i) complexation of sdlerived anions with metals, and (ii) competitive ion
adsorption processes between -daltived cations and rted ions for binding site¢Acostaet al,
2011) Platinum,Co, and Ni, classified as soft borderlibewis acids(Pearson, 1968hind with sak
derived anions (such as $Qwhich increases theolubility andpotentialtoxicity of these elements
in aqueoussolution. The competition between sadterived cations and metals for bindisiges also
increases the bioavailable fraction of the metal in solution due to the displacement of cations from
binding sites(Irving and Williams, 1953) Thus, complexation between Pt, Ni, and/or Co with S
(major salt constituent presentplantedpits) may have increased the bioavailability of these metals
and uptake by. usneoidesThis is supported by elevated S concentrations in leav€suseoides
trees, highlighting a potential metal inclusion pathway (i.e; ®lated assimilation patrays)
(Hawkesford and De Kok, 2006\lthough the species of Pt, Ni, or Co were not determined in this
study, these siderophilic elements have an affinity for S complexation, andpeaiécally for SG*
binding (EI-Naggaret al, 2018) Thus, metal ions may have complexed with ligands, increasing their
affinity for root binding sites anih plantaS assimilation pathway$iawkesford and De Kok, 2006)
The presence of theseetal salts may have increased thewlubility and bioavailability. These
findings are supported ghanget al. (2020) wherebysalinity increased the assintilan of Cd by

two halophytesyiz. Suaeda glauca and Limonium aureum

Sulphur concentration differed between soil depthgantedpits, as well as betwegaanted

and unplantedpits. The distribution of salts along the soil profiEuld be associated withT.

usneoide8 mode of salt tr ans poTamarix usreaddesasibeen repooted, and



185

to hyperaccumulatand excrete€l and S@* salts and accumulate a range of taldoids in its tissues

(Dennis, 2008Wilson, 2019) Thus, elevated concentrations of salts (and their constituents) may have

been extracted from the study site whereby excess salts were excreted by saljVilsods:t al,

2017)ont o t he pl ant d6s sur f asalsaredepasited ontg the sarfacefofale! e v e
soil and mayincreag soil salt concentratiowithin this soil depth layer. Moreover, the difference in

soil moisture between soil depths (Figurel®.hay have resulted in the precipitation of,80ut of

solution. In soils with high Ca concentrations, gypsum precipitation occurs. Gypsum is the main form

of SO excreted byT. usneoidegDennis, 2008, Wilsomt al, 2017). This may have resulted in the

observed S distribution gradients down the soil profiles of excavated soil pits.

Salts may also be dispersed by the wind, a process known as haloconduction whereby salts
excreted onto the leaf surface are mobilizgdMind and deposited in surrounding ar€dan et al,
2019) Haloconduction results in the deposition of salts away from the contaminated site, enabling the
dispersal of salts over large areas which may have also contributed to elevated S concentrations in 0
100 cm soil depth intervals outside the study aresbl@ 27). Authors have hypothesized that the
increase in salinity of surrounding soils, via the deposition of excreted salts, may be a competitive
advantage for salinityolerant flora, creating a selective pressure for halophytes due to the inability of
glycophytes to survive and compete for resources (e.g.., nutrients and water) under saline conditions
(Erfanifard and Khosravi, 2019 herefore,T. usneoide® abi | ity to hyperaccum
excess salts (via salt glands) may contribute to elevated salts (and their constituents) within the
surfacesoil depth layer while decreasing the overall salt concentratipfaimiedpits compared with
unplantedpits. This is supported by the significant difference in salt concentrations (EC and S

elemental concentrations) betwggantedandunplantedits.

Moisture content was significantly lower in thé @00 cm soil depth interval, compared with
the 100- 210 cm and 210 340 cm soil depth intervals (Figure 2)1Elevated Ni concentrations in
the 07 100 cm soil depth interval may also be attributedthe evaporative recycling and
emplacement modéMannet al, 2005) The degree of evaporation decreases as soil depth increases.

Mobile (Ag, Cd, and Zn) and nemobile elements (such as Au and Pb) are present in soils as free,
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complexes, adsorbed, and/ or wageluble forms. During, andubsequent to, rainfall events, water
may vertically migrate down the soil profile, filling pores and dissolving a fraction of \wateble

heavy metals, until the gravitational pull is equivalent to the soil's surface tension. Evaporation
process decrsas the volume of water, forming a zone of evapotranspiration. This zone has elevated
concentrations of solutes in which elements may be strongly adsorbed and precipitate out of solution
(Mann et al, 2005) Thus, elements are concentrated within the zone of evapotranspiration
(significantly lower moisture content) thereby accounting for the elevated Ni concentration ifi the O
100 cm soil depth interval (refer to Figure B.Table 27). The significantly lower moisture content

may also prevent Ni from forming watsoluble complexes therelestricting Ni mobility and
distribution to lower soil depth intervals. The evaporative recycling and emplacement(Madelet

al., 2005)may also account for the significantly elevated salt load (based on EC and elemental S
concentrations) within the 0100 cm soil depth intervalwhich formed observable precipitates (salt

crystal formation; Figure 2.11.A).

2.5.3. Tree growth

Allometric equations, which correlate aboveground tree biomass to stem dimensions by
measuring certain tree components, have been used worldwide to estimate(Segrra and
Kanninen, 2005and savanndNicklesset al, 2011)tree biomass. Determining the tree biomass,
using this nordestructive technique, may be applied in different fields, including studies investigating
the phytoremediatin potential of trees, specigpecific habitat requirements, carbon distribution

within a study site, as well as tree survival auditing progi@osightonet al, 2001)

Allometric equations were successfully used to categorize trees into different size classes.
Stem basal diameter (SBD) and stem diameter (DBH) measurements were significant predictors in
determining tree biomass, results supported byufgeet al., (2005) and Nicklesset al., (2011)
Seguraet al., (2005) demonstrated that accurate results can be obtained from studies utilizing stem
diameter, to predict tree biomass and that results are comparable to studies measuring multiple

parameters. The biological implication of these findings suggests that thegedaow# biomass of
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trees, used for phytoremediation, can be measured using -destoctive technique without
negatively impacting the efficacy of phytoremediation trials (i.e., harvesting trees to determine

biomass).

Root system size and architectureTousneoidesliffered between trees varying in size. Tree
AM4 had (i) lower root system mass, (ii) lower aboveground biomass (compared with other harvested
T. usneoidedrees), and (iii) an approximately 90 ° angle tap root(s) (Figurd).2uring the
corstruction of the ponds, the deposition of overburdeerial (within the 07 100 cm soil depth
interval), has been reported to reduce gaseous exchange and inhibit root pendinégienattributed
to the elevated bulk densitpf overburden materiadonparedwith soil This leads to reduced root
growth and development (i.e., physiological and morphological malformation) by restricting uptake of
nutrients required for growti{Olubanjo and Yessoufou, 2019Although the dgree of soil
compaction and gaseous exchange was not measured in this study, the presence of overburden in
AM4 soil pit may have impeded vertical root penetration, limiting AM4 root growth and access to soll

layers containing elevated nutrients (i.e., 1&0 cm soil depth interval).

In studies conducted by other researchers, soil compaction reduced the bioFasytbia
ovatoroots(Alberty et al, 1984)and inhibited vertical rogbenetration and total root development by
Gleditsia triacanthogGilmanet al, 1987)andZea may4Olubanjo and Yessoufou, 201%okichet
al., (2001) concluded that environmental conditions, such as the presence of overburden layers,
impeded root penetration and vertical root growth whilst increasing lateral root formation by
numerous tree specieBanksia attenua B. menziesiiScholtzia invalcrata Bossiaea eriocarpa,
Gonocarpus pithyoides, Boronia ganosa, Hibbertia racemoseand Gompholobium tomentosjm
The presence of an overburden layer also resulted in significantly shorter tap roots as well as the
formation of cedomirant taproots compared with one individual tap root (growing in native soils)
within the same species. This may account for multipleaainant tap roots of. usneoidesrees
harvested from site. Harvestdd usnheoidedrees formed multiple edominant ta roots (Figure
2.14). This may be attributed to the presence of the overburden layer throughout thérgitegs

supported by Rokiclket al.,(2001) The biological implication of this finding suggests that substrate
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conditions prior to planting, such as the degree of substrate compaction, should be conducive to the
need for plant roots to penetrate the substrate. Moreover, root morphology and rooting depth are
important characteristics required for effective phytoremediation. Root systems emiprés

individual tap root have reduced remintaminant contact compat with multiple roots and root

systems containing lateral roots and root hairs (i.e., increase in root surface area). The root systems of

al |l harvested trees compmi a@act of t mpl riophtes C€» mp e
dominant taproot (gure 2.4). Although AM4 had reduced root growth and development, the
development of multiple taproots in AM8, AM2, and AM10 may have increased the surface area for

element uptake.

Heavy metals have been demonstrated to negatively impact root growtbvehapdnent [see
Nagajyotiet al.(2010)for review]. However, substrate element concentrations, relativg ©aNCd,
Cr, Cu, Fe, Mn, Pb, and Sr, did not significantly differ between the excapiatedpits. Thus,
reduced aboveand belowground AM4 biomass may be attributed to the physical characteristics of
the substratéhat differed between planted pitmpared to the phytotoxicity of metals present in the
substrate. However, approximately 67 % of AM4 root biomass was present withinl00 cm.
Significantly elevated concentrations of Ni, Cu, Zn, As, Sr, and Pb were present ih 166 @m soil
depthinterval, compared with 100210 cm and 210 340 cm soil depth intervals. The implication of
these results indicates that the root system of AM4 was predominantly exposed to significantly
elevated concentrations of elements, which may have partly agetiitbo the reduced root system
growth of AM4. However, further studies are required to investigate the phytotoxicity of these

ecotoxicologically important metals ®f usneoidesoot growth and development.

2.5.4. Metakextractionand translocation
The discussion below is based on each (i.e., one) T. usneoides specimen Hiexadéd Ni
and Co concentrations were bioaccumulated in coarse roots > aboveground fibaes<2.4).
Nickel and Co BCFs decreased in a iseé dependent fashion (AM10AM2 > AM8 O AM4)

whereas AM2 had the highest Pt BCF. However, Pt BCF was not impacted by the size (i.e., AM2 >
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AMS8 > AM10 > AM4) (Table 216) and was independent of Pt concentrations betywkamedpits as

Pt levels increased in the series: AM2 (46 ng&kddM10 (243 pg/kg) < AM4 (608 pg/kg) < AM8

(699 pg/kg). Platinum and Co BCF > 1 in leaves of AM2 and AM10, respectively. The BCF
significantly differed between plant organs (Pt), tissue type (Pt and Co), and harvested trees (Pt, Ni,

and Co) (Table 2.20 dr.21).

Plant organs

Elevated concentrations of Ni accumulated in different plant organs compared with Pt and Co
(Table 2.4; Figure 2.5 and 2.B). Although the bioavailable fraction of Pt, Ni, and Co was not
determined in this study, it is expected thabased on total metal content in the substiagmn
elevated bioavailable fraction of Ni would be present at the study site compared with(Rt. artds
may also account for elevated Ni BCF compared with Co >> Pt. Nickel and Co, elements that share
similar physicochemical properties, have been demonstrated to interact antagon(Jiscalgt al,
2019) This antagonistic interaction has been documented in metal uptake dynanBeskbgya
coddii (Rueet al, 2020)andAlyssum bertoloni{Gabbrielli et al., 1991yvhereby Ni outcompeted Co
for similar binding sites and transporters on the surface of root cells. In the latter study, elevated Ni
was accumulated b#. bertoloniiwhereby elevated Co (3 149 mg/kg) waesent in the growing

medium compared with Ni (2 053 mg/kg).

Tamarix usneoidesees were exposed to substrate containing Ni: Co concentration ratios as
follows; 7.1 : 1 (AM4), 6.6 : 1 (AM8), 5.6 : 1 (AM2), and 7.4 : 1 (AM10). Rual.,(2020)reported
an elevated accumulation of Ni (357 mg/kg), compared with Co (27 mg/kggrkineya coddiwhen
treated with Ni : Co in a 1 : 1 ratio. This result was supported by other studies deolea® Es k a
and Sameck&ymerman (2018) whereby Ni reduced the bioconcentration of CoHydrocharis
morsusranae In this study, thén plantatranslocation of Ni and Co b¥. usneoidesliffered (Table

2.18and 219), suggesting an antagonistic interaction between these elements at the study site.

Although Ni and Co share similar physicochemical properties, Ni and Co assimilation

pathways have den demonstrated to differ in plants. For example, Yamagethil., (2015)
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demonstrated differential accumulation mechanisms for Ni (vacuole sequestration) and Co
(exocellular sequestration) Bglethra barbinervis It has also been hypothesized that as Ni is an
essential micronutrient [incorporated into enzymes (such as urease) and involved in nitrogen
metabolism], plants have efficient Ni ion homeostasis networks to camfpédntaassimilation ofNi

to avoid phytotoxicityMerlot, 2020) However, although some benefits have been determined for Co
(see Akeel and Jaha(2020)for more information), an essential role of Co in #egume plants is

yet to be determined. This suggests thain@y utilize general and/or Mipecific binding sites (due

to similar physicochemical properties) for uptake andplanta translocation byT. usneoides
Therefore, elevated Ni accumulation Byusneoidesnay be attributed to elevated Ni concentrations

in the substrate (along with lower Co concentrations) and competitive ion adsorption. El@gated
concentrations in the roots @f usneoidesompared with aboveground biomass, supported by TF <

1, indicates that Co was retained in the rootd .ofisneoidestesults supported biwalabaet al.

(2017b)

Linear discriminant function (LDA) analyses were performed to determine if plant organs, as
well as substrate parameters (pH, EC, apdcBaracterized/ predicted Pt, Ni, or Co (explanatory
variables) accumulationin planta (Figure 2.7). The performed LDA discriminated group
membership whereby leaves, twigs, and wood groups overlapped whereas coarse roots formed a
distinct group (Figure .27). Grouping overlap indicated that leaves, twigs, and wood share similar
accumulation traits/ characteristics. This suggests that Pt, Ni, and Co accumulation is significantly
influenced by aboveground plant organsTofusneoidegFigure 2.¥). Separatgrouping for coarse
roots indicates variation in the accumulation characteristics of albogebelowground plant organs,

as well as between roots from different soil depth intervals (i.e., RL and RS).

Sulphur concentrations decreased in the seriesedeav coarse roots > twigs > wood.
Elevated S in leaves may indicate an effective metal tolerance strategy. Sulphur is incorporated into
glutathione, GSH, a precursor for phytochelatin synthésimolecules directly involved in the
detoxification of metaland ROS scavenginfFreemanet al, 2004) Levels of dutathione was

demonstrated to significantly differ between shoots and roBrassica junceavhen plants were
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exposed to metal (Zn, Cu, and/or Cd) treatméitgrowskaet al, 2017) Freemaret al., (2009

reported that concentrations of glutathione present in shoot tissue were strongly, positively correlated
with the ability of variousThlaspispecies to hyperaccumulate Ni. Sulphur concentrations have also
been demonstrated to positively correlate wWiihconcentrations in leaves although linear models
performed in this study were not strongly correlated (results not shown). Elevated BCF > 20 for S did
not significantly differ between harvested trees, plant organs, and/or tissue type. This sugg8sts that
uptake, bioconcentration, and translocation is a characteristic of this halophyte. However, the positive
correlation recorded by numerous other authors suggests that dadisdgt tolerance mechanisms
confer crosgolerance to heavy metal stress. Altlgh glutathione content was not determined in this
study, the presence of S concentrations may account for elevated Ni concentrations in leaves
compared with other plant organs. The documented difference in GSH content between roots and
shoots of other piht speciegKutrowskaet al, 2017)may account for group membership overlap
between aboveground plant orgafamarix usneoidealso translocated elevated Se into leaves (TF >

1), findings supported biKendall, 2010)

Retention of metals rootsis characterized as BCF > 1 in roots and TF < 1. Results from this
study (i.e., BCF > 1 and T¥€1) indicates that AM10 (Co), AM2 (Ni), and AM4 (Ni and Co) retained
metals in roots. The retention of metal(s) in roots was confirmed by the LDA whereby abdve
belowground plant organs possess different traits for accumulation (i.e., groupings diceriap).
Cobalthas been demonstrated to bond witlgatively charged binding sites present on root cell walls
whereas other studies reported the formation of a suberized exodermis, as well as the inhibition of
metal translocation by the Casparianps{timiting metal xylem loading processg#jacFarlane and
Burchett, 2000) These exclusion mechanisms restrict #tweshoot metal translocation, reducing the
introduction of metal ions into the physiological functioning of sensitive plant organs, such as leaves.
This finding is supported by the retention of Cordmts byAllium sativum(Soudeket al, 2011)
Panicum antidotal, Pennisetum purpureuand Helianthus annuuglLotfy and Mostafa, 2014)
Lycopersicon esculentuamd Triticum aestivun{Bakkauset al, 2005) Brassica oleraceé&Chatterjee

and Chowdhury, 2003)as well as the halophyté&Zalicornia europaea, Suaeda maritima, Salsola
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soda,andHalimione portulacoide$ Mi @t al,i2012) The implication of these firidgs is the use of
T. usheoidess a potential candidate for the phytostabilization (BCF > 1; TF < 1) ahdliCo in

saline metatontaminated sites.

Although Pt essentiality has yet to be determined, the significant difference between Pt BCF
by harvestd trees suggesthat AM2 possesses effective Pt assimilation mechanisms, compared with
AM10 > AM8 > AM4. However, further studies will be required to confirm this findiRtatinum
BCF also significantly differed between plant organs in which only AM2dnoentrated Pt (BCF >
1) in leaves, twigs, flowers, and coarse and fine rdair@o) (Table 216). This Pt accumulation
series also suggests that Pt BCF is influenced by mechanisms other than tree size. Thus, future studies
should investigate the Pt@aa mul ati ve mechani sms of AM2 as well
for Pt hyperaccumulation. Thus, AM2 may be a potential candidate for Pt phytoextraction from saline
metatcontaminated sites. Therefore, the Pt phytoextraction potential of AM2 sheulddstigated

under controlled conditions (refer to Chapter 4).

Tissue types

Outer bark (OB) vs inner bark (IB) and sapwood and heartwood (SH)

Elevated concentrations of metals in OBTofusneoide¢Table 2.%) may be attributed to a
combination of factors including (i) atmospheric deposition of metal ions onto the bark ¢Bdahoe
et al, 1998) (ii) re-translocation of elements from assimilation plant orga@iska and Stachurski,
1992) dilution effect(Zarubovaet al, 2015) and / or (iii) variation on tissue affinity of metal

binding.

Elevated concentrations of Pt, Ni, and Co were present in OB compared with other woody
tissue in the following series: OB > IB > SH (FigW2.18; Table 214). This finding is supported by
numerous studies whereby the analysis of bark of various plant species have been successfully
utilized for environmental pollution monitoring of a range of elements including Al, Co, Cr, Hg, Na,

Ni, Se, U,and Zn byQuercus roburand Q. petraea(Bohmet al, 1998) Ni, Cu, Zn, As and Pb by

Pinus sylvessis (Harju et al, 2002) and Al, Fe, titanium (Ti), and scandium (Sc) ®lea europaea
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(Pachecet al, 2002) The determination of metabncentrations in tree bark provides information on

the level and type of air pollution at the study giteshiet al, 2016) These data are vital in the
compilation of contaminant risk assessments and to formulate measures to mitigate the dispersal of
contaminants from a study site and reduce risk to human health in the surrounding area. Therefore, the
OB of T. usneoidegan ke utilized for environmental monitoring of trace elements emitted by the

refinery.

Outer bark serves as a physical barrier against direct IB and SH contamination, accounting for
elevated Ni concentrations in in OB compared with IB > &iva and Mingorance, 2006)
Moreover, toxic elements and dpyoducts are radially transported into the pith of tree stéms
resulting in the formation of heartwod@8tewart, 1966)The toxicity of transported elements results
in the death of parenchyma cellss these cell§orm the first cylinder of the heartwodde. barrier
restricting the transport of elements into i), the death of these cells results in increased transport
of toxic ions across this layeThe sapwoodheartwood boundary moves outwards as tree diameter
increases. This phenomenon was demonstratelubyda et al. (2018) whereby caesium (Cs) was
injected into the outer section of the sapwood. Caesium was actively transported, via xylem
parenchyma cells and diffusion through cell walls moving into heartwood by diffusion. Similar
paterns of distribution may have occurred for Pt, Ni, and Co whereby elements may have been

radially distributed towards to pith @t usneoidefor storaggMartin et al, 2003)

Elevated concentrations of metals have been documentadctonulate in the flowers of
Stevia rebaudian@Ni, Fe, and Al)(Hajaret al, 2014) Raphanus sativu&Cu) (Hladunet al, 2015)
as well asCucurbita pepdZn > Cu > Ni > Pb)YXun et al, 2017) However, the accumulation of
metals in floral parts negatively impacted the repative success ofucurbita peporelative to
pollen viability, seed mass, and pollination dynamics (i.e., reduced pollinator visit@liamket al,
2017) The impact associated with the accumulation of Pt, Ni, and Co (Tallei2.floral parts of
AM2 and AM10 requires further investigation. However, althouhusneoidesare typically
propagated using cuttind®Vilson, 2010) the aim of other phytoremediation trial may include the

restoration of biodiversity in minenpacted sites. Therefore, future studies should investitiee
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impact of metal accumulation in floral parts Gt usneoidestrees if selected for use in

phytoremediation trials with the aim of restoring biodiversity.

Inner bark (IB) vs sapwood and heartwood (SH)

Elevated concentrations of Pt, Ni, and Co wamesent in IB compared with SH. This finding
may be attributed to the radial transportation of elements, along with water, from xylem to phloem
resulting in the redistribution of heavy metals in the stelagemeyer and Hubner, 1999) a study
conducted by Hagemeyer and Hubngr999) Pb retained in the SH had the potential to be
remobilized and subsequently redistributed to the IB of the wodeimfs sylyestrisThese results
may also beattributed to varying cation binding capacities of IB and &klv-Yadun and Aloni,
1995, Momoshima and Bondietti, 1990)he lower metal concentrations present in IB and SH,
compared with leaves, indicate that leaves should be harvested if metals are to be recldimagh Al
elevated metal concentrations accumulated in OB, bark stripping would compromise the growth and

survival of treegNagaike, 2020) negatively impacting the efficacy of phytoremediation trials.

With regards to root C and stele, the Casparian strip may have selectively excluded the
transport of metals to the root stele and subsequent xylem loading. This decrease in xylem loading
may have accounted for lower concentrations of metals in the steipaced with E and C
(MacFarlane and Burchett, 200®latinun, Ni and Co accumulation series in coarse roots differed
between @ 100 cm and 100 340 cm. Metals accumulated between coarse root tissue typd9@
cm soil depth layer) in the series, E > C > stele whereas Pt and Ni accumulated in the series, C > E
stele in 100" 340 cm soil depth layer (Table 2)1 Also, elevated metal concentrations accumulated
in coarse root E, compared with C and stele (Tablé)2may be attributed to sorption of Pt, Ni, and
Co directly onto the root cell surface as thetrepidermis was in direct contact with soil

contaminants.

Although it is unlikely that all contaminants, deposited onto the surface of plant material,
were removed during the washing process, the low transfer factors of Al, Si, Fe, Cr, and Te, indicate

that (i) plant surface contamination was negligible, and (ii) the washing procedure was effective in
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removing contaminants potentially adsorbed to the surface of plant mdkeighri et al, 2006,
Wyttenbach and Tobler, 200Zyhese findings are supported Basmaz and Yaman (200G}hus,
future studies can utilize this washing procedure to reduce any source of error which may occur from

plant surface contamination in the field.

Tree size

Platinum, Ni, and Co (excluding) concentrations significantly differed between harvested
usneoidesrees varying in size (Table 2. and 215). Typically, larger trees of the same plant species
have elevated rates of evapotranspiration (ET) due to increased surface area an@Rthans al.,
2017) Metals, present in solution, are taken up by the plant and translocated to aboveground biomass
via transpirational pull. Thusalthoughelevated rates of evapotranspiration by larger trees (e.g.,
AM10 and AM2) may contribute to highér plantametal concentrationfye et al, 2018, Dyeet
al., 2017) further studies will b required to confirm this findng As ET depends on a
area, water availability, and climatic conditions, lower element concentrations present in AM4 may be

attributed to the inability of tdndthewatarmablés r oot

The dilution effeciJarrell and Beverly, 1981¥as not evident in this study relative to Pt, Ni,

and Co, which followed the series: AM2 > AM10 > AM4 > AM8 (Table4}.1As plants age,
physiological activity decreases. This wdemonstrated byTu et al, 2004) whereby arsenic
accumulation byPteris vittatadecreased as plant age increased due to reduced physiological activity.
However, larger trees may compensate for the reduction in physiological activity due to an increase in
number of metal storagsites (i.e. cells and associated storage sitereove, T. usheoides
investigatedn this study were of similar ages (approximately 9 years) at the time of harvest. Thus, it
was unlikely that the dilution effect contributed to the variation in metal accumulation by trees

ranging in sizes.

Variation in elematal assimilation between harvested T. usneoides trees
Results from the LDA indicate that the predictor variables (Pt, Ni, Co, and S) were able to

discriminate between different groups. Results from LDA (along with LD1 > 90 %, refer to Figure
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2.17) suggesthat the individual characteristics of harvestedisneoidesrees impact / influences Pt,

Ni, Co, and S BCF. The overlapping of AM2 and AM10 groups indicated that these two trees share
common traits with regards to Pt, Ni, Co, and S bioconcentrati@esTAM10 (Ni) and AM2 (Pt)
bioaccumulated (BCF > 1) and translocated (TF > 1) Ni and Pt, respectively, into leaves. Platinum
was also bioaccumulated in the leaves of AM10 and AM4 whereas Co and Ni were bioaccumulated in
the leaves of AM2 and AM8, respeatly. Elevated concentrations, and BCFs, for Pt, Ni, and Co in
AM2 and AM10, may be attributed to geochemical conditions (i.e. differences in pH, \EEB\dE
element composition and concentrations which differed betyeetedpits) (Assuncacet al, 2003)

plant factors (e.g. tree size), as well as the interplay between these factors. Sulphur allocation did not
significantly differ betweerT. usneoidesrees (Table 25). This may be attributed to the halophytic
properties of this plant species whereby $iyperaccumulated to similar degrees independent of the
tree size. This indicates that the regulation of STbysneoidesvia the hyperaccumulation of S
between plant organs, malay a role in maintaining the species ion homeostasis netBarkadhya

et al, 2015, Wilsoret al, 2017)

Results from this study suggest that AM2 and AM10, have the ability to bioaccumulate (BCF
> 1) and translocate (TF > 1) elevated levels of Pt, Ni, and/or Co, compared with other harvested
usneoidedrees, namely AM4 and AM8. Cobalt disution in plants is specied.ago-Vila et al,
2015) Cobalt translocation was below 1 (TF < 1) for AM4, AM8, and AM10 (Tall8) 2suggesting
that the accumulation and translocation of Co is not influenced by tree size but rather by individual
tree / site characteristics. Further studies under controlled conditions, such as plant tissue culture or
pot trials, should be conducted asledarvested tree was exposed to different abiotic (e.g., element
composition and concentration, substrate conditions such as depth of overburden layer) and biotic
factors. Therefore, these factors along with genotypic and phenotypic variation betwessteldarv

trees contributed to assimilation by differ@ntusneoidetrees.
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2.5.5. Phytoremediation potential of T. usneoides

Nickel and Co concentrations accumulatedibysneoidesvere above the standard reference
plant concentrations (Ni: 410 mg/kg; Co: 0.05 0.50 mg/kg)(Misra and Mani, 1991yvhereas Pt
was within ths range (0.02 256 pg/kg) (Rauch and Fatoki, 2013Baker and Whiting(2008)
previously characterized the criteria for metal hyperaccumulation [see Van der &ni{2013)for
review]. Although BCF > 1 and TF > 1 for Pt, Ni, and Co for certain harvested tredn, fitaata
metal concentration did not exceed the hyperaccumulation threshold for Ni (> 1 000 mg/kg), Co (>
300 mg/kg), or Pt (hyperaccumulatiorrébhold yet to be determinédplease refer to Chapter 4)
(Figure 219) (Bakeret al, 2020) Although T. usneoideslid not hyperaccumulate Pt, Ni, or Co,
elevated concentrations of these metals were accumulated. lsneoidestrees under saline
conditions. The biological impalation of these findings indicates thht usneoidess a potential
candidate for the phytodesalination and phytoremediation of heavy metals from saline metal

contaminated substrate.

Salinity tolerance confers heavy metal tolerance

Halophytes have beenddtified as an emerging biotechnology for the desalination of heavy
metalcontaminated sites due to a range of molecular (generation of osmoprotectants), cellular
(vacuolar storage, apoplastic vs. symplastic metal transport), and physiological (storageretioh
via salt gl ands) mechani sms. These mechani sms
homeostasis network to tolerate elevated levels of sal{Siganadhyaet al, 2015, Wilsonet al,
2017) Tamarix sppcan differentiate, separate, and excrete a range of salts and metal ions via salt
glands(Hagemeyer and Waisel, 1988, Sookbirsietjal, 2010) Platinum, Ni and Co may have been
translocated to, and excreted via salt glands present in the leafeusfieames accounting for
elevated metal concentrations in leaves. These salt glands ehahleneoidesto take up,
hyperaccumulate (S in leaves: BCF > 20 and TF > 1), and hypertolerate elevated concentrations of
salts (salt derived anions bound with heavyai®tin which excess salts may be excreted onto the
surface of the leavg®ennis, 2008, Wilsort al, 2017) Some studies have demonstrated the use of

exorecretohalophies for phytodesalination (via haloconduction) of saline reiataminated sites.
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Yensen and Biel(2008) estimated that % 50 tons / ha/ year of salt could potentially be
dispersed if 50 % of salts excreted on the surface were tofmrghs via wind. As salts are typically
macroe and / or micrenutrients, the dispersal of salts at low concentrations may improve growth
conditions of areas that are sad#fficient. Recretohalophytes are therefore advantageous for
phytodesalination, comped with salt accumulators, in this regard based on the mode of salt removal
(i.e., haloconduction). Thus, salts excreted onto the leaf surface may have been mobilized and
dispersed (via wind) into surrounding aréaaccounting for elevated salt conceritras away from
the plantedpits. Therefore, T. usneoidess a potential candidate for the phytodesalination of saline
sites via haloconduction. Howevdr, usneoidesrees may be considered smadhle sources of salt
contamination whereby salts extracted from different soil depths are transported to the surface and

dispersed onto surrounding areas via haloconduction.

Tolerance

Although tolerance was not meaddirand quantified in this study, no sign of metal
phytotoxicity (chlorosisandnecrosisdue to elemental concentrations) was observed. Leaf senescence
was observed in lower parts of the tree which may be attributed to maturational developmental
processes alior mechanical damag&amarix usneoidemay be termed a metallophyteambinon
and Auquier, 1963jlueto its ability to tolerate andompleteits lifecycle (observed as production of

flowers) on metalliferous soils (namely secondary heavy metal @iakgret al, 2010)

2.55. Removal of Pt, Ni, Co, and S from the area surrounding ponds

Fewstudies have investigated the phytomining potential of plant species relative to PGEs and
Ag (Dinh et al, 2022) A review of the available literature suggests that various Ni
hyperaccumulators are potenti@ndidates for Ni phytomining. For example, estimated Ni removal
ranges from 27 kg/haAlyssum serpyllifolium- (Morais et al, 2015), 36 kg/ha Koccaea
goesingens)s 55 Qdgntalthana ¢halcidica(Rosenkranzt al, 2019) to 72 kg/ha Alyssum

bertolonii - (Robinsonet al, 1997b). Plant species for effective Co phytomining is limi{€@haney
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et al, 2014) One factor contributing to this is the antagonistic interaction between Ni and Co,

whereby Ni displaces Co for root sorption.

Although these plant species have been documewotegniove economically significant
amounts of metals, most hyperaccumulators are herbaceous plant species with low (hiomass
al., 2016) Low biomass production limits vertical root growth and consequently, root access to lower
soil depth intervals. This may limit the efficacy of phytoediation (and phytomining trials). This
indicates the need to identify fagtowing, tolerant plant species which accumulate elevated metal
concentrationgEbbs and Kochian, 1997)n this study, the allocation of Pt, Ni, and Co by
usneoidesvas investigeed. However, &sed on current trading pricBsME, 2022) the harvesting of
T. usneoidesrees for Ni, Co, or Pt would not be economically viable. Thus, from an anthropocentric
standpoint, the use d@f. usneoide$or Ni, Co, or Pt phytomining would not be economically feasible.
Site-specific conditions may havenited the assimilation and allocation of metalsTbyisneoideslt
is therefore proposed that further studies should be conducted to determine the phytoextraction

potential of T. usneoidesnder hydroponic conditions (i.e. simulating base metal refirféneat).

Based on the (a)biotic conditions at the time of tree harvest, it was estimateariested 9
year oldT. usneoidesontainat leastl 0881 1 461 kg of S/haBecausd . usneoidess continuously
excreting and shedding salts, and these werduded from the measurements, the actual
phytoextraction capacity over time is beyond the scope of this.skldyated S allocation by.
usneoidess supported by studies conducted (Bennis, 2008)and (Kendall, 2010) This indicates
that T. usneoidegan effectively desalinate metal contaminated sites by significeedliycing salt
load. A review of the available literature focuses on the desalination of land relativé amdNG .

For example, the halophytelalogeton glomeratyshas been reported to remove an estimated 2 105
kg/ha of salt(Li et al, 2019) whereas lowe NaCl yields have been reported f&esuvium
portulacastrum(approximately 1000 kg/ha)(Rabhiet al, 2010)and Sesuvium edmonston@51 kg
Na/ha)(Islam et al, 2022) This highlights he use of halophytes, such Rsusneoidesas a tool for

phytodesalination.
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Furthermore, the release of salts and metal ions into the environment is expected to increase
(Lutts and Lefévre, 2015, Nriagu, 1998initing the use of glycophytic hyperaccumulators for metal
recovery. Results from this study indicate thatusneoidesas the potential to significantly reduce
the salinity of metatontaminated sites advancing the survival conditions of glycophytes used for

phytomining.

2.56. Other ecotoxicologically important elements

Tamarix usneoideaccumulated (BCB 1) a range of metals and metalloids in the following
series: Ni>Co>Zn>Mo>CO As, W lhsneoidemluded (BCF < 1) certain metals in the
series: Fe > Te > Cr > Pb. These findings are supported by results obtained byeDahnj2008)

Sulphur and Se share similar physicochemical properteds T. usneoidesis known to
hyperaccumulate Se from selenate, and S (Kendall, 2B&8gd on these similar properti8sand Se

may utilize similar biochemical and metabolic pathways. Although pathways involved in S and Se
uptake, accumulation, and translocation werestudied, elevated BCF and TFs may be attributed to
low and high affinity transporters present in root cells. Also, the significant difference between S and
Se TFs may suggest that, although there were elevated soil concentrations of S (4 282 + 694 mg/kg)
compared with Se (32 += 4.6 mg/kg), the elevated presence of S may have redygcetih@F
biological implication of this finding, in the context of this study, indicates that competitive ion
absorption between elemgpairswith similar physicochemical pperties, such aS and Se, anili

and Co, may have contributed to tbbservedpatterns ofuptake andin planta translocation.
Moreover, calcium (Ca) has been demonstrated to compete with Co for binding sites (i.e., competitive
ion adsorption)Lwalabaet al, 2017a) This reduces the uptake and subsequent phytotoxicity of Co.
Calcium soil concentrations for AM10 (3 276 mg/kg) and AM4 (2 164 mg/kg) were higher compared
with AM2 (1 900 mg/kg). Although total element concentration is not a true indicator of the
bioavaibble fraction of Ca in the soil, Ca (as well as Ni) may have outcompeted Co for plant uptake
and subsequent translocation. This finding highlights the importance of determining the composition

and concentration ahinerals as well as elememiiesent in th substrate of the study site.
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6normal & plJant

Figure 2.19. Uptakeand accumulation of elements in plant leavesThynarix usneoidedemonstrating varying degrees 1
tol erance. O6Normal 6 plants can only tolerate | ow IMetale
excluders possessavoidarte strategies, tolerating and surviving over a range of metal concentrations under a pe
threshold. However, once this threshold is exceeded, unregulated levels of metals may enter the plant resulting is ¢
effects. Accumulators/ bioindicats are plants which accumulate (below the hyperaccumulation threshold)
concentrations, in the leaves, reflecting the metal concentrations in thBlstzl accumulatorprovide qualitative information
about soil quality. Hyperaccumulators can (hyfmerate elevated soil anth planta metal concentrations by deployin
efficient and effective metal ion detoxification strategies. Note: Dotted baseline represents hyperaccumulator 1
concentrationAlso, latent hyperaccumulator line depicts iitigh of obligate hyperaccumulators to occur in soils with Ic
metal concentrations. Element symbols represent the stratefyusheoidesharvested from the study site, with regards
certain elements accumulated in leaves. Adapted Baker, (1981); Mertenst al., (2005);van derEnt and Baker, (2013)
Langeet al.,(2017)
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2.6. Conclusion

Tamarix usneoidesn the study site was found toperaccumulate S and Se (data not
shown), andaccumulate Pt, Ni, and Cdhe site substrate was too heterogenous overall to allow for
unambiguous conclusions, although tree size and genotype appear to influence metal extraction,
whereby AM2 and AM10, ar¢he bestcandidate trees for the phytoextraction of these metals.
Elevatedin planta Ni concentrations (BCF > 1 and TF > 1), compared with Pt and Co may be
attributed to elevatedoncentrations oNi (i) in the substrate, (iijn plantamobility compared \th
other metals, as well as (iii) competitive ion absorption in which Ni may have outcompeted /
displaced Co for binding sites and subsequent assimilatidn bsneoidesThe elevated %ith BCF
> 20, TF > 1, indicates significant remodl S from the $udy site The reduction in EC iplanted
pits, compared withunplanted ontrol pits, indicates thaf. usneoidess a suitable candidate for

phytodesalinationwith simultaneous accumulation of Pt, Ni, and @aler saline conditions.

Further studies neetb be conducted to determine the degree of Pt, Ni, and Co uptake,
translocation, and tolerance (relative to measuring physiological parameters over time) under
controlled conditions, such as plant tissue culture (refer to Chapters 3 and 4). This iguitsd
each harvested tree was exposedhighly dissimilar substratephysicochemical propertieg.e.,
variation in physical (e.g. depth of overburden layer) and chemical (e.g. element composition and
concentration)] whiclmay all havecontributed to iferences in tree size, metal accumulation (BCF),
and metal translocation (TF). Tree size influenced the accumulation of metals between plant organs

whereas the dilution effect was not observed in this study.

The medium and large individu&year Tamaix usneoidesaccumulated S aboyground
(BCF > 20; TF > 1) These results were supported by lineer concentrations of S arC in the
rooting zone soilsompared witlcontrol (unplanted)soil profiles This indicates thaf. usneoidesan
be used as a tool for the decontamination of sulpt@téaminatedsoils wnder site conditions
investigated in this study. Thesults of this study demonstrate that®years of ageT. usneoides
has significantly reduced the E& the 0 i 100 cm deph of the substrate, whilgimultaneously

accumulatingto a lesser extenhi, Co, and Pt) In conclusion, the managed growing awodtine
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harvesting ofT. usneoidediomasscan ameliorate substrate contamination over time arehte

conditions which arenore conducive to the survival of glycophytes.
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3.1. Abstract

Factors impacting the rhizogenesis of explants were investigated to develop a protocol for the
mass propagation of the recretohalophijft@marix usneoidesTamarix usneoidess utilised in dust
control and phytoremediation of acid mine drainage in southern Africa. Migiglights the
importance of screening and mass propagafingsneoidegenotypes with an elevated capacity to
tolerate and accumulate salts and metal ions. Experimental conditions were selected based on the
different stages of plant tissue culture, namely donor pldiegase controlexplant, and culture
conditions.Explant establishmentn vitro was influenced bydonor plant factorsnamely growing
conditions [explant establishment of donor plants cultivatednamncontaminated area@9 %) >
contaminated areas (22%); (KW, p < 0.0pfjysiological age of the donor plafissmonth old donor
plants > 10 24 month old donor plants; ANOVA, p < 0.05], genotype (KW, p < 0.001), season of
propagation (highest in winter compared with other seasons; KW, p < 0.001), length of explants (40
mm > 25 mm; KW, p < 0.05), and volenof grovth vial (50mL > 15 mL; KW, p < 0.0§ also
influenced explant establishment. Conversely ctiv@nological age of explantgH level, strength of
plant growth medium, and auxin pulse treatments did not affect explant establishratmtdarded
andrapid in vitro protocol was developed for the masicropropagation ofl. usneoidegxplants.
This study identified variables that influence explant establishinevitro whereby imited studies
have beerconducted on the impact of donor plant growing conditiand genotype on the vitro
morphogentic response of explant¥his highlights a crucial gap in research and the need for further

study.

Keywords: Micropropagation, Tamaricaceae, genotype, growing conditions
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3.2. Introduction

Salinisation, incombination with heavy metal assimilation, negatively impacts the growth and
survival of both flora and faun@mezketa, 2006)This creates precedence for the use of halophytic
species for the (i) @ontamnation of soils (Rabhiet al, 2010) and/ or (ii) useasnew salttolerant
crops (Pantaet al, 2014) The predicted increase in the combination of these str¢isstts and
Lefevre, 2015)highlights the need to develomass propagation protocols for halophytes with

elevated phytoremediation potential.

Tamarix usneoide€. Mey ex Bunge 1843 (Tamaricacgais an indigenous, evergreen
recretolalophyte tregBaum, 1978)Like otherrecretdalophyte specieqg,. usneoidepossesssion
uptake, translocation, and excretion mechanisms to maintain cellular homeostasis (as evidenced by
the presence of foliar salt glandd)his trait, and observations thBamarixspecies naturally colonise
gold and uranium mine tailgs in South AfricgWeiersbyeet al, 2006a) make this studyspeciesf
particular importance fophytotechnologiesTamarix ramosissimandT. chnensiswere plantedon
mine sites in the early 1900s for dust conifbhatcher, 1979)The presence ofamarix hybrid
swarms in the Cape provinces were nofadthe mid-1900s and hybridisation betweer.
ramosissima T. chinensisand T. usneoideshas been verified using DNA barcoding and
microsatellites or short sequence repeats (S®R)yondeet al, 2015, Mayondeet al, 2019b,
Mayonde et al, 2016) However new evidence shows that barcoding cannot discrimihate
ramosissimaand T. chinensis can give misleading resul(3errones Contrerast al, 2022) Since
2002, T. usneoidezuttings from wild populations in the Northern Cape Province have been planted
on areas impacted by acid mine drainféigge et al, 2008, Weiersbyet al, 2006a) Only this species
has desirable traits for phytotechnologial applications, i.e. indigenous with an evergre€Bdahit
1978) dense foliar salt gland®Vilson et al, 2017) tolerance to acid mine draina@iye et al, 2022,

Dye et al, 2014) and relatively low wateuse(Dye et al, 2022, Krug, 2017)vith phytodesalination
ability (Webbet al, 2018) Therefore, there is considerable justification for mass propagatidon of

usneoides



226

Numerous types of studiem (vitro, hydropone, pot trials, or field studies) are conducted to
investigate the phytoremediation potential of plant species and their genfitgp@splications for
clone propagation)However, these studies are limited by the inability to quantify abiotic and biotic
factors which fluctuate through space and ti#ferences in experimental parameters limit the (i)
repeatability of study methodology, (ii) verification of obtained results, (iii) quantification of
numerous variables, as well as (iv) standatibn of experimental condition$ hindering the ability
to compare data and results between different sty@elanGoldhirshet al, 2004, Watsoret al,
2003b) A potential solution lies in the development of protocols for the propagation of plants under
standartbed and quantified abiotic and biotic conditions, namely, plant tissue culture (PTC)
enabling the effect of expenental variables to be distinguished from controlled variables. Plant
tissue culture involves thia vitro culturing of plant material excised from a donor plant, which is
subsequently exposed to a set of known (a)biotic factors and is divided intoafiyes Jtable 3.}

(GarciaGonzalest al, 2010)

A number ofin vitro studies have been conducted damarix spp English language
publications only are listed ifable 3.2). Those studies investigated the function and/or efficacy of
salttolerancestructureqT. usneoide$ Wilsonet al.(2017) T. gallicai Lucchesiniet al, (1993) T.
hispida - Wang et al., (2018) propagation of explants for potential use in biocontrol studies (
ramosissima Yu and Tserendagv#2012), the potential production of pharmaceutical compounds
(T. nilotica- Al-Qurainy et al.(2015), and screening of genotypes for tolerance and recovery of gold
(T. usneoidesWilson et al. (2022) (Table 3.2) These studiesighlight the importance of developing
protocols for the massionopropagation ofl, usneoidesin order to optirise the efficacy oin situ
phytamining or phyteemediation, clones are required to be mass propagated with Ilittle
polymorphism. This highlights the advantage of using explants from genetically verified donor plants
as plantlets derived from seeds have eetoelygous nature, and therefore are not favoured for
propagation ofclones with desirable traif@Jpadhyayet al, 2014) However, in order to optirse

PTC protocols, factors affecting explant rhizogenesis (i.e. establishment) must be investigated.
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Table 3.1. Stages of plant tissue culture affecting explant establishment.

Stage of plant tissue culture Variables influencing explant establishment

Stage 0 Donor plant status

The donor plantprovenance,genotype, physiologye(g. Genotype: Numerous studies have concluded that differences in morpbtcferesponses of the same plant spec
plant age/ topophysis plant growing conditions, and tr to in vitro culture may be attributed to plaptovenancefenotype(Kim et al, 1998) Furthermore, genotypspecific
time of explant excision are important factors contribut responses may also occur (mediated by donor pskatus), leading to somaclonal variafidMiguel and Marum,
to the success of explant introduction and establishine 2011) Thus, different plant species, and more specifically different genotypes of thespawies, may requin

vitro (Kartsonas and Papafotiou, 2007) different culturing environments (temperature, photoperiod, and nutrient media composition).

Donor plant growing conditions: Standarging environmental growing conditiorfe.g. use of greenhougesnables
variables such as temparee, relative humidity, irrigation, and positioning of plants within thengng environment
to be controlled. The regulation of these variables has been found to improve the sucicesstrof explant

establishmengPierik, 1997) By way of examle:

1 The nutrient status of donor plants (equivalent to the nutrient status of the explant excised from that
donor plant) is influenced by season and the yBamanoet al, 2002) The bioavailability of element
within the radvingmediunpdiffarsiltetiveen spasons due to changes in environmental (<
temperature) and plant (such as increased rates of evapotranspiration (ET) and the release @

compounds into the soil) factors, mediating element uptake by the domdrgpld contributing to the

7 Positional effect of explants on the donor plant before excision.

8 Refers to the development of morphological/ physiological features. Morphogenetic/ physiological characteristics mehgistddy include shoot length, root length, number of shoots
and roots, secondary (lateral) rooting, and presence of root hairs.

9 Defined as phenotypic variation in explants of the same genotype.
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nutrient status of the donor plant;
91 During the growing season oflimus villosa cuttings had significantlf elevated levels of tota
carbohydrates and peroxidase activity accompanied by low nitrogen. levels
These examples highlight the potential differences in the morpktigersponse of explants when excised fr
donor plants during different seasons. Thiay also limit the repeatability of explant response in culture du
variation in donor plant and environmental factors between seasons and years. Furthermore, donor plants ar
treated with an insecticide and/or fungicide in order to prevenirttnoduction of contaminated plant material ir
culture (GarciaGonzaleset al, 2010) Thus, the succesd in vitro plantlet establishment is mediated by the spe
and/or temporal (such as the seasonal differences and the age of donor plants) differences in the growing co

donor plants.

Physiological age of donor plant: The physiological ag€ of the donor plant has received much attention in re:
decades(Basto et al., 2012, Dumas and Monteuuis, 19%8)ysiological matration increase with increasing
chronological age (cyclophysis) whereas some aofaan individual plant(e.g. top of plant) reacdifferently
compared with other zones (e.g. inner parts of the individual) of the same individual due to variatiorsimeskp
environmental conditions (i.e. topophysiBxplants excised from younger donor plants generally have elevatec
of root formation compared with explants from olgdants. Thus, thén vitro establishment response (rate &
percentage of exphd establishment) may be reduced when explants are excised from physiologically oldel

plants.

Stage I- In vitro introduction of explants

Tissue culture provides a controlled, aseptic growing environment where certain variables, such as light, temperagitejmathty, the nutrient composition thfe plant growth

medium, as well as the volume thie plant growth medium, are standesatl. Tissue culture enables the results obtained under these controlled conditions to be attributi

10 <0.05

11 Refers to plant tissue in a particular stage of development which has undergone more cell divisitifisrantation For example, physiologically older tissues have
undergone more cell divisions and differentiation compared with developing / younger plant tissue.
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response of an explant to a particular independent variable, such as the addition of certain heavy metals to the gmwingdeeth determine¢h pl ant 6 s phy s
to varying concentrations of that particular heavy meté{epjwani and Dantu, 2013 The standatidation of these environmental variables, along hihaseptic practice, allow:
for increased study repeatability and result verification. However, it must be noted that the controlled environmenttireffetitnihe physiological (e.g. morphologice
functioning of explantsn vitro. Previously published studies have demonstrated the reduction in shoot length growth, cellular elongation, as wellsas ciamgeal size

density and aperture whereas thember of shoot branches has been reported to increase under tissue culture c¢@diivetsal, 2006)

Stage II- Explant propagation

The success of explantestablishment has bee Explant type: The type of explant used depends on the aim ofettperiment such as the use of establis

demonstrated to depend on the culture technique (ex plantletd? to determine the tolerance, uptake, and translocation of metal species by plantlets (pertinent to thi

type, size, and age) which is influenced by the species k A number of different types of explants can be cultured including single cell, orgars, @tibryo or protoplast

cultured as well as the genotyf@arciaGonzaleset al, culture(GarciaGonzalest al, 2010) SantaMaria et al (2009)demonstrated that thaptimal culturing technique for

2010) sweet potato is via organ tule, whilst somatic embryogenesis was used to micropropagate coffee (@antana
Buzzyet al, 2007)

Explant size: The size of the explant influences the sucads® vitro establishment. Smaller explants may h¢
lower establishment rates, compared with larger explants, as smaller explants typically have lower I
phytohormones (e.g. less auxin per unit of plant tissue) and nutrient re@eientls 1997) This may lower the ratt
and number of explants establishiimgvitro. Differences in the establishment and physiological growth of plar
varying in size may also be attributed to the chronological age of the explant, astapt@sysigMencucciniet al,
2005)

Chronological age of explantsMaturation refers to thehronological®, ontogeni¢*, and physiological ageing of th

plant tissuesWith regardgo the chronological age of the donor plant and axillary bud culture, buds isolated cl

21n the context of this study, a plantlet refers to an established shoot explaip(eet eomprising of both shoots and roots).
13 Chronological ageing refers to the time since a particular plant tissue differentiated
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the apical meristem (top of donor plant) are generally younger thae thoated and isolated near the base of
plant stem/ branch. Chronological aging is influenced by environmental condifiamserous studies hav
highlighted an elevated physiological functioning in chronologically younger expl&otst and Sahoo (2007
concluded that the ability of a certain plant species to tolerate heavy metal stress is mediated by plant age
donor plant age increases, levels of endogenous iddatetic acid (IAA) decreases thereby limitingeth e x p
ability to establishn vitro. These stages of ontogenic aging may be observed as differences in physical (suc
number and development of salt glands) and chemical (such as organic compounds) mechanisms involvet

tolerance, uptak and translocation, as well as plant defeiiBaston and Koricheva, 2010)

Plant growth media strength: Plant growth medium was developed, and revised, to meet the requirements ¢
materialin vitro. Growth medi generally consists of inorganic nutrients, vitamins, carbon source(s), as well as
regulators. Murashige and Skoog (MS) standard plant growth medium consists of inorganic salts and is wic
for a range of plant speci¢$¥able S3.] (Murashige and Skoog, 1962)he development ad defined MS standarc
plant growth medium enabled numerous plant species to be cutuvérb and thus, is the most widespread nutri
medium used in plant tissue cultuidurashige and Skoog, 1962, Thorpe, 20089me studies have modified tl
strength/ concentration of MS media, as well as the addition of constituents suitzhmaiss, which further increase
the range of plant speciésatcould be optimally established and grown using MS medi@atti, 2008) It must be
noted that the widespread use of MS media allowsrthétro regponse of numerous plant species to be dire

compared as well as method repeatability and dgdition, and the standasdtion of numerous variables.

Phase of growth medium:The addition of gelling agents to plant growth medium provides supposxfdants
thereby standarsing growing conditions. For example, the orientation of the explant is staseth(fle. the amoun
of light reaching certain proportions of each explanstandardised(Thorpe, 2007) Liquid (hydroponic) plant
growth medium has been studied asediin numerous plant growth and nutrition experiments. Althoughsaidi

4 Ontogenic age refers to the growth and development of the same plant tissue, such as leaves, passing through a geiizblef apcbpredictable stages of the same
organ Barton, K. E. & Koricheva, J. 2010. The ontogeny of plant defense and herbivory: characterizing general patterns eairdysiseithe American Naturalist. 75,
481-493.
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plant growth media has a homogenous nutrient composition, liquid medium may have elevated levels of bio
and bioaccessible elements to plantlet root systems. The prodo€tiont hairs, which increases surface area
element uptake, and root system architecture (FSAde influenced and impeded by a solid phase medium. Th
liquid medium is advantageous where the ability of established explants to take up metatouatrdlled conditions
is being investigated (such as the present experimgtds)da, 2007)

Stage Il - Explant establishment

Adventitious root formation (ARF), mediated by gene!
molecular, cellularand physiological processes, involv
the formation of roots from differentiated explant tiss
such as stem@acuraret al, 2014) In this study, ARF was
used as a proxy for plantlet establishment. Adventitious
formation consists of three physiological proces:
including the induction phase (activation/ expression
ARF genes), initiation phas@ledifferentiation of cells a
the site, or close to the site, of excision resulting in
formation of internal root meristems), and the expres:
phase (growth of root primordia and emergent
Secondary root formation (lateral rooting) and root t
production increase surface area for nutrient absorg
(Pijut et al, 2011) The two main types of adventitiot

roots are preformed and woumtluced roots.

Preformed roots, present during stem developm

Auxin treatments: Numerous studies have demonstrated that the addition of phytohormones to the plant
medi um pr omot énsvitra nfomhogerip respande §Table S3.2Tilkat et al, 2009) Phytohormones
especially auxins such as ind@ebutyric acid (IBA), naphthaleneacetic acid (NAA), and ind®lacetic acid (I1AA),
are common additives the culture medium to promote a desired morphagemesponseNissen and Sutter (199(
demonstrated that IBA is significantly more stable compared with IAA when exposed to elevated temp
(conducive to autoclaving) and light intensity and has elevated stability in MS solution and resistance to el
degadation. Indole3-butyric acid has also been implicated in significantly improving ARF, compared with
when added tehe plant growth mediunfLudwig-Mdller et al, 2005) Studies have also suggested that auxin p
treatments (addition of auxin to plant growth medium for a certain period of time, such as 24 hours) promote
induction phase. Numerous studies have demonstrated the effé8A on ARF induction in which the auxil

concentration, exposure period, and plant species differed (Tale S
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remain dormant until the stem (such as a cutting or exp
is exposed to optimal growing conditiorfRijut et al,
2011) Woundinduced roots involve theofmation of a
protective subésed cell layer protecting the explant fro
biotic infections. Subsequently, cells divide formi
dedifferentiated parenchyma cells or callus, followed by
differentiation of cells into roots facilitated &
phytohormones. Ae main factors influencing ARF ai
plant genotype and the endogenous levels
phytohormons (Pacuraset al, 2014)
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3.2.1.Factors influencing rhizogenesis in vitro

The donor plant mineral nutrition, genotyfidiguel and Marum, 2011)physiological age
(Bastoet al, 2012, Dumas and Monteuuis, 199p)ant growing conditions, and time of explant
excision(Ramanayakeral Yakandawala, 199 Have been reported to be important factors mediating
explant establishment (including rhizogenestd)hough limited studies have investigated the impact
of donor plantgrowing conditionson in vitro explant establishmenthe presence ofheavy metal

(Gatti, 2008) salinity (Munns and Tester, 2008nd droughtTadayyn et al, 2018)stressrs have

been demonstrated to impact explant establishment by altering plant mineral nutrition. For example,

the presence of heavy metalsch as copper (Cu), may disrapé assimilation of essential cationic
micronutrients(e.g. calcium) due to competitive ion adsorption plants modifying plant mineral
nutrition (Schwambachet al, 2005) This mediates explant rhizogenesis as mineral nutrition of
explants is equivalent to the nutrient status of the donor (snAlmeidaet al, 2017, Schwambach

et al, 2005) As the bioavailabilityo f el ements within theavadesnor
spatially and temporallythe physicochemicabroperties of the growth media, as well as seadon
explant harvest, must be considered as an important variafligencing plant nutrition carbon
status, and water conteamid therefore, explant rhizogenedtwvineret al, 2006) Maturation refers to
the chronological, ontogeniand physitbgical ageing of the plant tissu@Rasmusseset al, 2015)
whereby buds isolated closer to the apical meristertnetionor plant are generally younger than
those isolated from the base of the pldhtinnéBosch, 2007)Numerous studies have highlighted an
elevated physiological functionin@.g. transpiration, abiotic stress response, photosynthesigyetc)
chronologically younger explants. The physiological age ofdbeor plants also influences the
morphogeptic response of explant® vitro, where explants excised from younger donor plants
generally have elevated rates of root formation compared with explants from oldefAsaritst al,

2010)

p I
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Tamarix spp

Uses ofTamarix

Aim of study species

Micropropagation conditions

Outcome

Reference

T. usneoides To describe

the Phytoremediation

of (phytodesalination
vesiculated and phytomining of
trichomes (salt gold (rhizofiltration)
glands), and scree

genotypesin vitro

for tolerance to pH,

gold  compounds

and gold recovery.

ultrastructure

3 cm explants (apical shoots) were excised faonor
plants grown under greenhouse conditions. Expla
were surface stiised in 2% sodium hypochlorite fo
15 minutes and subsequently rinsed thtimees in
ultrapure water. Explants were cultured in 12%

growth vials containing 2nL liquid, quarterstrength
MS Medium (1.1g/L), where pH was adjusted to 4.
5.6, or 7.6 prior to autoclaving. Cultures we
incubated under controlled conditions (Temperatt
25°C); photoperiod: 1@ light/ 8hr dark).

Physiological growth parameters ai Wilson et

efficacy of in vitro protocol were not (2017)

reported.
(2022)

al.,
and

Wilson et al.

T. gallica

Establish ann vitro
protocol for the
micropropagation
of T. gallica by
shoot proliferation
from axillary buds.

Not reported

1-year old branches were excised, in summer, from
yearold, actively growing treess cm portions were
washed in Tween20 (0% (v/v)) supplemented witt
ascorbic acid (8@ng/L) for 1hr. Explants (1.61.5cm

in length with 4- 6 nodes) were surface stes@ld in
sodium hypochlorite (1.086) for 10 minutes and
subsequently rinsed threttmes in distilled water.
Explants were placed vertically into 8@ polystyrene
vials cataining 5mL LS Medium LS Medium was
supplemented with sucrose (3@/L), 200 mg/L

reduced glutathione, and 7L Difco Bacteagar was
used asa basal medium, and pH was adjusted to

(before autoclaving). Vials were incubated at°22+

1 °C under 16hr photoperiod with cool, white
fluorescent lights. Initial shoot proliferation wi
induced on basal medium supplemented with 3.2

The adition of IBA at 0.5 or 1.5uM IBA Lucchesini et

increased lateral shoot formation and rate al., (1993)
rooting. Repetitive swoulturing on 1.0uM
IBA resulted in elevated in Vvitro
morphogertic response (namely well
developed roots with an elevated number
axillary shoots) and acclimation und
greenhouse conditions. Shoot length as v
as root length andhe number of roots
(which both significantly) increased in &
IBA-dosedependent response  where
elevated IBA oncentrations (i.e. 0.5 and 1
pM) resulted in a significantly highe
number of shoots compared with control (i
no IBA addition).
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BA, and subsequently cultured on basal medi
supplemented with BA (0.0, 1.1, or 318M), 3.3uM

BA combined with GA (0.0, 0.58r 2.9uM), or IBA

(0.0, 0.5, or 1.QuM).

T. hispida

Investigate

the

physiological, sait

tolerance
of

(AQP)

function
aquaporins

Phytoremediation,

namely rhizofiltration
(e.g. removal of Zn
from wastewater i
Khademiet al.,2015)

T. hispida seedlings were cultured on halirength
MS, solidphase medium under controllednditions
(temperature: 24C, photoperiod: 14./10 D). Plants
were transformed (using the transient transforma
method), grown on hafftrength MS supplemente
with 120mM NacCl or 175mM mannitol for 24 hours.

Used anin vitro system for the proggtion Wang et al.,

of T. hispida which aided in investigatin
salttolerance function (as well as cloned a
charactesed) of an AQP gene fronT.
hispida

(2018)

T.tetrandra Develop a protocol Medicinal use [see Explants (stems), 1 2 cm with several nodes, wer T. tetrandra explans were successfull Orabi et al.,
for optimal plan Bahramsoltani,et al., cultured in glass tubes (1.8 x &) containing solid cultured where shoot cultures produc (2011)
growth and (2020) for review] phase Linsmaier and Skoog Medium (LSjclibated various ellagitannins. The first study whe
ellagitannin at 25°C in the dark or 1zhr/day photoperiod (for T. tetrandra shoot cultures produce
tetramers IAA/BA and IAA/KIN combinations). LS mediumr tetrameric and pentameric ellagitannit
production was supplemented with sucrose @Q) and different This study offers largecale mass

auxin (IAA, BA, KIN, NAA, 2,4-D) combinations al propagation within a short time and ynbe
different concentrations. a rapid introduction of new genotypes wi
desirable traits (e.g. elevated salt toleranct

T. nilotica Develop Medicinal (production Cuttings (15- 20 cm in length) were harvested fro Elevated morphogeatic response wa: Al-Qurainy et
micropropagation  of pharmaceutica young (10yearold trees) and furthexxcised to 1.@m induced by explants cultured on M&dium al., (2015)
protocol for the compounds) [se¢ explants for culture. Explants were washed (tap wa supplemented with TDZ (1.gM) followed
mass propagatiol Bahramsoltaniet al., decontaminated with ethanol (8@ v/v) for 1 minute by 2.5 uM BA, KIN, and 2ipThe rumber of
of T. nilotica for (2020)for review] and dipped twdimes in bleach solution (Chlorox,i3 shoots decreased in a cytokidnse
conservation  anc 4 % chloride) supplemented with six drops of Teer dependent response. IBA pulse treatme
pharmaceutical Explants were rinsedwith a steriised fungicide (100 pM IBA for 5, 10, or 15day exposure
compound (Carbendazim) for 10 minutes and subseque periods) were required to initiate ro
production. washed thred¢imes in sterile water (three fiwvminute growth. Root induction decreased as grov

washes). Explants were placed in phytajars

regulator concentration increased wher:
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explants/ jar) containing 50mL, solidphase MS
Medium supplemented with differe growth
regulators (BA, KIN, TDZ, or 2iP). Cultures wel
incubated under controlled conditions (Temperatt
25 °C + 1 °C, photoperiod: 16nhr). Physiological
growth measurements (namely shoot morpholog
features and number of shoots per explant) w
measured.

auxin pulse treatment for ddays resulted ir
elevated rooting %, root length, and shc
length. Tendayold, rooted plantlets wer
successfully acclimated in sand and ¢
under greenhouse conditions.

T. Establish
ramosissima micropropagation
protocol

Tamarix ramosisima
Ldb. is rare, endemi
plant in Gobi Desert
There is very limited
information on work
on  tissue  culture
propagation of T.
ramosissima Ldb
Thus, thisaim of this
research was t
establish

micropropagation  of
this plant andtransfer
to ex vitro

Explants wereharvested from fivgrearold plants.
Explants were cultured on quargrength MS
Medium supplemented with BA and NAA. Rootir
was induced by culturing explants on quag@ength
MS supplemented with 2-B, NAA, IBA, Kinetic, or
Zeatin.

Elevated morpogeretic response (namel Yu
induced by MS mediul Tserendagva,

rooting) was

supplemented with NAA (0.5uM) and (2012)

IVA (0.49 uM). Elevated shoot length we
induced by MS supplemented with NA
(0.57 uM) however, this treatment resulte
in lower root growth and increased cll
formation ¥ compr omi si ng
acclimation process. MS supplemented w
IBA (0.49 pM) promoted elevatec
morphogeetic responses.

and

Note:i ndol eacetic
isopentynyl: 2iP.

aci d:

| A Anapthadlenedoetic edidu NAAR4E dichlosophierbxyacdtiBatid: 2[) benzyl adenine: BAkinetin: KIN; Thidiazuron: TDZ;
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Suppl ementing the plant growth mediunn with p
vitro morphogentic responsgTilkat et al, 2009) Although phytohormones, especially auxins such
as indole3-butyric acid (IBA) are common additivities to culture media to enhance rhizogenesis, the
levels of endogenous phytohormones, such as irRlatetic acid (IAA), diffes between explant
type and sizg { o ®tial) 2015) The supplementation of IBA, compared with IAA, has been
demonstrated to be (i) more stable during culturgamaion (e.g. elevated temperatures during
autoclaving) and (i) significantly improves rhizogenesis, compared with(LA&wig-Muller et al,

2005, Nissen and Sutter, 1990 must, however, be noted that the type of explagd in PTC
depends on the aim of the study. For example, rhizofiltration studies involve the sorgtos of
interest by plant roots, and thus,vitro plantletsin liquid mediaare a viable explant type for studies
investigating phytoextractiorHence, the aim of this research was to develop an efficient, reliable,

and repeatable direct organogen@sigitro procedure foil. usneoidesxplant establishment.



238

3.3. Materials and methods

The following PTC protocol was implemented for all pilot studies unless otherwise stated.

3.3.1. Plant tissue culture propagation for pilot studies

Stem cuttingof eight individuals were acquired as followsvd-genotypes off. usneoides
(G1 to Gh)were collected from trees growing onraetal contaminated sitén the North West
Province of South Africa (SA) (AngloGold Ashanti Ltd and the University of the Witwatersrand,
Johannesburg: The Mine Woodlands Projethese trees were grown from cuttings, aee clones,
of trees in the Northern Cape provin&em cuttings from thregenotypes ofl. usneoide4G6 to
G8) were collectedrom the Northern Capéheir natural home range (n@ontaminated sig} (Table
3.3). Donor plants were sourced from clonastrees from the Orange River near Upington and
Augrabies region of the Northern Cape province of Sditita. Due to the presence bfybrids in
the source populationall the trees used in this study weegified asT. usneoidei a parallel study

using DNA barcoding and SSRlayondeet al, 2015, Mayondet al, 2019a)

3.3.2. Explant culture

Donor plants of the eight. usneoidegenotypes were grown in a greenhouse (temperature
ranged from 15 30 °C, irrigated by overhead water systems using potable, municipal water for a
period of15 minutes every 24 hours) located at the University of the Witwaterssan@enetically
verified Tamarix usneoidesuttings were propagated accordingWison et al. (2017) Plants were
pretreated with a systemic fungicide, Bravo 720mL/L) (active ingredient: Chlorothalonil at 720
g/L, Syngenta, Basel, Switzerlandand an insecticide, Malasol (1.7BL/L) (active ingredient:
Mercaptothion at 500 g/L, Efekttsando, SAjn weekly rotations for at least 45 days before explants
were larvested. Cuttings were treated wihsystematic fungicideRrevicur (1.5mL/L) (active
ingredient: Propamocarb 600 gfRayer Cropscience Pty Ltilelbourne, Australiponce every three
months.Nodal cuttings of 40 mm in length with at least taxillary buds, were excised from the

donor plants, surface decontaminated for 20 minutes% sbdium hypochlorite, and rinsed three
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times in ultrapure wate(Millipore DirectQ UV water purification system, Merck Millipore,
Darmstadt, GermanyAfter renoval of the bleached basal areas, the explants were cultured in sterile
25 % (quarter strength) Murashige and Skoog (MS) liquid basal medium with vitamins (Sigma
Aldrich, Saint Louis, MO, USA)(Murashigeand Skoog 1962), adjusted to pH 5.5 or 7.5 by the
addition of hydrochloric acid (HCI) or sodium hydroxide (NaOkgspectively. Each explant was
grown in 15 mL or 50 mL borosilicate glass tubes that had been sterilised in nitric acid (0.1 M)
followed by rinsing in deionised water. All glassware, culturiggiement, and plant growth medium
wasautoclaved at 12¢ C  a KPd forl20 minutesThe vialscontaired 0.2 mL of medium Explants
wereincubated at 25 °C + 0.2 °C with a photoperiod of 16L8D (Osram 36W, cool white) for six
weeks, rerandonised every seawd day, and topped up with OrBL of medium every third day.
Establishment, referring to the development of primary and secondary (lateral) root systems, as well

as root hairs, was measured as the morphologically observable initiation of root growth.

3.3.3. Pilot studies

Pilot studies were conducted (Table 3.3), based on variables of different stages of PTC (Table

3.1) reported to impact the success of explant establishment).

3.3.4. Statistical analysis

Data were analysed using statistical software[R v er si on 4. -Upd®) (AONne
Descriptive statistics (mean, median, standard deviation, standard error, minimum, maximum,
skewnessand kurtosis) were calculated. Data were testedn@wrnormal distributionsusing the
ShapireWilk test (Shapiro and Wilk, 1965)followed by the FligneKilleen testfor equaity of
variancegConoveret al, 1981) Nortnormally distributed data were norrisagd using logarithmic,
squareroot, power, or boxcox transformations. Normally distributed data were tested using analysis
of variance(ANOVA) (Fisher, 1946f ol | owed by Tukeybés Honest Signi
hoc test(Tukey, 1949)o determine which sample means were statistically different. Krigkdlis

(KW) test was used to test nowrmally distibuted data (after transformations) for statistical
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differenceg(Kruskal and Wallis, 1952) P e a r s @ @ $°) sttisticabtest was used test for

statistical differences between categorical dependent and categorical independent variables.
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Table 3.3. Studies conducted, relative to applicable stages of plant tmduae, to develop and optise thein vitro establishmenfrhizogenesispf Tamarix usneoides

explants. Note, some samples overlap betvimesstigatedrariables.

Variable Description Sample size (n =)
Donor plant growing Donor plant material was harvested and collected from genetically verified trees growing in a phytoremediation tr CS NCS
conditions a contaminated site (C®polluted soils at the East Pay Ddiwotprint, AngloGold AshantiLtd Vaal River Mining Ne1=90 ngg= 102
(contaminated vs. non Operations, Orkney, North West Province of South Afficaenotypes 1 5 (Mayondeet al.,unpublished datagnd non Ner= 90  ner= 94
contaminated sites) contaminated sites (NCS, namdly.  u s nnatoral doens rangéMayondeet al, 2019a)as follows:
Ne3 = 88 Ngg = 95
Gendype 1: LH31 Ns = 90
Genotype 2LH38 Nos = 89
Genotype 3LH40
Genotype 4LH47
Genotype 5LH48
Genotype 6: 28°41'36.12"S; 20°30'30.24"E, March&tatthern Cape, South Africa
Genotype 7: 28°41'25.02"S; 17°35'13.86"E, Vioolsdrif, Northern Cape, South Africa; and
Genotype 8: 30° 1'5.70"S; 17°52'48.90"E, Kamieskroon, Northern Cape, South Africa
Plant genotype Cuttings were harvested from eight genetically verifiedisneoidesreesoriginating from the Northern Cape, with one ¢ CSs NCS
planted on contaminated land. As growing condition wasstigated, differences within donor plant site groups v Nei=90 ngg= 102
determined to assess the impact of genotype on explant establishment, i.e., assessed genotypes collected from Ne2= 90  nes= 94
growing conditions). Thus, for this variablestablishment efficiency wganot compared across donor plants.
N3 = 88 Nes = 95

NGa = 90
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Nes = 89
Re-culturing of G6 Donor plants of knowigenotype and physiological characteristics, namely G6, weiihgired in 15mL growth vials. At n=22
the time of reculture, donor plants were 20 months older comparedtivtitial PTC study.
Explant size Explants varying inlength viz 40 mm or 25 mm, were cultured to investigate the effect lehgth on explant Naomm= 450
establishment. Nzsmm= 130
Strength of MS plant Explants were cultured in OrBL 25, 50, or 1006 MS standard plant growth medium with vitaminsfé¢r to TableS3.1 N2s0,= 49
growth medium for MS constituent composition and congatibns). Nso%= 30
N1oo%= 30

Volume of growth vial

Explants were cultured in 50L growth vials or 15mL growth vials to investigate the effect of growth walumeand
shape on explant establishment.rib growth vials enable explants to maintain upright position (i.e. apex of explan

not in contact with the wall of the growth vial) as well as constapbsure to 0.tnL plant growth medium.

N1smL vials= 130

NsomL vials= 450

Auxin pulse treatment

Explants were treated witimdole-3-butyric acid (IBA) at different concentrations (0.01, 0.1, and/L). The control for
this pilot study was no addition of IBABA was solubiksed in NaOH before being added to 26 MS plant growth
medium at pH 5.5 and autoclaved. Explants were exposed to one of three IBA treatments for 24 hours. The al
period and concentration wergelected based ahe range ofpulse periods andoncentrationsisedfor optimalin vitro
rooting by a range of plant species (Tab82F The solution was removed from each growth vial, via the use of an a:
glass sucker, aneeplaced with 0.2nL 25% MS solution.

No.o1mg.= 10
No.1mg/L= 10
Nimg= 10

Ncontroi= 10

Open bench trial

Open bench trials are usedenuilibraterelative humidity (RH)onditions present in natural environments. The RH wit
each growttvial is high (up to 99.46 RH has been reportéde.g. Chen(2004) comparedvith ambient humidity (~596

n=57
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RH in Johannesburg, South Afritawhere this study took placefy hi s | ower s t he expl the
Aunnat ur al datios (E8)patehiclamay pactertain physiological processes. The rate of evaporation
calculated[rate of evaporation = volume of 25% MS liquid medium / tirteeldeterminethe adequate replacement
growth media to avoid explant cavitatigand sibsequent death Explants(25 mm) were treated with an antibioti
antimycotic at 10nL/L (filter sterilised) working concentration or sodium hypochlorite (1, 2, 3, 5, L), which was
added to the MS medium, to reduce infections associated withocoitene systems. A clean and transparent plastic s
was placed across the length and width of the Bfid®vth bench to reduce the transmission of any airborne pathc

within the growth room

Effect of pH

The effect of pH wadvestigated by exposing explants to a range of pH levalsotgpeswvere cultured in media at pl
4.6, 55, or 75.

NpH55= 225 Nprse= 95
NpH7.5= 225 NpH7.6= 99

NpH 4.6= 97

Donor plant growing
conditions

The pH, k&, andmoisture content of two different donor plant growth media, namely silica sand or 2:1 compost: silic
mixture, were measured. Soil samples were collected frodiffHdent plant bags of the same sizes. Fifty gramsg)sf

each solil type was weighétb obtain wet magsand placed in an oven at 100 for 24 hoursThe il was weighed every
60 minutes until the mass of the soil was constant. The final mass was recorded as the dryemagsnillilitres (20

mL) of distilled water were poured into @acontainer containing ten grams (10 g) of homogenised soil. Each cor
was rigorously shaken for five minutes and left to stand for three minutes to facilitate the soil going into Sdietioid.
(probe: WTW SenTix 4) electrical conductivity (EQorobe: WTW Tetra Con® 325, ManufactUremnd oxidation
reduction potential GWTW SenTi x O® Rerenéatuded byladng all three probei the paste at th

same time

n=20

Season and year

In SouthAfrica, dates for each season generally range frénMarch i 31t May (Autumn), ® Junei 315t August
(Winter), ' September to 30 November (Spring), ands‘iDecemberi 28 / 29" February (Summer{Mucina and
Rutherford, 2006)Explants were isolated and cultured during different seasons overyefmperiod (2013 2016).

Nautumn= 166 Nspring= 222

Nwinter = 741 Nsummer= 52
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Physiological age of To determine the effect of the physiological agehafdonor plantexplants were isolated from donor plants of vary

donor plant

ages (5, 10, 14, 18, 20, 21, 22, and 24 months old) and cultured.

N5 months= 291 N20 months= 30
N10 months= 450 N21 months= 12
N14 months= 57 N22 months= 22

N18 months= 192 N24 months= 109

Chronological age of

explants

The stem of the donor plant was divided into three sections (categories) based on their chronologizal deyesloping
(top third), intermediate (middle third), and tteveloped (bottom third) plant tiss@efer to inset, Figure 3.4Explants
were not excised from recently formed branches/ stems within the intermediate and developed sections of the do
As each donor plant differed in length, the division ale section was based on the length relative to each donor

Explants were cultured in 58L growth vials.

N beveloping= 150
N intermediate= 150

N peveloped= 150
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3.4. Results and Discussion
Overall, the percentage @f usneoide®xplant establishment ranged fron¥0(open bench
trials) to 89 % explant establishment (&8). Aspects contributing to expladeath orestablishment

(Table 3.1) are detailed below.

3.4.1. Donor plant growingonditions and genotype

Donor plantgrowing conditionadmpacted plantlet establishme\W, p < 0.001) and root
length (KW, p < 0.001) (Figure 3.1). With regards to donor plants harvested from the contaminated
site (CS: G 5), G5 explants initiated roai within the first week, achieved the highest percentage
of establishment (46.67 %), and produced the longest roots (#Wr@) followed by G2
(establishment 26.67 %; 44.21 mm root length increment), whereas G3 explants had the lowest
establishment (7.7%) and root length (38.86 mm). Explant mortality increased in the fifth week of
the culture growth period (7.78 plantlets across all clones). Explants excised from donsr plant
growing innon-contaminated sitg(NCS, G6- 8) had a significantly higher edilishment percentage
(i.e., 89.25%) compared with G1 5 (i.e. 22 % establishment). Roots were initiated within the first
(G6) and second week of culture (G7 and G8), where root growth was initiated atiesst before
shoot growth increment was observed. After angdek growth period, root length ranged from383.
to 98.96 mm where the number of roots produced, the degree of root branching, and root growth

increased in a timdependent fashion.

Numerous studies have demonstrated that mineral nutrition impacts rhizogeregiowth
(e.g. Schwambacst al, (2005). Exposure to excess ammits of micronutrient metals impagttant
nutrient status, compromising the assimilation and metabolismaofe and micronutrientsequired
for plant growth and survivgHussainet al, 2020,Nagajyotiet al, 2010) Thus, as explants share
similar nutrient content to the donor plgntMi ¢t alj 2009) the growth of trees on contaminated
sites may have negatively impacted the nutrient stdtdenor plants, and consequently, explants that
were culturedn vitro. This may have drced root initiation and development by explants harvested

from CS (G1- 5) due to the root growth potential of donor plamésulting in a lower establishment
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percentage (Figure 3.1). This presents a gap in research that should be considered itudigare s
The biological implication of these results suggests thatirtheitro morphogeetic response of
explants is influenced by thgrowing conditions as well adonor plantgenotype where elevated
establishment may be achieved from donor plants sduiren noncontaminatedhome ranges

compared witlthose transplanted tmntaminated sites.

Genotype influenced. usneoidesxplant establishment within eaarowing conditions
group (KW, p < 0.05).Results from this study are in agreement with otljerg. Salix spp) which
have reported genotype to be an important factor contributing to explant establishment and
morphogeptic responsan vitro (Watsonet al, 2003a) Thus, to obtain the required number of
established plantlets, the number of explants cultured per genotype would have to be increased.
Variability in explant establishment capacity bednwegenotypes indicates that selective breeding for

improved traits is feasible.

3.4.2. Donor plant growing media

River sand and silica sand growing media did not differ relative to pH (7.21 and 6.73,
respectively), kE (-18.34 mV and 11.57 mV, respectively), and moisture content (3.8 and 4.1 %,
respectively).This suggested that factors other than plant growing medium affected differences in
explant establishmentiowever, future studies should determine the EC (iexypfor salinity) of the
donor plant growing media as salinity mediates the growth and survival of obligate halophytes.
Furthermore, donor plant growth media may require supplementation with salts to optimize the

growth of donor plants used for PTC.

3.4.3 Season and year

Plantlet establishment significantly differed between seastns p < 0.001) and yeakiv,
p < 0.001).A total of 1193 explants were cultured in this study. Elevated numbers of explants
established in winter (48 % of cultured explamts; 741) compared with Spring (15 % of cultured

explants, n = 222), Summer (9 % of cultured explants, n = 64), and Autumn (2 % of cultured explants,
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n = 166). A total of 260 explants (89 % of cultured explants, n = 291) successfully established in
2013, ompared with 98 explants (21 % of cultured explants, n = 450) in 2016. Differences in explant
establishment betweeseasonsre supported by studies conducted Quercus euboicgKartsonas

and Papafotiou, 200/ Ceratonia siligua(Romanoet al, 2002) and Ficus reiigiosa (Siwach et al,

2011) These findings werattributed to the seasonwhich the plant species has access to water in
their natural environment as well as the status of the donor plants relative to their nutrient and

phytohormone levels.

Winter, in South Africa, occurs from June to Aug(ducina and Rtherford, 2006)Of the
sample genetically analysed, pufeusneoidesvere found to naturally occur iareas wthin the
Northern Capeprovince and more specifically in Upington and the Richtersveldeas located in
near proximity to the Orange Rivévlayondeet al, 2016) These areas are located mainly within the
Lower Gariep Alluvial and Noms Mountain Deseegetation types, which are typically charaistat
as arid/ semtarid environments with unimodal, wintesinfall climateandmean annual precipitation
(MAP) ranging from 4o 131 mm, and MAPE of 2 888 mniMucina and Rutherford2006) Mean
annual temperatures throughout sampled areas range-f&m°C (minimum in July)to 50 °C
(maximum in Januaryjsuch as the Bushmanland Basin Shrubland vegetation type) along with high
solar radiation(Mucina and Ruth#ord, 2006) These include areas with high salt contés higher
numbers ofexplans establisked during winter(KW, p < 0.(®), this may suggest that. usneoidds
PTC period coincides with the season where natural populatiohsusheoidesre notas stressed
due to access to rainwater and cooler temperatugesJ(ne to Augustwhereby trees have lower
rates of evapotranspiration and salts (excreted via salt glands) on the surface of leaves are washed off.
This is supported by the optimal paditing theory, where plants may allocate net primary
productivity (NPP) to the organ that acquires the most limiting reséurcthis case, watdZhanget
al., 2019) This theory suggests that plants experienpimgsiologicaldroughtdue to MAPE >> MAP
and salineconditions(i.e. evapotranspiration > precipitation resulting in the movement of salts to
shallow soil layers) such asT. usneoidesn their natur& environment, should allocate more

carbohydrates to their roots to maismwater uptakévan Wijk, 2011) Thus,T. usneoidemay have
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allocatedelevated concentrations of carbohydrates, resultifggherin vitro establishment during

the winter months wherg. usneoidelave access to water in its natural environment.

Vernailsat i on refers to the etofloweraftermeng exposedtoa p !l a|
cold stress over a certain perigung and Amasino, 2004) To i ncrease the plant
phytohormones including auxins (involved in root inibatand development) increases. Thus, as the
explant shares similar characteristics, including nutritional and hormone status, as the donor plant,
explants may have an elevated capacity to root during the colder months due tsatenmdj.e.

associateihcrease in endogenous phytohormone levels).
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Figure 3.1. Establishment (%) and root length (frof established plantlets @amarix usneoidegenotypes (GB) culturedin vitro over sixweekperiodwhere donor plant
material was harvested from different provenances [namely contaminatédsj@hd norcontaminated site (naturally home ranges {@§. Number of explants cultured:

Ne1 = 90; rs2 = 90; ns3 = 88; nsa = 90; rss = 89; nse = 102; ns7 = 94, rnes = 95. Plantlet mortality accounts for decrease in establishment percentage.
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3.4.4. Physiological age of donor plant

The establishment of explarits vitro decreased as the physiological age of the donor plant
increased (ANOVA, p = 0.030) (Figure 3.2). Explants excised fsemonth-old donor plants had

higherestablishment percentages compared with older donor plants.
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5 10 14 24

Explant establishment (%)

Age of donor plant (months)

Figure 3.2. Explant establishment (%) relative to thleysiological age ofamarix usneoidedonor plants used
for explantsNote: Number of explants cultured for 5, 10, 14, 18, 20, 21, 22, amib2ths were 291, 450, 57,
192, 30, 12, 22, and 109, respectively.

The lower explant establishment, relative to thecrdturing of G6, may be attributed to the

age of the donor plant which was apprldaxiitseatbel vy
establishment) compared with when G6 explants were initially cultured fromonth-old donor

plants (96 % establishment) in 2013. The reduction in establishment percentage as a function of the
physiological age of the donor plant has been reportedrious studiegAndreu and Marin, 2005)

For example, rooting biPassiflora eduligBecerraet al, 2004)and Tectona grandigHusen and Pal,
2006)decreased as the age of the donor plant increased. Moréoweret al. (2010)demonstrated

that71% ofexplants excised from juvenile African Blackwoddb{bergia melanoxylondonor plants

rooted compared withonly 24% of explants fronmature (24 %)Yonor plantsThis finding may be

attributed to factors including, but not limited to, decreased physiological activity (i.e. change in
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phytohormone profile). Thus, physiologically older donor plants may be less suitable for successful
ARF propagation, compared with younger donor plants, dushamges in phytohormone activity

(increased auxin concentrations in juvenile cuttifg st er ¢ and. Gt ampar, 2011)

3.4.5. Reculturing the mostploi f i ¢ rooting individual, AfGenot

After four weeks of culture, all G6 explants died. Plantlet death was chésedtdyy
senescence within the second week of culture, along with the discoloration of the plant growth
mediumsuggestive oexudation ofpolyphenolics. As per the following section on thieysiological
age of donomplantsi the inability of G6 explants to establish was attributed to the physiological age
of the donor plant which was twenty (20) months older than when explants were ihisiaiysted

and used in PTC.

The decrease in the morphogén response of explants culturgdvitro may be attributed to
elevated levels of endogenous auxins and degree of auxin activity in younger donor plants, as well as
decreased physiological activifg.g. photosynthetic activity and nutrient metabolic activity) in older
donor plants(Amri et al, 2010, Boumaet al, 2001) Therefore, younger (< 5 months old)

usneoideslonor plants should be useddgtimiseexplantpercentagestablishment.

3.4.6. Explant length

Explant length(40 mm or 25 mm)nfluenced the time taken faxplants to root (KW, g
0.022) and root length (i, p < 0.009 but did not influence the percentage of plantlet establishment

(Figure 3.3).
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Figure 3.3. Root length ofestablished (in parenthesiglantlets varying in initiaexplantlength, 40mm (n =
450) or 25mm (n = 130)over severday periods (week)Establishment is represented as a percentage in

parenthesis.

This may be attributed to larger plantlets havimgher concentrationsf nutrierts and
endogenous phytohormones required for root grdtdinsmaller plantletgPierik, 1997) Moreover,
larger explants have largersurface area for photosynsig Thus,longerT. usneoidegxplants (40

mm) should be used in PTC experiments.

3.4.7. Chronological age

Chronological age did not influence explant establishrpententager plantlet root length.
Although the establishmemiercentagef explants did not differ, morphogeit responsesuchas
root length) decreased as chronological age increased (young > intermediate ¥Fujdee) 3.4).
Results from this study indicated that the sgreeentagestablishment can be achieved regardless
of the chronological age of théonor plant Thus, if the availability of donor plants is limited,

explants can be excised from the entire donor plant asTsugneoidesxplants
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Figure 3.4. Number stablisked and root length of plantletBom explants ofdifferent chronological age

Chronological age categoriegere comprised ofleveloping explants (excised frothe top third of donor
plants), intermediate explants (excised frima middle third of donor plantspnd developed explants (excised

from the bottomthird of donor plants)

3.4.8. Strength of Murashige and Skoog plant growth medium

The strength of the MS medium (25, 50, or P@D did not impact plantlet establishment,
shoot length, number of shoot branches, root length, or number of roots. TBadV3strength was
usedand therefore, future studies should use%29S strength for comparative purposes. These
findings suggest that. usneoidesxplants can establish in a range of nutrient conditidoscever,
must be noted that fulitrength MS growth medium formed saltprecipitatesat the base of the
growth vial and thesenay influence the outcome of metal uptake tréals to interferences between

ions, including nutrients
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3.4.9. Volume of growth vial

The volume of the culture vessel impacted explant establishn{&h/, p < 0.005) Explant
establishment and morphological growth (e.g. shoot growth, shoot branching, root branching, and the
number of rootswas higherin 50 mL growth vialsthan in 15 mL growth vialgFigure 3.5).This
effectmay be attributable to themount of growing spadg&arciaGonzéaleset al, 2010) Thus, 50

mL growth vials should be used.
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Figure 3.5. Established (i.e. rooted)amarix usneoidesxplants differing irdonor plangrowing conditionga and f; b and h), genotype (b and c), vial volume (d anc
and explant length (a and j). The pH level impacted the position of root growth (i.e. adventitious root formation, ARFouherARF (f), compared with stem AR
(e), reslted in explant mortality. The degree of shoot growth (a, encircled) was only observed in 50 mL growth vials. Uprighisitimat prere maintained in 15 m|
growth vials (g j) whereas the apex of some explants in 50 mL growth vials was in conta¢hevitvall of the growth vial which generally resulted in shoot senesce

Explant transpiration was observed as droplets on the surface of shoots.






















































































































































































































































































































































































































































