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THESIS ABSTRACT

ASSESSMENT AND POTENTIAL FOR PHYT@AND-MYCORREMEDIATION OF SOIL

HEAVY METAL POLLTUION IN SOUTHERN NEW JERSEY (USA)
By ZACHARY COOK

Thesis Director:

Dr. Jom Dighton

Two studies wre peformed and are presented in this thesis. The first gdgpter linvolves
the characterization of soils in Southern New Jer3dyis was performed witthe creation of an
urbanrural sampling gradienwhich starts in city of Camden and extetal$Salem county The
physiochemicapropertiesand four heavy metal concentratiagiac (Zn), Copper (Cu), Lead
(Pb), and Iron (Feyere determined from sa@gbampes collectedalongthis urbarrural sampling
gradient The urban soil Zn, Cu, Pb, and Fancentrations were averaged and used to conduct
thesecond study (Chapter Il)The second study tests the phytoremediation poteftiaio plant
species Trifolium repengwhite clover)andPanicum virgatungswitch grass) with a mycorrhizal

inoculum.
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CHAPTER |

SOIL HEAVY METAL POLLUTION ALONG AN URBAN-RURAL SAMPLING GRADIENT
IN SOUTHERNNEW JERSEY



1. INTRODUCTION

The process of urbanizing and industrializing natural habitats dramatically transforms
landscapes and creates ecological disturbances. Heavy metals are useful tracers of environmental
poll ution. Consi deaccaniuhte ldige ammolnss pfdeavy metdiseovertisme i | s
because of industrial, commercial, and residential use (Manta et al., 2002; Paterson et al., 1996).
Soil contamination by heavy metals is of great environmental concern, since metals can be
transferred tavaterand crops, posing potential risks for human health (Mielke et al., 1999;
Sansalone and Buchberger, 1997; Zhang et al., 2015). Accumulation of heavy metals has long
lasting effects on soil habitats, organisms, and the surrounding environment (Ghaaid2001;
Mapanda et al., 2005). Determining the concentrations of heavy metals in soils can provide

further insight on how urbanization and industrialization are chemically altering environments.

Heavy metals are introduced into urban environmimisidgh anthropogenic activities,
such as; automobile emissions, degradation of automobile parts, factory emissions and runoff,
combustion of fossil fuels, construction materials, and illegal dumping (Li et al., 2013; Al
Khashman and Shawabkeh, 2006; Hale2015; Johansson et al., 2009). Because of large
populatiors and densities, urban areas experience these anthropogenic processes more than rural
counterparts (Norman et al., 2006; Dodman, 2009). Numerous factories, metal scrap yards,
recycling facilities, ad waste incinerating plants in urban areas pose a serious risk of introducing
heavy metals into urban soils (Heinonen and Junnila, 2011; Schuhmacher et al., 1997; Tang et al.,
2010; Chicharromartin et al., 1998). This risk increagithout proper reguleon, recycling, and

disposal of heavy metals.

Urban landscapes are dominated by impervious surfaces that further exacerbates heavy
metal pollution of soils. These surfaces include roads, buildings, and sidewalks that allow for the
accumulation of heawynetal particulate matter within urban environments (Faiz et al., 2009;

Gromaire et al., 2001; Zheng et al., 2010). Washing heavy metal particulate matter accumulating



on these surfaces by atmospheric deposition can expose thendurgosoil to increaseldcal
concentrations (Christoforidis and Stamatis, 2009; Kondo et al., 2016; Ouyang et al., 2015).
Heavy foot traffic and landscaping in dense populations frequently alters urban soils. In turn, this
alters plant communities anddreases the risk of &ey metal exposure (Jan et al., 2015;

McDonald, 2008; Vakhlamova et al., 2016).

Soil microbes play a crucial role in ecosystem processes as they are responsible for
nutrient cycling, acquisition, and soil formation which overdetf ecosystem qualitfwan der
Heijden et al., 2008) Soil microbes are extremely sensitive to heavy metals and the effects of
heavy metals on soil microbes varies between spé@iler et al., 2009) The effects are also
dependent on the type and sig¢ion of metals andodl concentrationgNies, 1999) Alterations
to microbial biomass, respiration, mineralization, and survival rates have all been observed in
soils with increased heavy metal concentrati@tsander et al., 2001; Nwuche and Ugoji02p
Higher soil metatoncentrations do not always correlate to reduced microbial activities. Several
soil microbial species have been shown to prosper in heavy metal polluted corf{taimreso et
al., 2008; Sandaa et al., 200T)he effects of heauwyetals on soil microlseis complex and
research is sparse, thus, more observations are needed on how heavy metals affect soil microbes

and their processes.

To our knowledge, heavy metal contamination in southeast New Jersey in urban,
suburban, or rurareas (an urbarural gradient) has not been previously investigatidew
Jersey is the most densely populated state in the United States. Therefore, New Jersey is
worthwhile to study in respect to urbanizations effects on ecosystemsrbAnrural gradientis
useful in assssingthe impacts of urban and industrial development on soil pollutant
accumulation and soil quality (Lu et al., 2009; Wagrowski and Hites, 1997; Steinberg et al., 1997;
Zhao et al., 2007)Urbanrural gradients are useful in themparison of environnmés outside

urban environments, as many environmental conditions are shared l@@athgntly, urbanized



ecosystems and heavy metal concentrations in soils along an urban to rural gradient are

significantly unrepresented in litetae (Decker et al., 2@0 Lu et al., 2009).

Along an urban to rural gradient the objectives of this study are to 1) determine the
concentrations of four heavy metaisic (Zn), Copper (Cu)Lead (Pb)andiron (Fe)in urban,
suburban, and ruralareassb 6 s, 2 ) mceehemicahpropegies phiisture content,
total organic carbon, soil particle size distribution, micronutrients; nitrate, ammonium,
phosphate); and 3) to establish soil microbial carbon utilization using ECOLOG microtiter plates.
| hypothesize that agrbanization and industrialization increases heavy metal pollutant loadings
in the soils will increase respectively toward the city of Camden in New Jersgpedt that
towards the rural end of the study area heavy metal pollgi@dings will declineas a resulbf

being less urbanized and industrialized.



2. MATERIALS AND METHODS

2.1. Study area

The study took place in southeast New Jersey. A southwest transect of 30 sampling
locations were choseaccording to soil mapdedrow, 1986) All of the sampling locations had
the same soil type being that of the Upper Coastal Plain which are characterized as being sandy
nutrientpoor soils. A total of 30 soil samples were collectadross the urbainrural gradient
10 urban sites were chosen in titg of Camden. 10 suburban sites were chosen further south in
Gloucester County; and 10 rural sites were chosen in sodtheshsampling region in Salem
County. These 30sitesaretme d t h-rufal bgmadi ent . 0O Longi tudi
coordinaes of each sampling location were recorded (Tabld k&30 sampling locationare

presented in FidlL.

2.2. Soil sampling strategy and treatment

Road verge arethe grassy ardaetween the sidewalk and straedwerethe sampling
location in the usan and suburban aredRoad verges do not exist in the rural sampling area, so
an average area tiferoad vergeén the urban and suburban sampling areaesalculated and
then sperimposed on rural sampling locations. For each sampling locatiomjraumi of two
trees were required. If more than two trees were present at a sampling location, trees were
assigned numbers and were randomly picked with a random number generatoh gitectnree
subsamples were collected from the top soil@cm) meaured one meter from the randomly

chosen tree. These three mamples were combined to form a bulk sample.

A stainlesssteel hand auger (LaMotte soil sampling tube Model EP cods) 1ts used
to collect soil samples for heavy metal analysis. The M&aBeboil Sampling Tube has a
diameter of 2.5 cm and is 30 cm in length. Bulk samples for heavy metal analysis were

immediately placed in polyethylene bags for transport.



For heavy metaanalysis, the collected soil was transferred to paper bags and piaced
a dryer at 60°C. The soil samples were then allowed to dry for 16 hours or until a constant mass
was achieved After drying, the masses were recorded. Samples were then sittgdau
Fieldmaster 7&00 soil sampling sieve set to remove any largérrid, such as rocks, twigs, and
roots. Samples were initially sifted through-engh mesh and then finally through a finahin
mesh. Between samples, the sifter was cleaned thdyowgh a stiff cleaning brush followed
by a finer brush to remove sqiarticles. The dried sifted soil samples were then placed into

polyethylene bagand stored in a cool, dry, dark containetil the extractionprocess
2.3. Soil physicochemical gperties

Soil pH was determined by using a 1:2 soil: water (w/v) suspetisat was allowed to
shake on a reciprocal shaker for 30 minutes and settle for 15 minutes before analysis with an
Oakton lon 700 pH meter and WE581171 Oakton pH electrode. Totarganic carbon was
determined as in (Salehi et al., 2011). In sho@&,gRof dried sifted soil was added to a-gried
(550°C for one hour) crucible and placed into a muffle furnace to heat at 550°C for two hours.
After heating, samples were alloweddool and then the masses were recorded. Soil particle size

distribution was determined by using a Fieldmastei7@8 soil sampling sieve set.

Water extracts created for analysis of bioavailable metals were used for the analysis of
the soil nutrientsmmonium, nitrate, and phosphate. Analysis of ammonium and nitrate were
conducted using microplate spectrophotometry as described in{ftmadtny et al., 2010). For
the analysis of ammonium, 8.5 g sodium salicylate was mixed with 63.9 mg sodium ndiiagprus
dehydrate in 50 ml deionized water (prepared fresh), to thisirgsatilution 0.3V Sodium
hydroxide was added 1:1 (v/v) to create the colorant. The oxidation reagent was prepared in
which 0.1 g dichloroisocynauric acid was added to 100 ml of desdrwater. A standard
solution of (NH).SQ, (1000 pg mt) was creatednd used to produce a calibration curve with

standard concentrations ranging from 04 pug mit. For all the soil nutrient analyses the first



column of each microplate was devotedstandards while successive columns were devoted to

sample extracts. dreach well 100 pl of sample extract or blank, 50 ul of colorant, and 20 pl of

the oxidant was added. The microplate was allowed to stand at room temperature for 20 minutes

and was than read at 650 nm with an accuSkan FC microplate photometer by Figeifisc

For the analysis of nitrate, three reagents were prepared in advance. The first reagent was

created by mixing 400 mg Vanadium chloride with 50 MIHCI. The second reagewas

created by mixing 50 mg-Napthylethylenediamine dihydrochlorine2B0 ml of deionized

water (Griess reagent ). The last reagent was created by mixing 5 g sulphanilamide in 500 ml 3
M solution of HCI (Griess reagent Il). A standard stock solutiors wiaeated of KN€(1000 ug

ml?) this was used to create a calibrationve with standard concentrations ranging fromi031

mg mft. Each well received 100 pl of sample extract or blank, 100 p,\BOIpl Griess I, and

50 pl Griess Il were added. The microplate was then read at 540 nm with an accuSkan FC

microplate readephotometer by Fisher Scientific.

Analysis of phosphate was also conducted using microplate spectrophotometry as
describedif D6 Angel o et al ., 2001) (Jeannotte et
advanced for analysis. The first was credtgdnixing 14.2 mmol & ammonium molybdate
tetrahydrate in 3.M H,SQ.. The second reagent was created by mixing 3.5 ggueos
polyvinyl alcohol (molecular weight 50,000) with deionized water at 80°C until fully dissolved.
After the polyvinyl alcohobolution cooled, 0.35 gtmalachite green carbinol hexachloride was
added. A standard stock solution was created ok (1000 pg mit) with standard
concentrations ranging fromi02 mg mit. 200 pl of soil extract was added to each well
followed by 40 ul of reagent one and allowed to mix for 10 minutes on an orbital shaker. Then
40 pl of reagent two was added to each wedl allowed to mix for 20 minutes on an orbital
shake at high speed. The microplate was then read at 630nm with an accu$hkaroplate

reader photometer by Fisher Scientific.
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2.4. Heavy metals (Zn, Cu, Pb, Fe) extractions

2.4.1. Acid Extraction (Tat heavy metals)

The soil samples were analyzed for total heavy metal concentrations using the acid
digestion method (McGraidind Cunliffe, 1985). Approximately 0.50 grams of dried, sifted soll
samples were weighed and placed into clean Foss 100 mlidigegies. Eight milliliters of
concentrated trace metal grade hydrochloric acid and 2 ml of trace metal grade nitricsheid (F
Scientific) were added to the test tubes in the fume hood and allowed to digest overnight at room
temperature. The tubes sgehen placed into a Tecator digestion system 40 1016 digestion block
and heated to 105°C for one hour and then increase4Df until the samples were dry. Once
the dried samples were cool, 12.5 ml of 20% (by vol.) hydrochloric acid was added anéshen
reheated to 80°C for 20 minutes. The digests were then filtered through a Whatman #2 filter into

a 50 ml volumetric flasand were made up to 50 ml with deionized water.

2.4.2. Water Extraction (Bioavailable heavy metals)

The water extractable metal®re extracted with slightly modified methods in (Séguin et
al., 2004) because they are readily available to plants, de¢meimgas bioavailable. In turn, 5.0
g of dried sifted soil was weighed and was suspended in 100 ml of deionized water in a&contain
and allowed to shake orreciprocal shaker for 30 minutes. The soil suspension was then filtered
through a Whatman #2 fidr by vacuum filtration. Extracted samples were then transferred to a
clean sealed plastic container for storage until metdysisavith flame atomic absorption

spectrophotometry.

2.5. Analysis of extracts using flame atomic absorption spectrapietrty

Concentrations of heavy metals; Zn, Cu, Fe, and Pb were determined by using a 211
Accusys flame atomic absorption spectrojgmeter from Buck Scientific. The bulbs associated

with the metals to be analyzed (Zn, Cu, and Pb) were purchased frons&eakific. A



calibration curve for each metal was established from standards (1006)ugumdhased from

Ricca and Inorganic &htures. The Fe standard veasatedaccording tahe methods in the

Standard methods for the examination of water and wastr (American Public Health
Association, 1992) The range of concentrations for the standards for Zn, Cu, Pb, and Feiwas; 0
5ug mlt, 07 0.7 ug mit, 07 3 ug mi?, and Oi 500 pug mit respectively. Before analysis of the
extracted samples, theyere allowed to reach room temperature and shaken for 30 minutes to
ensure proper homogenization. Between analysis of sampésnitric acid solution was used

to clean the nebulizer and prevent cross contamination of samples. Absorbance values were

converted to concentration values, using the appropriate calibration curve.
2.6. Soil microbial carbon utilization using ECOLOGcmotiter plates

ECOLOG plates (Biolog, Inc.) were used to investigate the substrate utilization of the
microbial community Garland, 1996a; Garland, 1996b; Garland and Mills, 1991). ECOLOG
plates contain 31 carbon substrates in three sets of replicagexch plate. A soil suspension was
prepared by shaking 50 ml of sterile deionized water to 0.5 grams of fresh soilajoracad
shaker for 30 minutes. 100 pl of soil suspension solution was pipetted into each well of the
ECOLOG plate. If a substeais degraded it turns color and the optical density can be read with a
plate reader at 593 nm. The inoculated plates warkwith a Fisher Scientific accuSkan FC

plate reader every three days to produce a total three readings.
2.7. Statistical analys

Statistical analyses were performed with GraphPad Rjdtnstudio 1.1.414, ROrd 7
for Windows. The site mapwasgeadr ed wi t h R St udDatawepeeheckedge fggr
for normalityusing Shapiré\Vilk test, andsoil physiochemical properties ahdavy metal
concentrationsvere analyzed bgerforming ANOVAsin GraphPad Prism.8Analysis of the

results of the ECOLOGIgtes were conducted using a PCA analysis usin@R{C
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3. RESULTS

3.1. Soil physiochemical propars

Selected soil physiochemical properties are summarized in Table 2. pH ofadods
rangel from 3.8 in the rural sampling are¢a 7.76in the urbararea The mean pH values of the
urban, suburban, and rural soils were 6.26, 5.15, and 5.73tigspe Overall, the than soils
weresignificantlyless acidichan rural so#, which weremore acidiqF = 5.29,P= 0.0083.
Soil moisture ranged from B0%within the suburban arda 63.83%in the rural sampling area
The mean moisture contenttbe urban, suburban, and rural soils was 9.99%, 21.92%, and
24.15%. Overall, the rural soils had a higher moisture content (24%) as compared to the moisture
content of the urban soils (10%) (F = 4.20; 0.03). Soil organic matter ranged from 1.58f%
the urban sampling aréa 78%in the rural sampling ared he mean organic matter of the urban,
suburban, and rural soils was 5.09%, 8.36%, and 20.88%sdgnificant differences were

observed between the sampling areas with regards to soil orgaréc. matt

Soil particle size distribution of each site is summarized in TablEh&.urban soils had
less granule gravel (6.24%) when compared to the ruralvgbith had significantly more
(18.97%) (F = 6.692 = 0.003). The urban soils had a larger content of medium sand (24.75%)
when compared to the rural area which had 14.3%5%.27,P=0.02). The suburban soils had
a larger content of medium sand (Z284) when compared to the rural asméls(F = 5.27,P=
0.02). The urban soils had higher contents of fine sand (22.72%) as compared to the rural soils
which had significantly less (9.39%) (F = 9.%7 0.0005). The urban soils had a larger content
of very fine sand (4.33%) as compared to the rural soils which paificintly less (2.36%) (F =
3.68,P=0.03). There were no significant differences with regards to pebble gravel, very coarse

sand, and silt across the urliarural gradient.

3.2. Heavymetal contents along the urbamral gradient
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The soil concenstions of watefbioavailable)and acid extractablgotal) Zn Cu, Ph,
andFealong the urbamural gradient are summarized in the graphs in Fiie4. Soil water
extractable heavy mdsaare low and homogeneous across the urbeal gradient The
following bioavailable metal concentrations were obtained along the Unhaal gradient. In the
case bioavailable Zn (urban, 0.8 g*; suburban, 0.2fg g?; rural, 0.23ug g?), Cu (uban,
0.28ug g*; suburban, 0.4Rg g?; rural, 0.28ug g*), Pb(urban, 1.03ug g% suburban, 1.0Rg g
L rural, 0.97ug gb), and Fe (urban, 12.8% g*; suburban, 15.1fdg g*; rural,15.63ug g?).

There werano significant differences between sdimg areaswith regards to soil water
extractable heavy metal concentratiofifie low concentrations of these heavy metals are based
on thespeciation of the metabbility to dissociate into water, thus making them bioavailable to

organisms.

The highestoncentrdbnsof theacid extractabléotal of Zn, Cu, and Plwere found in
the urban(326.3ug g*, 60.9ug g, 376.3ug g*) and rura320ug g*, 78.8ug g*, 321.8ug g
1) soilsof the study.In the case of the maximum concentrations in the faatusoilsfor Zn, Cu,
and Pb were 89/ig g%, 35.8ug g?, and 206.6ug g*, respectively.There is a unique pattern
with total Zn concentrations, in which urban and reails exhibit similaraveraged
concentration$178.6ug g* and 160.8.g g*) ascomparedo thesuburbarsoils whichhad
significantly lower concentration(67.1ug g*) (F = 4.3,P=0.0296). A similar pattern is seen
with acid extractabl€u and Plsoil concentrations thoughis not significant, it should not be
overlooked. Thenetal concentrationdatareject the hypothesthatheavy metal concentrations
will declinein rural regions.The resultsndicate theopposite; urban are rural areas have similar

heavy metatoncentratioa
3.3. ECOLOG microtiter plates for microbie&rbon utilization PCA analysis

The results of the ECOLOG are summarized by a principal component analysis in Figure

4. Axis 1 accounts for 24.32% of the variance and axis 2 accounts for 16.56% of the variance.
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Urban and rural have greater utilizatiohD-xylose substrate. While the suburban area has a
greater utilization of phenylethylamineErythritol, and GlycylL-Glutamic Acid. A similar
pattern regarding total zinc concentrations is displayed by the PCA analysis of the ECOLOG
data. Urban andural areas exhibit the same substrate utilization while the suburban area is

significantly different F = 4.50,P = 0.03).
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4. DISCUSSION

Overall, the pH values of the soils across the urbamal gradient were acidic (pH < 7),
even though the urbanifowere significantly higher (pH = 6.26) than the rural seifish no
difference between suburban soils and urban/rural sAilsommon characteristic of soils that
are sandy and nutrient poor is that they are more acidic in nature, which could thelain
relatively low pH values seen across the urbamral gradient. The elevated pH of urban soils is
commonly related to the presence of construction materials like brick, cement, plaster, concrete,
and mortar which all contain calcium. When these ttaoson materials are weathered and
degraded, they release leachates that contain calcium which increase the alkalinity of urban soils

(Jim, 1998a).

The moisture content of the urban areads
compared to 24%.He reduced moisture content of urban soils is most likely attributed to the
urban landscape (impervious surfaces) and mechanical activities. The most notable consequence
of urbanization is the artificial sealing of soils with impervious surfaces. Inquergurfaces
deviate water to storm water infrastructure and away from soils which prevents the accumulation
of water by urban soils. The compaction of urban soils from machinery, foot traffic, and
landscaping reduces the permeability of soils thus afigetater infiltration rate€Scalenghe and

Marsan, 2009)

The urban areaf this studyhas soils that angoorly maintained and laek low lying
vegetation(i.e. grasses)Without above ground vegetation in urban areagpsedsoils are
directly subpected to natural and anthropogenic physical disturbances. Rain, wind, vehicular
traffic, and human trampling are examples of how urban soils are disturbed. Depending on the
type and severity of a disturbance soils are ultimately damaged and sedaggize is
drastically reduced. The urban area of this study has a larger composition of finer soil particles

(i.e. medium, fine, and very fine sand) than rural soils.
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Pollutants, specifically heavy metalend to accumulate in finer soil particléiseto their
high surface areas and negative chafg@gmnone-Marsan et al., 2008)Particularly Zn in this
study was found to be at the highest concentrations in urban and rural soilseaSgpihtetal
pollution is more concentrated in urban areastdlarge humamopulatiors, automobile
traffic/wear, and indusies which emit heavy metal particulate matter into urban environments
A study conducted in 2011 by Yu et. al. found that Cu, Pb, and F@nalyzed in this study
were being emitted by a&mern factory in the Water Front South area of Camden.Hdaary
metalparticulate matter released from the cement factory was atmospherically deposited on
surrounding urbasroils and imperviousurfaces (Yu et al., 2011Urban soil heavy metal
pollution is then exacerbated by urban impervious surfaces in which heavy metal particulate
matter accumulates on and then is transferred to surrounding expogdiuhsdiP98b;

McDonald, 2008; Weng et al., 2004

Ruralsoilsare often recipients of heavy mietantamination from agricultureFertilizers
such ag>-fertilizers, composts, manure, and sewage sludge not only contain essential nutrients,
but also contain heavy metgiSicholson et al., 2003)The rural sampling sites of this study are
separated bland that was/is used for agriculture dating back to tHecentury. Agriculture
land-use is one explanation why rural soils exhibit similar heavy metal concentrations to the
urban soils in relation to this study. Another explanation of the high otraiien of Zn in rural
soils is the deposition of atmospherically transported heavy metal particulate matter. Heavy
metal particulate matter has been shown to be transported large geographical distances within air
masses, resulting in the enrichment @tahconcentrations far from emission sources; e.g. in the
Artic, California, and HongKong Bl ument hal et al ., 1978; Wang e

2016)

The suburban soils of the study had lower concentrations of Zn as compared to the urban

and rual fils. In general,wurban areas are heavily maintainedaestheticsLawn clippings
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and leaves are removedsuburban areashich may provide a heavy mefatytaemediation
effect(Krogmann, 1999) Non-native plant species are introduced in sbanareas, which are
known to produce a large amount of biomass that is able to sequester heavy metals; e.g.
sunflowers Helianthus Annus)indian mustardgrassica juncep white willow (Salix albg, and
poplar treesRopulus deltoideq)Di Baccio et al. 2003; Mleczek et al., 2010; Salido et al., 2003;
Turgut et al., 2004) The natural bioaccumulation of heavy metals by plants can result in
significant differences in soil concentrations between geographical loc@fieter and

Karczewska, 2004)

The microlial enzyme analysis via ECOLOG microplate assay shows a similar trend to
total Zn soil concentrations across the urbaaral gradient. Likewise, in which urban and rural
soils had similar Zn concentrations; the urban and rural microbial coitynmaa asimilar
utilization of carbon substrates, as compared to the soil microbes of the suburban soils which
were significantly different. The differences between the urban/rural and suburban microbial

substrate utilization is most likely due to lacdge pradtes in the suburban study area.

The urban and rural soils of this study lack inputs of foreign nutrients, as urban soils are
poorly maintained and rural soils are secluded from the introduction of nutrients from humans.
Suburban landscapinggienes intoduce foreign nutrients to suburban soils. Nutrients that are
commonly introduced to suburban soils are mulches, composts, and fertilizers (N and P). The
introduction of foreign nutrientsasshown to cause a shift in the substrate utilizgpiotentialof
soil microbial communitiegRaciti et al., 2012; Schutter and Dick, 200The introduction of
foreign nutrients is a possible explanation on why there was significant differences between the

carbon utilization potential of microbes from uniaral an suburban soils.
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5. CONCLUSIONS

It was hypothesized that soil heavy metal concentrations would decline away from the
urban area, but the results show the contrarybak/and rural soils had elevated concentrations
of Zn when compared to suthan soilsvhich had significantlydwer concentrationsBetween
the different areads (andPbsal noncerdrationlfoweda, r ur al )
similar trend to Zn, though they were not significant. The trend seen with total Zn soil

concettrations 8 further exhibited by the microbial carbon substrate analysis (ECOLOG).

Heavy metal concentrations in contaminated soils are not homogenous agetieere
numerous poinsources and environmental factors that influence heavy metals depasition
accumtation rates. Soils that acentaminated by heavy metals are problematc
contaminated soil particlesn be resuspended bgtural and artificiahirflows generated by foot
and automobile traffic Once the contaminated soil particles asispendeexposure risks
increase as well as the possibilityesfvironmentatecontamination Heavy metals persist and
accumulate in environments; thus, eeffective and environmentally friendly remediation
methods need to be explored. The nextapppate sép for continuation of this study would be to
examine microbial diversity through next generation sequencing methods. Genetic sequencing
data would be useful in deciphering the significant differences between the microbial carbon
substrate utiliation resilts between the different geographical locatidree urban soils Zn, Cu,

Pb, and Fe concentrations collected from this study will be used in a future experiment to test the
phytoremediation potential d@frifolium repensandPanicum virgatunwith Arbuscuér

Mycorrhizal Fungi (AMF).



6. Tables
Site Code Latitude Longitude
Urban
Ul 39.95421 -75.1148
u2 39.94933 -75.1167
u3 39.94896 -75.1228
U4 39.94106 -75.1221
us 39.94018 -75.1223
U6 39.93014 -75.1238
u7 39.93578 -75.1189
us 39.93222 -75.124
U9 39.92488 -75.1215
u10 39.92238 -75.1227
Suburban
S1 39.75364 -75.3122
S2 39.7456  -75.2569
S3 39.77782 -75.2162
S4 39.80001 -75.2506
S5 39.8106 -75.2098
S6 39.79191 -75.1477
S7 39.80968 -75.1433
S8 39.82707 -75.1498
S9 39.82908 -75.1757
S10 3982423 -75.1184
Rural
R1 39.64152 -75.4566
R2 39.60445 -75.554
R3 39.5289 -75.4875
R4 39.48613 -75.3992
R5 39.56403 -75.3621
R6 39.57072 -75.4137
R7 39.60778 -75.408
R8 39.64248 -75.3139
R9 39.68301 -75.4374
R10 39.59245 -75.2969

17

Table t Latitudinal and longitudinal coordinates of the 30 soil sampling locatibtige urban,
suburban, and rurareas
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Site Code pH Soil moisture, %  SOM, % ISA, %
Urban

Ul 5.99 9.40 3.24 75
u2 6.37 9.05 5.47 100
u3 6.40 10.83 3.96 80
u4 6.09 10.37 3.18 45
us 6.47 8.20 4.63 45
U6 6.51 12.96 5.83 50
u7 5.29 6.52 1.58 95
us 7.76 8.92 5.95 45
u9 5.59 10.78 8.64 90
u10 6.22 12.89 8.42 85

Mean + S.D. 6.27(0.66) 9.99(2.013 5.09(2.26) 71(22.46)

Suburban

S1 5.97 5.70 5.11 35
S2 6.18 49.26 12.76 20
S3 5.62 38.71 21.75 15
S4 5.03 17.12 5.84 25
S5 5.70 17.34 5.99 25
S6 6.46 30.78 13.40 25
S7 5.30 9.03 2.71 30
S8 5.10 13.18 4.66 40
S9 5.03 20.22 6.74 30
S10 6.97 17.83 4.65 35

Mean + S.D. 5.77(0.66  21.92(13.7%°  836(5.86} 28(7.53)

Rural

R1 6.19 25.80 7.57 0
R2 4.79 12.16 4,91 0
R3 3.89 18.56 5.89 0
R4 3.80 22.60 78.00 0
R5 6.63 63.83 12.57 0
R6 4.80 23.58 7.41 0
R7 5.06 28.52 8.91 0
R8 5.26 17.41 76.31 0
R9 6.15 14.79 2.80 0
R10 5.00 14.21 4.42 0

Mean +S.D. 5.16(0.94)  24.15(14.9)  20.88(29.8) 0
Table 2 Properties of soiiccording tasampling locationghemean ¢ standard deviatioriy
also reported of each area (urban, suburban, ru8aihificance isndicated by the mean
superscripts that ar e d.iISOM: &adilerganicMatert182er s ( Tukey
ImperviousSurfaceArea.
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Site Code PG, % GG, % VCS, % MS, % FS, % VFS, % S, %
Urban

Ul 2.83 3.87 23.29 28.57 34.17 5.71 1.56
u2 16.15 7.73 27.94 23.07 20.12 3.83 1.16
U3 4.22 15.91 40.18 18.07 16.76 3.54 1.32
U4 1.14 2.97 41.97 34.19 17.66 1.78 0.29
U5 11.40 7.12 44.37 14.42 17.49 3.82 1.38
u6 1.43 2.69 21.92 31.25 36.29 5.63 0.79
u7 0.89 0.97 37.98 34.67 20.60 3.55 1.34
us 4.28 12.86 37.20 20.91 18.73 4.48 1.55
U9 17.10 4,98 23.07 18.04 26.11 7.46 3.24
ui10 13.68 3.26 34.78 24.26 19.25 3.53 1.24

Mean+S.D. 7.31(6.3}  6.24(4.80) 33.27(8.48) 24.74(7.14) 22.72(7.11 4.33(1.57) 1.39(0.76)

Suburban

S1 3.49 2.24 35.63 27.67 22.96 6.03 1.98
S2 1.81 1.00 42.33 35.77 16.61 1.79 0.68
S3 21.39 22.71 38.62 12.00 4.06 0.86 0.36
S4 4.28 26.22 44.63 10.94 8.96 3.28 1.69
S5 2.64 1.63 34.49 33.39 21.67 4.30 1.87
S6 2.88 18.28 31.06 26.50 17.69 2.66 0.95
S7 1.63 1.95 20.22 47.02 25.19 3.30 0.70
S8 0.89 10.54 35.60 23.78 23.61 4.34 1.24
S9 2.57 5.75 57.82 18.48 11.42 2.79 1.17
S10 5.91 11.93 53.36 15.26 11.53 1.83 0.19

Mean+S.D. 4.75(6.02) 10.23(9.37 39.38(10.86) 25.08(11.48F 16.37(7.13P 3.12(1.50) 1.08(0.62)

Rural

R1 10.71 19.27 47.06 13.28 8.00 1.19 0.50
R2 0.13 4.77 34.14 27.20 23.21 7.38 3.17
R3 0.37 21.82 47.20 15.79 10.96 2.08 1.79
R4 19.33 22.39 35.21 11.75 8.79 1.70 0.82
R5 31.83 9.24 40.80 10.79 5.69 1.24 0.41
R6 19.06 2351 35.23 9.74 7.71 2.50 2.25
R7 1.25 37.66 38.46 10.85 7.17 2.36 2.25
R8 29.94 19.00 34.89 9.04 5.34 1.17 0.62
R9 8.44 13.92 45.50 16.93 12.16 1.99 1.05
R10 1.69 18.15 47.40 17.89 10.36 2.00 2.51

Mean + S.D. 12.28(12.16) 18.97(8.90) 40.59(5.709 14.33(5.46)  9.94(5.16)  2.36(1.83) 1.53(0.98)

Table 3 Percentage of sqgiarticle size distribution according to sampling locations, the mean (

standard deviation) is also reported of each area (urbbngtsan, rural). Significance is
indicated by the mean superscri ptPS&S:Pebhleat are di
Gravel, GG: Granule Gravel, VCS: Very Coarse Sand, MS: Medium Sand, FS: Fine Sand, VFS:

Very Fine Sand, S: Silt
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7. FIGURES

Latitude

Latitude

Longitude

B Longitude i

Figure1: Locationmapsof the 30 soil samplinglocations (solid red diamondajong the urban
rural transect in theastern part of New Jersey. A: Urban soil sampling locations, B: Suburban

soil sampling locations, C: Rural soil sampling locations, D: Nexsey map
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Figure 2:The white bars (left) indicate timean(+ Standard errojioavailable Zn
concentrationgug g*) of dry weight soifrom urban, suburban, rural soil/hile the black bars
(right) indicate the meat Standard errofptal Zn(+ Standard errooncentrationsp(g g*) of
dry weight soilfrom urban, suburban, rural soilSignificance is indicated by letters that are
di fferent (Tukeyds range test).
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Figure3: The white bars (left) indicate the me@nStandard erroioavailableCu
concentrationgug g) of dry weight soifrom urban, suburban, rural sailévhile the black bars
(right) indicate the meaft Standard errofptal Cu (+ Standard errooncentrationsyg g*) of
dry weight soilfrom urban, suburban, ruralil There were no significamtifferences observed
( T uk mngétsst).
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Figure4: The white bars (left) indicate the me@nStandard erroioavailablePb
concentrationgug g?) of dry weight soifrom urban, suburban, rural soil&/hile the blak bars
(right) indicate the meaft Standard errorptal Pb(+ Standard errooncentrationsyg g*) of

dry weight soilfrom urban, suburban, rural soil¥here were no significant differences observed
(Tukeybds range test).
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Figure5: The white bargleft) indicate the meaft Standard erroioavailableFe
concentrationgug g*) of dry weight soifrom urban, suburban, rural soil/hile the black bars
(right) indicate the meaft Standard errofptal Fe (+ Standard errogoncentations (1g g?) of

dry weight soilfrom urban, suburban, rural soil¥here were no significant differences observed
(Tukeyds range test).
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Figure6: PCA analysis ofal microbial carbon utilization using ECOLOG microtiter platésxis 1 accounts for 24.82 of thetotal
variation F (4,27) = 4.50, P = 0.02Axis 2 accounts for 16.56% of thetal variation Results of the MANOVA are as follows;(4,27) =
1.07, P =0.3655=0.678, F = 2.79, P = 0.035%.alues presented after the enzymes in parentlesé®earson Correlations.
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CHAPTER I
THE EFFECTS OF ARBUSCULAR MYCORRHIZAE FUNGI ON THE HEAVY METAL

UPTAKE ABILITY OF TRIFOLIUM REPEN&ND PANICUM VIRGATUM
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1. INTRODUCTION

As the foundation for terrestrial ecosystems, soils sustain food security and economic
viability. They also serve as a medium that humans interact with daily, either directly or
indirectly, through food material (Blum, 2005; Herrick, 2008il contami@tion by heavy
metals today is frequent because of the sheer variety and abundance of point sources, such as
automobiles, industries, factories, agriculture, mining, and illegabihg operations (Hu et al.,
2013; Mico et al., 2006; Ozaki et al., 2004; Mded Yang, 2010; Zhou et al., 2007). Coupled
with modern urban architecture, such as impervious surfandthe increased amount of heavy
metal point sources within environmspfacilitate the transference of heavy metals to

surrounding soils (Li etla 2001).

The history of heavy metal pollution dates back to the early use of fire by humans where
the combustion of wood altered trace heavy metal concentrations of cave emvitsiiNriagu,
1996). Today, heavy metals are being released into envirdgmea rate unprecedented in
history because of rapid industrialization/urbanization, technological advancement, and an

exponential increase in population (McConnell and Edwa@i33).

Six metald_ead (Pb), Zinc (Zn), Cadmium (Cd), Chromium (Cr), CapfCu) and
Nickle (Ni) are commonly classified as heavy metals and occur at low concentrations in the
Earthodés crust (Callender, 200 3;stdabightdansty 2002) .
metallic element that is toxic to organisms at low cotrations Heavy metals persist

environments, unlike radionucleotides and organics that decay with time (Jarup, 2003).

Soil contamination by heavy metals is a serious envirateheoncern. Toxic because of
their subsequent bioaccumulation and biomégaiion, heavy metals pose a serious ecological

threat globally (Lindqvist, 1995; Nriagu, 1990). Physical and chemical remediation are two
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conventional methods to remediating sfiheavy metal pollution (Khalid et al., 2017; Yao et al.,
2012). Physicalemediation exploits discrepancies with heavy metals and soil through soil
filtering, vitrification, and electrokinetic remediation. Faig known as soil washing, chemical
remedation uses highly reactive chemicals, such as acids and surfactantsm@theds include

immobilization and encapsulation.

Depending on the severity of contamination, soil is treated ersitusitu.
Unfortunately, both require removing above growegetation to access polluted soil.
Conventional remediation methods arpensive and require a large amount of energy to remove
heavy metals from soil. Though conventional methods are effective, they have serious adverse
effects on the physical andexnical composition of soils. In turn, this affects the habitat of soll

micro/macrofauna and the corresponding aboveground ecosystems.

The use of plants to remove pollutants from sdibimally known as phytoremediation.
This process can be done irusitit is inexpensive, environmentally friendly, prevents re
exposure via negetation, and limits disturbances to the surrounding ecosystem (Wan et al.,
2016). Plant species that are candidates for removing inorganic pollutants from soils have two
key characteristics. One, they have the ability to produce a large amount @&fdsiomwo, they
have a high metal accumulating capacity (McGrath and Zhao, 2003). The efficacy of
phytoremediation depends on the initial establishment of vegetation and metaldelef

phytoremediator species (Remon et al., 2005; Smith and Bradshz®y, 19

There are two main strategies thatiamlvedin the phytoremediation dfeavy metal
from contaminated soilghey argphytoextraction anghytostabilization{Sarwar et kb, 2017)
Phytoextraction accumulates metalshiaabove ground tissues of plamtkich can be harvested
thus removing heavy metals from a environment. Alternativélytgstabilizatioimmobilizes

metals in the sailthuspreventinghe potential forre-exposure eents
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In this work, two different plant species were studigfplium repengwhite clover)
andPanicum virgatungswitch grass).Trifolium repenss herbaceous perennial plant that
belongs to the family Fabaceagrifolium rependearsnodules thehouse Nfixing bacterium
calledRhizobium trifolii(Burdon, 1983)The transference of micronutrients especially Nitrogen
is the central focus in the literaturegarding this symbiotitelationship Thereareonly a few

studies orT.repenanetal uptakebility (Bidar et al., 2007, 2009; Mcgrath et al., 1988).

Panicumvirgatumis a highyielding biomass perennial grass that has been extensively
studied. Most of the literature focuses on biomass production for feedstock and biofuel. Few
studiesfocus on metal uptake (Di Virgilio et al., 2007; McLaughlin and Adams Kszos, 2005;
Porter, 1966; Shen et al., 2012, 201Banicumvirgatumproduces a complex, deep penetrating
root system that may be benef irootarthiteCtwre, met al a

biomass, and length enhance the acquisition of minerals (Lambers et al., 2006)

In addition to gaps in literature regarding the metal uptake ability mfpenandP.
virgatum there is even less literature on the contributiorsmbiotic rhizosphere organisms to
heavy metal remediation. Arbuscular Mycorrhizae Fungi (AMF) are rhizosphere plant symbionts
that are known to increase the transference of water and minerals to host plant spéGaeskiAl
1998, 2000). ColonizatioryblAMF has also shown to alleviate heavy metal induced stress to

their host plants (Galli et al., 1994; Khan, 2005).

The underlying mechanisms of the enhancement of plants to tolerate heavy metal
contamination is thought to be the binding capacity of élihgphae to metals in the roots or in
the rhizosphere (Hetrick et al., 1994; Joner et al., 2000). Studies involving AMF have focused on
heavy metal stress tolerance and nutrient upt&kielebrandt et al., 2007; Marschner and Dell,
1994) They have igored the heavy metal uptake ability to host plants. AMF are major
contributors to ecosystems and may provide a significant impact on remediation(@&tiriss

et al., 2003; Leyval et al., 2002)
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In this study heavy metal concentratiomgereexperimetally manipulatecased on the
findings collected from an urban to rural gradient field study conducted in south western New
Jersey in 201{Chapter ) Soils collected inthis urban to rural gradient study were analyzed for
their concentration of zincopper, lead, and iron. The metal concentrations of the urban location

soil samples were averaged and used for this study to simulateardéimetal concentrations.

The main objective of this study was to determine the effects of AMF on the heavy meta
uptake ability ofT. repensandP. virgatum This was achieved by (i) determining metal (Zn, Cu,
Pb, Fe) concentrations in the shoots and roots cédpensandP. virgatum;and(ii) then
statistically analyzing the concentrations to determine if theomyizal inoculatedr. repensand
P. virgatumhave a significant difference in the metal remediation potential versusioculated

plants.

The results of the study helped address the following question3.. AepensandP.
virgatumphytoextractors, lpytostabilizers, or neither? Does AMF increase or decrease heavy
metal accumulation df. repensandP. virgatun? Does AMF increase metal cemtrations in
the shoots, roots, both, or neitheffofrepensandP. virgatun? Does Zn, Cu, Pb, and Fe
accumulge at the same rate and in similar plant tissues (shoots and roots) or does each metal vary
in the accumulation ifi. repensandP. virgatumtissues? Do increasing soil concentrations of

zinc, copper, lead, and iron correspond to higher concentratidnsépensandP. virgatum?
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2. MATERIALS AND METHODS

This study was conducted in the greenhouse at the Rutgers University Pinelands Field
Sta¢ i on in New Lisbon, New Jer sey. During the du
temperature ranged frobh%°C to 48 C, and theaverage temperature was 3qQ¥E. = 2.13). fie
relative humidityof the green house ranged from 56 to 76 percent, thrageveelative humidity

was68 (S.E. + 0.70percent.
2.2 Soil preparation

An unsterilized soil/sand substegid:1) was created by mixing topsoil and sand. The
topsoil was obtainedfroRoor k6s Farm Supply,Thésamdwdsocat ed i n
collected at a depth of®5 cm from the Pineland®eserve Copper, zinc, lead, and iron were
addedtothissoildust r at e. The previous studyodégZnaverage
Cu, Pb, and Fe)oncentrations were 200 ué 40 ug ¢, 200 ug ¢, and 15,000 pg'g
respectively. These average metal concentrations were increased two affioldiieeachievea
total of three different metal treatment levels. Sulphate forms of metals were usedeatat pr
excess nitrogen from altering the growth of the plants and changing the results. Copper (l1)
sulfate pentahydrate (CuS0O4,5H20), Zinc sulphate heptahydrat®©4Zn320), Lead (II)
sulfate (PbS04), and Iron () sulfate heptahydrate (FeSO4, 7H20)umselotions (1000 ug
mlt) were created with deionized water and diluted to the appropriate concentrations with

deionized water and then added to the soil to sitmuteetal contamination.
2.3 Planting of T. repens and P. virgatum

Two different kinds bgrowing tubes were used to accommodate the small biomass plant
speciesT. repensand larger biomass spedtevirgatum. T. repenglants were grown in plastic
tubes of 3.81 cm and 20.95 cm of heigRt. virgatumplants were grown in polyvinyl chloride

tubes of 5.08 cm of diameter and 60.96 cm of heightvirgatumandT. repengrowthtubes
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have a capacity 130 g and 600 g of soil respectively. The water oeteapacity for each tube

was determined to be 20 ml for repensand 100 ml folP. virgaum.T. repenglants were

grown from seed and reduced to 10 plants per tBhe&irgatumseeds were allowed to germinate

in trays in advance. One plant was thendgpanted to each growth tube. Before seeding and
transplantation of growth tubes, mycamdl inoculum was added to the surrounding soil of
corresponding mycorrhizal treated replicates. Plants were grown for four months. They were
watered once every twatays. Excess watering was avoided to prevent leaching of applied metals

for the duration bthe experiment.

2.4 Plant and soil sampling

Immediately after the growing period, shoots were cut at the soil surface and washed with
tap water to remove largmwil particles and dust. They were then rinsed with deionized water
three times. Next, th&oil cores within the tubes were carefully extracted onto waxed paper and
the roots were removed. The roots were removed from the soil cores by hand, and then gent
washed with tap water to remove soil particles. They were subsequently washed wittedeio

water three times.

The roots were dried by blotting them with paper to remove excess water and then
weighed. Samples from the cleaned, dry, and weighedwaoesrandomly chosen and removed
for determination of AMF root colonization. Plant shoansl roots for analysis of heavy metals
were placed into paper bags and dried at 60°C for 16 hours until completely dry. Soil cores
removed from the growing tubesve transferred to paper bags and allowed to air dry for

approximately three weeks untilrestant weight was achieved.

2.5 Plant and soil heavy metal analysis

Plant and soil heavy metal concentrations were determined by flame atomic absorption

spectroscpy (FAAS, Buck Scientific, 211 Accusys). After plant shoots and roots were cleaned,
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dried,and weighed, they were ground to homogenize large samples. The plant shoots and roots
that were above the recommend sample weight for digestion (0.5 g) were.grboad that were
below the recommended mass were not ground to prevent loss of sampleBotasglant and

root samples were digested using a solution of trace metal grade HC:44NQ/v) overnight

at room temperature in clean, dry 100 ml Foss digestibes. The samples were then placed into
a Tecator digestion system 40 1016 digestioglkband heated to 140°C for one hour or until
samples were dry. Once the dried samples were cool, 10 ml of 20% HCI (by vol.) was added to
each tube. The remainimigest solutions were filtered through a Whatman #2 filter by vacuum
filtration and placedhto labeled clean plastic containers for metal analysis. Soil bioavailable
water extractable metal concentrations were determined by creating a soil suspeahsionized
water. The soil solution was shaken on a reciprocal shaker for 30 minutegmafitte¢hed

through a Whatman #2 filter by vacuum filtration. It was then placed into labeled, clean plastic
containers for metal analysis. Standards of 1000 ppre wreated by using the sulfate forms of

the metals added to the soil.

2.6 Determination of AMF root colonization

To visualize AMF colonization, roots were first cleared in 10% KOH for one week in 20
ml plastic scintillation vials. After the initial cléag with KOH, roots were then washed with tap
water to remove KOH and pattilates. Roots were then acidified with a 1% HCI solution for 24
hours. After the 24our acidification period, the HCI solution was removed and the remaining
roots were stainedith a 0.05% Trypan blue solution in lactoglycerol (v/v). Approximatelg fiv
1 cm pieces of the stained roots were mounted on glass slides for viewing with an optical
microscope.One hundred and fiftgix roots samples from nemycorrhizal and mycorrhitd .
repensandP. virgatumwere prepared and viewed with an optical microscope to identify

mycorrhizal colonization.

2.7 Statistical analyses
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The data were statistically analyzed with analysis of variance using bothaywand
threeway ANOVAs. The program used teegorm data analysis was Prism &0 compare
heavy metal uptake of namycorrhizal and mycorrhizal plants grown in varying heavy metal soll
concentration§s i dp®skhoctest was performedTwo different indices were used to assess
plants for phytoextraction pposes. Bioconcentration factor (BCF) was calculated with the

following equation:
BCF = Charvestedissuel Csoil

whereChanestedissuelS @ metal (Zn, Cu, Pb, or Fe) concentration in either the shoot or robts of
repensandP. virgatumandCs.iis the metal concentration in the soil. The phytoextraction rate

(PR) was also calculated for repensaandP. virgatumwith the following egation:
PR = Charvestedissuex Mplant/ Csoil X Mrooted zon) x 100

whereChanestedissieiS @ metal (Zn, Cu, Pb, or Fe) concentration in the shodisrepensor P.
virgatum, MyantiS the mass of the shoots at the time of harg&stis the conentration of a metal

in the soil, andMooted zondS the mass of soil rooted by eitherepensor P. virgatum

A massbalance analysis wa®ormed to calculate the percentage of each metal within
the shoots, roots, and soils (water extractable and soil bound)-ofiymmrhizal and mycorrhizal
T. repensandP. virgatum.The massalancgor each metal foll. repensandP. virgatumwith

the folowing equation:
% = (Charvested tissue/sofl C|soi|) x 100

whereChanvested tissueisats @ metal (Zn, Cu, Pb, or Fe) concentration in the shoots, roots, or soil of
nonrmycorrhizal and mycorrhizd& . repensandP. virgatum Clsqis the initial expemmental

metal treatment concentration.
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Massbalance analyses were performed to determine the final distribution of Zn, Cu, Pb,
and Fe in nomycorrhizal and mycorrhizdl. repens, P. virgatunand orresponding soilsThe
initial metal soil concentratianwere used to calculate the final percentages of metals in the
shoots, roots, and soils (water extractable and soil bound) ehgoarrhizal and mycorrhizal.
repensandP. virgatumafter the fourmonth growing period (Table 6). Pie charts were crelayed
averaging mass balance percentages across all soil treatment concentrations to better visualize the

large amount of data (Figure$ 9.2).
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3. RESULTS
3.1. Zn, Cu, Pb, and Fe concentrationdofepens and P. virgatum

Figures 1- 4 summarize the mean concentrations of Zn, Cu, Pb, and Fe in the shoots and
roots of noAamycorrhizal and mycorrhizal. repensandP. virgatumwhich were grown in
increasing sil metal concentrations (ugly All plant metal tissue concentrations are expressed
as ug ¢ dry plant tissue weight. The corresponding thregr ANOVA summary for the

experimental variables is presented in Table 1.
3.1.1. Zn concentrations of T.pens and P. virgatum tissues

Comparing Zr(Fig. 1) concentrations of nemycorrhizalT. repensandP. virgatum
shoot tissues, nemycorrhizalT. repenshoots overalhad higher concentrations than non
mycorrhizalP. virgatumshoots, 25.96 pgjas compard to 4.39 ug g (P < 0.005). Non
mycorrhizal P. virgatumroot tissues had higher concentrations of Zn thanmygeorrhizalT.
repensroots at the soil concentration of 600 pod Zn, 151.5 ug g compared to 4.3 ug'gP =

0.006).

There was no sigficant difference when comparing Zn cont&tions of both
mycorrhizalT. repensandP. virgatumshoots. However, when comparing between mycorrhizal
T. repensandP. virgatumroots, there was one significant difference in terms of Zn
concentrations. At soil concentration of 200 ug'ef Zn, mycorrhizalP. virgatumroots had
higher concentrations than mycorrhiZalrepensoots, 413.1 pg ¢as compared to 6.9 ug'¢P

= 0.022).

Examining intraspecies interactions, aogcorrhizalT. repenshoots had higher
concentrations when comgalto mycorrhizall. repenshoots at two different Zn soll
concentrationsR < 0.017). At the soil concentration of 200 pugaf Zn, normycorrhizal T.

repensshoots had a mean concentration of 0.5 figgicompared to the mycorrhiZalrepens
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shootsmean of 10.2 ug'y MycorrhizalT. repensoots at the highest Zn soil concentration (600
ug gt) accumulated more than their Aoycorrhizal courgrparts, 259.1 pggcompared to 4.3

ug g*. NonmycorrhizalP. virgatumshoots exhibited no differencbstween mycorrhiza®.
virgatumshoots. MycorrhizaP. virgatumroots had higher concentrations of Zn than-non

mycorrhizalP. virgatumroots at thesoil concentration of 200 pgigP = 0.022).
3.1.2. Cu concentrations of T. repens and P. virgaturodiss

No significant differences were observed with Cu (Fig. 2) betweemmyaworrhizalT.
repensand noamycorrhizalP. virgatumshoot and root tissseEven though mycorrhizal
repensshoots had higher concentrations of Cu than mycorrRizeirgatumshoots at the highest

Cu soil concentration (120 ugtp(P < 0.0001).

There was a significant difference when examining intraspecies interactitinG wof
norrmycorrhizal and mycorrhizal. repenshoots at the highest Cu soil concentration (120 ug g
1 (p <0.0001). Mycorrhizar. repensshoots had elevated Cu concentrations compared to non
mycorrhizalT. repensshoots, 34.8 pgyas compared td ug g*. There were no significant
differences that were observed wirhvirgatumshoots or roots regdless of mycorrhizal

treatment.
3.1.3. Plxoncentrations of T. repens and P. virgatum tissues

Non-mycorrhizal and mycorrhizdl. repensandP. virgatumshoot and root Pb
concentrationgre displayed in Figure 3. At soil concentrations of 200-bangl400 ug g of
Pb, nommycorrhizalP. virgatumshootshad higher concentrations of Pb as compéwatbhn
mycorrhizalT. repenshootswhich were significantly lower, 81.39 ug'@nd 80.59 g ¢as
compared to 27.67 ug'and 48.43 ug grespectively P < 0.004). No significant differences
were observed between notycorrhizalT. repensandP. virgatumroots and between

mycorrhizalT. repensandP. virgatumshoots regarding Pb concentrations. However, a Pb soil
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concentration of 600 pg'gmycorrhizalT. repengoots accumulated more than mycorrhi2al

virgatum roots, 382.7 ug'gas compared th26 pg g-.
3.1.4. Fe concentrations of T. repens and P. virgatum tissues

For Fe (Fig. 4), no significant differences were observed between thayuwmrhizal
shoots ofT. repensandP. virgatum. A very different trend exists when comparing non
mycorrhizal roots off. repensandP. virgatum At all Fe soil concentrations, nonycorrhizalP.
virgatumroots had higher concentrations than-maycorrhizalT. repengoots @ < 0.0032).
Mycorrhizal T. repensshoot concentrations were higher than theceatrations of mycorrhizé.
virgatumshoots. The concentrations were toward the higher end (>30,008 pfjthe soil Fe
treatmentsP <0.01). There werno significant differences when comparing mycorrhizal
repensandP. virgatumroot concentratins. Fe intraspecies interactions were not observed with

T. repensandP. virgatum
3.2. Total biomass accumulation of Zn, Cu, Pb, and Fe of T. reper3. airgatum tissues

Figures 5 8 summarize the mean total biomass accumulation of Zn, Cu, Pb, and Fe of
non-mycorrhizal and mycorrhizal inoculatdd repensP. virgatumshoots, and roots for the
four-month growing period grown expressed in ug per ipareasing soil metdteatments are
expressed in ugy The threevay ANOVA summary for the total biomass accumulation of

metals byT. repensaandP. virgatumis summarized in Table 2.
3.2.1. Total biomass accumulation of Zn of T. repens and P. vingatu

The total biomasscaumulation of Zn in the nemycorrhizal and mycorrhizal shoots and
roots ofT. repensandP. virgatumis summarized in Figure 5. NanycorrhizalT. repenshoots
had higher concentrations of Zn at the soil concentration of 406,182 pgcompare td pg
(P=0.0461). When comparing the total biomass accumulation of Zn byngoorrhizal roots,

P. virgatumhad higher concentrations than rogcorrhizalT. repengootsat every Zn soil
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treatment P < 0.039). No significant differeces were observed eh comparing the total
biomass accumulation of Zn between mycorrhizakepensandP. virgatumshoots. At the Zn
soil concentrations of 200 and 400 u§ gycorrhizalP. virgatumroots accumulated more Zn
than mycorrhizall. repensoots, 42.40 ug andl677 pg as compared to 0.41 pg and O pg for

mycorrhizalT. repengoots P < 0.033).

The Zn concentration of nemycorrhizalT. repenshoots was greater than that of
mycorrhizalT. repenshoots at a soil concentration of 400 g(B = 0.014). Mycorrizal T.
repensroots at the highest Zn soil concentration (600 figagcumulated more Zn than ron
mycorrhizalT. repengoots P < 0.0001). There were no significant differences between non
mycorrhizal and mycorrhizd&. virgatumshoots. At the Zn soitoncentration of 400 pug'y
mycorrhizalP. virgatumroots accumulated more Zn than rogcorrhizalP. virgatumroots (p =

0.0082).
3.2.2. Total biomass accumulation of Cu of T. repens and P. virgatum

Figure 6 summarizes the nmetotal biomass accumulation of Cu in Amrycorrhizal and
mycorrhizal shoots and roots ®f repensandP. virgatum.There were not significant differences
between nommycorrhizalT. repensaandP. virgatumshoots with regards the total biomass
accumulabn of Cu. NomamycorrhizalP. virgatumroots had higher concentrations of Cu than
nonmycorrhizalT. repensoots at the soil concentrations of 80 ptagd 120 ug g, 8.99 ug

and 8.38 ug as compared to 0.41 pug and 0.06Puyd.0187).

There were nagignificant differences between mycorrhiZzalrepensandP. virgatum
shoot Cu concentrations. Only one significant difference existed befweepensandP.
virgatummycorrhizal root concentrations. At a soil concentratib80 pg g'of Cu, mycorrhzal
P. virgatumroots had greater concentrations than mycorrfAize¢épensoots, 45.43 pg as

compared to 4.41 pdP(= 0.0205).
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At the highest Cu soil concentration (120 p,gnycorrhizalT. repenshoots had
higher concenttions than their nomycortizal counterparts, 3.79 ug as compared to 0Rxg (
0.0046). There were no significant differences betweemmgorrhizal and mycorrhizal.
repensroots orP. virgatumshoots. At the Cu soil concentration of 80 pigrgycorrhizal P.

virgatumroots ha approximately five times greater accumulation of Eg 0.0448).
3.2.3. Total biomass accumulation of Pb of T. repens and P. virgatum

The total biomass accumulation of Pb of smoycorrhizal and mycorrhizal shoots and
roots of T. repenandP. virgaumis summarized in Figure 7. NanycorrhizalP. virgatum
shoots accumulated higher concentrations of Pb thamygorrhizalT. repenshootsat the
highest Pb soil concentration, 284.9 ug as compared to 8.353@{206). Non-mycorrhizalP.
virgatumroots accumulated more than amycorrhizalT. repengoots at the soil Pb
concentration of 400 ug'y44.8 ug as compared to 0.17 R~ 0.0292). At the highest Pb sail
concentration (600 pug¥y, mycorrhizalP. virgatumshoots and roots had higHeip

concentrations when compared to the mycorrhizaépensshoots and root$(< 0.005).

Non-mycorrhizalT. repenshoots at all Pb sofloncentrations had higher Pb
concentrations when compared to mycorrhizalepenshoots P < 0.0311). Also, at thBb soll
concentration of 600 pg'yg mycorrhizalT. repengoots had higher Pb concentrations than-non
mycorrhizalT. repengoots P =0.0482). NommycorrhizalP. virgatumshoots at the Pb soil
concentration of 600 pg'ghad higher concentrations tharycorrhizalP. virgatumshoots P =
0.0482). MycorrhizaP. virgatumroots at the Pb soil concentration of 600 figagere higher

than noamycorrhizalP. virgatumroots @ = 0.0166).
3.2.4. Total biomass accumulation of Fe of T. repens and P. virgatum

Figure 8 summarizes the mean total biomass accumulation of Fe {ogywonrhizal and

mycorrhizalT. repensandP. virgatumshoots and rost Both noamycorrhizalP. virgatum
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shoots and roots at the Fe soil concentrations of 15,000 and 30,00(had kigher tissue
concentrations than nemycorrhizalT. repenshoots and root$(< 0.0006). There were no
significant differences between gorrhizalT. repensandP. virgatumshoots. However, at the
Fe soil concentrations of 15,000 pgand 40,000 pug¢ mycorrhizalP. virgatumroots

exhibited higher concentrations than mycorrhizalepengoots P < 0.0327).

There were no significant differences observed between thengoorrhizal and
mycorrhizalT. repensshoots and roots. Also, no significalifferences were observed between
non-mycorrhizal and mycorrhiz&. virgatumshoots. However, at the Fe saincentration of
30,000 pg ¢, nonmycorrhizalP. virgatumroots were higher in Fe concentrations than

mycorrhizalP. virgatumroots, 2961 ug asompared to 407.6 pudgPE 0.003).
3.3. Bioconcentration factor (BCF)

Table 3 shows the bioconcentratifactors (BCF) of hommycorrhizal and mycorrhizal.
repensandP. virgatumshoots and roots. The BCF values for Zn of-ngrcorrhizal and
mycarhizal T. repenandP. virgatumshoots and rootgried between 0.27 and 212.02 with the
lowest BCF in normycorrhizal T. repengoots and the highest in mycorrhi&lvirgatumroots.
The BCF values for Cu of nemycorrhizal and mycorrhizal. repensand P. virgatumshoots and
roots varied between 0.52 and 580.42, with the lowest BCF imyaorrhizalT. repengoots
and the highest in mycorrhizBl virgatumroots. The BCF values for Pb varied between 0.43
and 474.91 with lowest BCF in nanycorrhizd T. repengoots and the highest in non
mycorrhizalP. virgatumshoots. The BCF values for Fe ranged from &fd 293.31 with the
lowest BCF in mycorrhizal . repenshoots and the highest in rorycorrhizalP. virgatum

shoots.

3.4. Phytoextractionate (PR)
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The phytoextraction rates (PRs) of Zn, Cu, Pb, and Fe femyaorrhizal and
mycorrhizalT. repensandP. virgatumshoots and roots for the fooronth growing period are
summarized in Table 5. Mycorrhizal virgatumroots had the highest FB Zn (21.2%). The
lowest PR for Zn was for mycorrhizal repenshoots (0.02%). Mycorrhiz&l. virgatumroots
had the highest PR for Cu (58%). The lowest PR for Cu was femyaorrhizalT. repengoots
(0.05%). NommycorrhizalP. virgatumshoots hd the highest PR for Pb (47.5%). The lowest
PR for Pb was for nemycorrhizalT. repengoots (0.04%). The higest PR for Fe was for nen
mycorrhizalT. repensshoots (29.3%). The lowest PR for Fe was for mycorrfiize¢pens

shoots (0.8%).

3.5. Massbalance analysis of Zn, Cu, Pb, and Fe

Figure 9 displays the percentage of Zn in-noytorrhizal and mycohizal T. repensand
P. virgatum.The percentage of water extractable Zn from the soil formgeorrhizalT. repens
andP. virgatumwas 7.9% an@®.9% respectively. For mycorrhizal plants, the percentage of
water extractable Zn was 8.4% and 7.7%TforepensandP. virgatum NonmycorrhizalT.
repensshoots had a higher percentage of Zn 2.6%, compared to 1.7% ZnnimyaorrhizalP.
virgatumshoots. A comparison of mycorrhizal shoot percentage d®? Arirgatumshoots had a
higher percentage at 1.1% compared to 0.6% mepens MycorrhizalP. virgatumroots had the
highest percentage of Zn, consisting of 14.5% compared to botmycorrhizd and
mycorrhizalT. repengoots at 0.01% and 0.3% respectively. The average percentage of soil
bound Zn ranged from 76.6994.7% with the lowest in mycorrhizBl virgatumand the highest

in non-mycorrhizalP. virgatum

Figure 10 displaythe percentge of Cu in normycorrhizal and mycorrhizdl. repens
andP. virgatum The percentage of water extractable Cu frommgoorrhizal and mycorrhizal
T. repenssoils was 9.9% and 3.1% respectively. For bothmyoorrhizal and mycorrhiza?.

virgatum,therewas no water extractable Cu from the soils. Mycorrhizalirgatumshootshad
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the highest percentage of Cu at 4.5% as compared tmyoarrhizal and mycorrhizdl. repens
1.1% and 0.6% respectively. Mycorrhi&lvirgatumroots had the lghest percaiage of Cu

34% when compared to their-noycorrhizal counterpart and both norycorrhizal and
mycorrhizalT. repengoots at 9%, 0.7%, and 1.1%. The percentage of Cu bound to the soils
ranged from 63.3%92% with the lowest in mycorrhiz&l. virgatumandthe highest in

mycorrhizalT. repens

Figure 11 displays the percentage of Pb inrmycorrhizal and mycorrhizal. repens
andP. virgatum There was no soil water extractable Pb in botimgoorrhizal and mycorrhizal
T. repensaandP. virgaumsoils. Non-mycorrhizalP. virgatumshoots had the highest percentage
43.3% of Pb when compared to mycorrhiRalirgatumshoots and both nemycorrhizal and
mycorrhizalT. repensshoots, 4.7%, 3.6%, and 0.4% respectively. MycorriiRzairgatumroots
had the fghest percentage 14.7% of Pb compared to theinmgoorrhizal counterparts 6.8%
and both normycorrhizal 0.1% and mycorrhizal 1.5%repens The percentage of Pb bound to
the soils ranged from 50908% with the lowest percentage in aorycorrhizal P. virgatumand

the highest in mycorrhizal. repens

Figure 12 displays the percentage of Fe innmycorrhizal and mycorrhizdal. repens
andP. virgatum The percentage of soil water extractable Fe was similar between non
mycorrhizal and myawohizal T. repensandP. virgatumand ranged from 1.6%2.6%. The
percentage of Fe was higher in both moycorrhizal 15.4% and mycorrhizBl virgatum11%
shoots and when compared to 1.3% in bothmgnorrhizal and mycorrhizdl. repensshoots.
Norrmycorrhizal anl mycorrhizalT. repensoots had no Fe. NemycorrhizalP. virgatumroots
had a higher percentage 9.7% of Fe as compared to mycoRhizejatumroots at 3.6%. The
percentage of soil bound Fe ranged from 72-4%% with the lowest perctamge in non

mycorrhizalP. virgatumsoils and the highest in mycorrhiZalrepenssoils.

3.6. AMF root colonization
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The results pertaining to colonization rates by mycorrhiza was inconclusive. Little to no
colonization was observed by mycorrhizae regardingctures such as: arbuscules, coils,
vesicles, spores, and hyphae. There has been evidence in the liteetsupplorts this peculiar
observation of the absence of mycorrhizal structures. Frankland and Harrison (1985) observed
that in absence of myodnizal structures there was still mycorrhizal growth effects on infected

plant specieg regard tanicronutriens.
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4. DISCUSSION

In this work, the primary interest was to determine the effects of AMF on the uptake of
Zn, Cu, Pb, and Fe bly. repensaandP. virgatum The results showed that the capacity of metal
uptake byT. repensandP. virgatumdepended on the type of metal, soil metal concentrations,

and the presence of AMF.

The concentrations of Zn, Cu, Pb, and F&.inepensandP. virgatuntissuesvaried
significantly. The variations were influenced by the addition of the mycorrhizal inoculum and the
soil metal treatment concentrations. For example, when comparing tissue concentrations of Zn,
non-mycorrhizalT. repenshootshad higher conggrations thamornmycorrhizalP. virgatum
shoots at 25.96 pugigompared to 4.39 ug'gacross all Zn soil concentrations (Figure 1).
However, when comparing Cu shoots concentrations, mycorihizapenshoots only had
higher concentrations thdh virgatumshootsat the highest Cu soil concentration of 120 g g
(Figure 2). Based on the additional results provided from Pb and Fe, not all metals and
corresponding soil concentrations behave the same regarding the remedidtioagansandP.

virgatum

Mycorrhizal inoculum and varying soil metal concentrations influenced the remediation
potential of these two species. This difference was further noted when the total biomass
accumulation of Zn, Cu, Pb, and Fe were compared. For example, depamtiegCu soil
metal treatment concentration, both fagicorrhizal and mycorrhizd&. virgatumroots
accumulated more Cu thdn repensoots (Figure 6). At the Cu soil concentration of 40 g g

however, there was no significant differences betweammmngst species

This trend of the metal remediation potential of different plant species by altering soil
concentrations and using chemical mobilizing agents or rhizobacteria is found throughout the

literature. Examples of different plant species inekithaize {ea mayy Sunflowers delianthus
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annuu$ in combined with EDTA and citric acid, and European yellow lupingifus luteups
with metal resistant rhizobacteriugerratia Sp. MSMC54¢Aafi et al., 2012; Szabd and Fodor,

2006; Turgut et al., 2004).

The biocacentration factor (BCF) is defined as the ratio of a metal concentration in the
plant shoots or roots to the metal concentration in the soil. BCF values are important in
evaluating the potential of a plant species for phytoremediation (Mc@mndtZhao2003). BCF
values greater than one in the shoots or roots determine if a plant is eligible for phytoextraction or

phytostabilization of metals in soil.

Depending on the type of metal and the addition of the mycorrhizal inoculum, BCFs
varied geatly betveen the shoots and rootsTofrepenandP. virgatum(Table 3). Without the
addition of the mycorrhizal inoculum shoot, BCFsTorepensandP. virgatumwere higher,
suggesting that both species could be used for phytoextraction. When iognspacie that had
the addition of the mycorrhizal inoculum, both had higher root BCFs except for Ferépens
This finding suggests that adding the mycorrhizal inoculum t@pensandP. virgatumcreates a
favorable condition for phytostabilizah instea of phytoextraction. The higher root BCFs for
mycorrhizalT. repensandP. virgatummay be explained by various mechanisms, such as the
storage of metals in root tissues to prevent foliar toxicity, the low mobility of metals because of
their binding to »lem within root tissues, and the immobilization of metals by rhizosphere

organisms (Alloway, 2013; Meier et al., 2017; Raskin et al., 1997).

The immobilization of metals by rhizosphere organisms is the most probable
explanation for the findingjof thisexperiment, given the differences in metal accumulations
between nommycorrhizal and mycorrhizal treatments. As described earlier, the results of the root
colonization by AMF were inconclusive, even though mycorrhizal growth effects still can be
observedvithout classical structures (Frankland and Harrison, 1985). AMF have been known to

facilitate the transfer of nutrients, increase root water absorption, and sequester radioactive
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isotopes of host plant species (Berreck and Haselwandter, 2@hisén edl., 1992; Wu and

Xia, 20086).

The effect of AMF on plant uptake of metals during phytoremediation is not always
clear. A limited number of studies show that at high soil metal concentrations, AMF have been
able to increase the uptake by halsints (Coper and Tinker, 1978; Gildon and Tinker, 1983;
Killham and Firestone, 1983) . In ottetudieshowever, AMF significantly reduckmetal
concentration in plants or shoots (Berreck and Haselwandter, 2001; Kaldorf et al., 1999; Vogel
Mi k u g, 2@05, 2Gb). Jankong and Visoottiviseth (2008) provided evidence that AMF
prevented the translocation Afsenic(As) to the aerial parts of host plants. AMF metal uptake
is also dependent on soil concentrations as demonstrated by Schiepp et al cAddBatk
uptake of Cd and increased uptake of Zn in the same plant species (Galli et al., 1994). Evidence
also shows that AMF has no effect on shoots and roots concentrations and uptake ability of
metals (Weissenhorn et al., 1994). This is only a few plesof tle complexity involving the

role of AMF in phytoremediation.

From the AMF phytoremediation metal strategies listed above, two results from this
study involving normycorrhizal and mycorrhizdal. repensandP. virgatumare the most telling
Basedon the rasults, it can be concludede foremost strategy employed by AMF is that it
prevents the translocation of Zn, Cu, Pb, and Fe to the aerial parteepiensaandP. virgatum
The prevention of metal translocation by AMF is best displayed brethudts baveen the non
mycorrhizal and mycorrhizal plant BCFs, where the mycorrhizal root BCFs were higher than
nortmycorrhizal shoots and roots. The second AMF metal strategy indicates that metal uptake is
dependent on soil concentrations and type dhhaes obsrved by the differences in BCF of

plants between metals and soil concentrations.
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5. CONCLUSIONs

Unlike organic pollutants, heavy metals cannot be degraded. Therefore, soil heavy metal
remediation efforts are limited to stabilization orraxtion. Unlike conventional remediation
methods, phytoremediation is an effective and sustainable alternative to removing metals from
soils. When applying phytoremediation strategies to polluted soils, it is important to have a
defined objective for theesult ofmetals in environments. If the objective is to remove metals,

phytoextraction techniques should be applied over phytostabilization.

This study provides useful data pertaining toepensandP. virgatummetal tissue
concentrations and accutation rates. It also provides data on the effects of adding mycorrhizal
inoculum on metal uptake @t repensandP. virgatum For the application of these two species
in in-situ metal remediation efforts, it is dadal that the end goal be defined firdn relation to
these two species, if they were used fesitn metal remediation, and the goal is to remove
metals from a soil, it is important not to add a mycorrhizal inoculum, to increase the likelihood of

metds being transferred to above grourdn tissues for removal (phytoextraction).

If the end goal for the metals is to prevent leaching arekpesure or reontamination
(phytostabilization), then a mycorrhizal inoculum can be add&d tepensandP. virgatum In-

situ experiments woulldave to be created to test if Amycorrhizal and mycorrhizdl. repens

andP. virgatumare applicable for phytoremediation or phytostabilization. After completion of

an insitu metal remediation operation it is imfant that both the above ground shaaid

below ground roots of the phytoremediator plant are removed to maximize the metal remediation
effect. This study provides data pertaining to phytoremediation, along with a biological

understanding of how organismurvive in extreme environments.
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6. TABLES
Element Zn Cu Pb Fe
Tissie Shoot Root Shoot Root Shoot Root Shoot Root

F P F P F P F P F P F P F P F P

Explanatory variables
Soil metal treatment concentration 3.34 0.0313 808 0.0004 4.72 0.0077 3.99 0.0161 10286 0.0001 7.35 0.0007 39.27 0.0001 1.01 0.3996
Plant species 1.97 0.1703 19.1  0.0001 1.04 0.316 0 0.9467 28.29 0.0001 0.05 0.4263 7.24 00112 166 0.2068
Mycorrhizal Inoculum 0.04 0.8354 26.27 0.0001 1.65 0.2087 0.2 0.6546 317.66 0.0001 4.18 0.0491 0.1  0.7507 0.88 0.3552
Plant species + Soil metal treatment concentration 1.71 0.1847 2.04 0.1273 5.92 0.0025 0.37 0.7786 7.15 0.0008 0.18 0.9092 4.08 0.0146 1.01 0.3996
Mycorrhizal Inoculum + Soil metal treatment concentration 14 0.2618 358 0.028 7.84 0.0005 0.34 0.7956 57.64 0.0001 0.49 0.6894 0.55 6513  1.02 0.3964
Plant species + Mycorrhizal Inoculum 7.06 0.0122 9.88 0.0036 6.81 0.0136 0.07 0.7959 21.35 0.0001 6.19 0.0183 523 0029 0.88 0.3552
Plant species Mycorrhizal Inoculum + Sanetal treatment concentration 1.82 0.1632  2.14 0.115 496 0.0061 0.78 0.5127 5.09 0.0054 391 0.00174 135 0.2746 1.02 0.3964

Table 1: ThreaVay ANOVA summary table fof. repensandP. virgatumshoot and root concentrations of Zn, Cu, Pb, and §etgry

weight).



Element Zn Cu Pb Fe
Tissue Shoot Root Shoot Root Shoot Root Shoot Root

F P F P F P F P F P F P F P F P
Explanatry variables
Soil metal treatment concentration 3.34 0.0313 7.93 0.0004 4.72 0.0077 3.99 0.0161 102.90 <0.0001 7.35 0.0007 39.27 <0.0001 1.01 0.3996
Plant sjgcies 1.97 0.1703 18.78 0.0001 1.04 0.316 0.00 0.9467 28.29 <0.0001 0.65 0.4263 7.24 0.0112 1.66 0.2068
Mycorrhizal Inoculum 0.04 0.8354 26.16 <0.0001 1.65 0.2087 0.20 0.6546 3170 <0.0001 4.18 0.0491 0.10 0.7507 0.88 0.3552
Plant species $oil metal treatment concentration 1.71 0.1847 201 0.1324 5.92 0.0025 0.37 0.7786 7.15 0.0008 0.18 0.9092 4.08 0.0146 1.01 0.3996
Mycorrhizal Inoculum + Soil metal treatment concentration 140 0.2618 3.60 0.024 7.84 0.0005 0.34 0.7956 57.64 <0.0001 0.49 0.6894 0.55 0.6513 1.02 0.3964
Plant species + Mycorrhizal Inoculum 7.06 0.0122 9.89 0.0036 6.81 0.0136 0.07 0.7989 21.35 <0.0001 6.19 0.0183 5.23 0.029 0.88 0.3552
Plant species Mycorrhizal Inoculum + Soil metal treatmerdncentration 1.82 0.1632  2.10 0.12 496 0.0061 0.78 0.5127 5.09 0.0054 391 0.0174 1.35 0.2746 1.02 0.3964

Table 2: ThreaVay ANOVA summary table fof. repensandP. virgatumtotal biomass accumulation @h, Cu, Pb, and Fe (ug pbt



Plantspecies T. repens P. virgatum
Mycorrhizal Inoculum - + - +

Tissue BCF BChnoot BChRots BChhoot BCRots BChhoot BCRots BChhoot BCRots

Soil metal treatment (ug9

Zn
0 0.00:0.00 0.00:0.00 0.00:0.00 0.0G:0.00 0.00:0.00 0.0G:0.00 0.00£0.00 0.00:0.00
200 46.60+12.37 0.00:0.00 14.45+6.47 2.07+2.07 35.45+35.45 29.74+15.72 34.68+19.34 212.02+106.09
400 22.48+4.79 0.00+0.00 2.33+0.91 0.00+0.00 14.99+12.03 0.00:0.00 0.00£0.00 154.43+4.01
600 9.91+5.18 0.00+0.00 0.27+0.27 7.35+1.93 0.72+0.72 48.76+30.69 0.00+0.00 68.42+29.93
Cu
0 0.00+0.00 0.00+0.00 0.00£0.00 0.000.00 0.00£0.00 0.00:0.00 0.00£0.00 0.00£0.00
40 0.00:0.00 16.78+0.13 1.66+1.66 0.0a£0.00 78.19+62.14 88.93+88.93 64.79+37.40 343.75£175.09
80 17.90+17.90 5.21+5.21 0.00£0.00 55.15+45.20 35.60+12.81 112.46+41.19 43.75+25.26 580.42+306.79
120 0.00:0.00 0.52+0.52 31.65+10.72 39.02+7.24 18.06+2.70 69.86+11.93 14.38+8.30 97.48+23.49
Pb
0 0.00:0.00 0.00:0.00 0.00:0.00 0.0G+0.00 0.00:0.00 0.00+0.00 0.00£0.00 0.00:0.00
200 45.59+8.22 1.70+0.85 1.65+1.08 19.73+8.76 405.03+134.64 54.18+26.45 47.79+8.62 89.37+44.88
400 48.43+3.69 0.43+0.38 7.37+2.53 12.44+5.49 419.78+161.46 112.17+69.96 23.13+2.23 80.66+6.27
600 13.92+4.45 1.72+0.81 3.85%2.75 14.44%3.77 474.91+260.04 37.96+10.30 70.82+27.83 272.32+130.84
Fe
0 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00:0.00 0.00£0.00 0.00+0.00
15,000 17.15+7.43 0.00+0.00 21.1443.13 0.000.00 293.31+45.99 169.35+59.03 181.73+111.72 69.56+35.49
30,000 10.06+1.98 0.00+0.00 11.14+2.13 0.000.00 122.17+28.45 98.70+14.42 75.27+38.96 13.59+3.33
40,000 12.68+2.46 0.00:0.00 8.01+0.92 0.00:0.00 47.38+10.06 24.51+3.77 63.34+7.80 25.46+3.48

Table 3: Bioconcentration factor (BCF) Bf repensandP. virgatumshoots and roots (mean + standard error, n =3) oimgoorrhizal
and mycorrhizal inoculated plants grown in increasing Zn, Cu, Pb,@sdiFconcentrations.



Element

Tissue BCF

Explamtory variables

Soil metal treatment concentration

Plantspecies

Mycorrhizal Inoculum

Plant species + Soil metal treatment concentration
Mycorrhizal Inoculum + Soil metal treatment concentration
Plant species + Mycorrhizal Inoculum

Plant species Mycorrhizal Inoculum + Soil metal treatment concentratio

Zn Fe
BChBhoot BCRoot BChBhoot BCRoot BChBhoot BCRoot BChBhoot BCFRoot
F P F P F P F P F P F P F P F P
7.019 0.0009 3.041 0.0431 2.104 0.1192 3.066 0.0419 2.437 0.0827 2913 0.0494 11.05 <0.0001  8.537 0.0003
0.05158 0.8218 18.96 0.0001 711 0.0119 10.08 0.0033 15.46 0.0004 14.22 0.0007 28.79 <0.0001  32.25 <0.0001
3.043 0.0907 9.984 0.0034 0.05599  0.8145 4.926 0.0337 13.92 0.0007 3.155 0.0852 1.177 0.2862 6.781 0.0139
0.1599 0.9225 2.982 0.0459 2.298 0.0963 2.366 0.0893 1.857 0.1568 2.398 0.0863 8.26 0.0003 8.537 0.0003
0.5861 0.6285 2512 0.0761 0.3825 0.7663 1.558 0.2187 1.555 0.2194 2377 0.0883 0.6799 0.5708 2.336 0.0923
1.023 0.3194 9.034 0.0051 0.02055 0.886 3.358 0.0762 10.02 0.0034 1.526 0.2257 1.19 0.2835 6.781 0.0139
0.3787 0.769 2.624 0.0674 0.4019 0.7526 1.297 0.2924 1.152 0.3434 2.229 0.1039 0.8526 0.4756 2.336 0.0923

Table 4: ThreaVay ANOVA summary table for the bioconcentration factor$.akepensaandP. virgatum
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Plant species T. repens P. virgatum
Mycorrhizal Inoculum + -
Tissue Shoots Roots Shoots Roots Shoots Roots Shoots Roots
Soilmetal treatment (ugg™)
Zn
0 0.00+0.00 0.00:0.00 0.00+0.00 0.00+0.00 0.00t0.00  0.00:0.00  0.00+0.00 0.00+0.00
200 4.66+1.24 0.00t0.00 1.45+0.65 0.21+0.21 3.55+3.55 2.97+1.57 3.47+£1.93 21.20+10.61
400 2.25+0.48 0.00:0.00 0.23+0.09 0.00t0.00 1.50+1.20 0.00£0.00 0.00:0.00 15.44+0.40
600 0.99+0.52 0.00t0.00 0.03+0.03 0.73+0.19 0.07£0.07  4.88+3.07 0.00£0.00 6.84+2.99
Cu
0 0.00+0.00 0.00:0.00 0.00+0.00 0.00+0.00 0.00t0.00  0.00:0.00  0.00+0.00 0.00+0.00
40 0.00+0.00 1.68+0.01 0.17+0.17 0.00+0.00 7.82+6.21  8.89+8.89 5.86+3.74 34.38+17.51
80 1.79+£1.79 0.52+0.52 0.00+t0.00 5.52+4.52 3.56+1.28 11.25%#4.12 5.01+2.53 58.04+30.68
120 0.00+0.00 0.05+0.05 3.17+1.07 2.58+1.48 1.81+0.27 6.99+1.19 2.70+0.83 9.75+2.35
Pb
0 0.00+0.00 0.00:0.00 0.00+0.00 0.00+0.00 0.00t0.00  0.00:0.00  0.00+0.00 0.00+0.00
200 4.56+0.82 0.17+0.09 0.17+0.11 1.97+0.88 40.50+13.46 5.42+2.64  4.78+0.86 8.94+4.49
400 4.84+0.37 0.04+0.04 0.74+0.5 1.24+0.55 41.98+16.15 11.22+7.00 2.31+0.22 8.07+0.63
600 1.39+0.45 0.17+0.08 0.39+0.28 1.44+0.38 47.49+26.00 3.80+1.03 7.08+2.78 27.23+13.08
Fe
0 0.00+0.00 0.00:0.00 0.00+0.00 0.00+0.00 0.00t0.00  0.00:0.00  0.00+0.00 0.00+0.00
15,000 1.72+0.74 0.00t0.00 2.11+0.31 0.00t0.00 29.33+4.60 16.93+5.90 18.17+11.17 6.96+3.55
30,000 1.01+0.20 0.0:0.00 1.11+0.21 0.00+0.00 12.22+2.84 9.87+1.44  7.53+3.90 1.36+0.33
60,000 1.27+0.25 0.00:0.00 0.80+0.09 0.00+0.00 4.74+1.01 2.45+0.38 6.33+0.78 2.55+0.35

Table 5: Phytoextraction rate (PR) %TlofrepensaandP
mycorrhizal inoculated plants grown in increasing Zn, Cu, Pb, and Febscentrations.

. virgatumshoots and roots (mean * standard error, n =3) cimgorrhizal and
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Plant species

Mycorrhizal inoculum

T. repens

P. virgatum

% Metal % 9%Shoot %Root %Soil % %Shoot %Root %Soil % 9%Shoot %Root %Soil % %Sloot %Root %Soil
Soil metal treatment (ug™)
Zn
0 0.00:0.00 0.00:0.00 0.00:0.00 0.0:0.00 0.00:0.00 0.0:0.00 0.00:0.00 0.000.00 0.00:0.00 0.00:0.00 0.00:0.00 0.00£0.00 0.00£0.00 0.00:0.00 0.000.00 0.00£0.00
200 19.95+18.88 4.66+1.24 0.00t0.00 75.39+19.41 19.95+18.88 1.45+0.65 0.21+0.21 78.40+19.42 0.00t0.00 3.55+3.55 2.97+1.57 93.48+2.25 12.81+12.81 3.47+1.93 21.20+10.61 62.52421.58
400 3.65:1.85 2.25$0.48  0.00:0.00 94.10£2.27 3.65£1.85 0.23£0.09  0.00£0.00 96.12+1.78 1.66+1.66 1.50£1.20 0.00:0.00 96.84£1.31 8.07£5.76 0.00:0.00 15.440.40 76.4915.63
600 0.24+0.24 0.99+0.52 0.05+0.01 98.7240.75 1.75+0.59 0.03+0.03 0.73+0.19 97.49+0.51 1114111 0.07+0.07 4.88+3.07 93.9443.18 2.21+1.11 0.00t0.00 6.84+299 90.94+4.10
Cu
0 0.00:0.00 0.00:0.00 0.0:0.00 0.00:0.00 0.00:0.00 0.00:0.00 0.00:0.00 0.000.00 0.00£0.00 0.00:0.00 0.00:0.00 0.00:0.00 0.00£0.00 0.00:0.00 0.000.00 0.00£0.00
40 16.92+7.83 0.000.00 1.68+001 81.40£7.83 3.25¢1.71 0.17£0.17 0.00:0.00 96.59+1.87 0.00:0.00 7.82+6.21 8.89+8.89 83.29+8.84 0.00:0.00 5.86£3.74 34.38£17.51 59.77£20.90
80 12.73+7.45 1.79+1.79 0.52+0.52 84.9615.76 3.33+0.00 0.00:0.00 5.52+4.52 91.15+4.52 0.00t0.00 3.56+1.28 1125+4.12 85.19+3.59 0.00t0.00 5.01+2.53 58.04£30.68  42.76+28.50
120 0.17+0.17 0.00t0.00 0.05+0.05 99.7840.15 2.79+0.57 3.17+1.07 3.90+0.72 90.14+0.95 0.00t0.00 1.8140.27 6.99+1.19 91.2141.18 0.00t0.00 2.70+0.83 9.75+2.35 87.55+2.54
Pb
0 0.00£0.00 0.00t0.00 0.00£0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.000.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00£0.00
200 0.00£0.00 4.56x0.82  0.17£0.09 95.2740.75 0.00:0.00 0.17+0.11  1.97+0.88 97.86+0.88 0.00:0.00 40.50£13.46 5.42+2.64 54.08+15.87 0.00:0.00 4.78+0.86 8.94+4.49 86.28+3.63
400 0.00:0.00 4.84+0.37 0.04+0.04 95.11+0.40 0.00t0.00 0.74+0.25 1.24+0.55 98.02+0.36 0.00t0.00 41.98+16.15 11.22+7.00 46.80+23.14 0.00t0.00 2.3140.22 8.07+0.63 89.62+0.66
600 0.02:0.00 1.39+0.45 0.17+0.08 98.44£0.41 0.00:0.00 0.39:0.28 1.44+0.38 98.17+0.29 0.00£0.00 47.49+26.00 3.80£1.03 48.82+24.97 0.00:0.00 7.08+2.78 27.23+13.08 65.69+15.77
Fe
0 0.000.00 0.00t0.00 0.00£0.00 0.00t0.00 0.000.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00t0.00 0.00£0.00
15,000 5.25+1.96 1.72+0.74 0.00t0.00 93.03£2.31 2.74+0.00 2.11+0.31 0.00t0.00 95.1440.31 3.74+0.00 29.33+4.60 16.93+5.90 49.99+9.33 3.74+0.00 18.17411.17 6.96+3.55 71.13+14.48
30,000 1.43:0.26 1.01£0.20  0.00:0.00 97.56£0.23 1.50£0.06 1.11:021  0.00:0.00 97.39£0.24 2.17£0.15 12.22+2.84 9.87£1.44 75.75£4.20 1.43+0.00 7.53£3.90 1.36:0.33 89.694.20
40,000 1.27x0.24 1.27+0.25 0.00£0.00 97.46£0.25 0.59+0.04 0.80£0.09 0.00:0.00 98.61+0.05 1.29+0.11 4.74+1.01 2.45:0.38 91.52+1.09 1.07+0.00 6.33:0.78 2.550.35 90.05£0.43

Table 6: Massalance for Zn, Cu, Pb, and FelirnrepensandP. virgatumshoots and roots, water extractable, and remaining in soil
(percentage % + standard error, n =3).
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Figure 2:The concentration of Cu (ug*dry weight, mean + standard error, n =3)ofepens
andP. virgatumshoots and roots, grown in increasing Cu soil concentrationsf{ugBiack bars
indicate plants not treated withycorrhizal inoculum. Gray bars indicate plants treated with
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Figure 3:The concentratioof Pb (ug g'dry weight, mean + standard error, n =3)ofepens
andP. virgatumshoots and roots, grown in increasing Pb soil concemisafug ¢f). Black bars
indicate plants not treated with mycorrhizal inoculum. Gray bars indicate plants trthted
mycorrhizal inoculum.
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Figure 4: The concentration of Fe (uédgy weight, mean + standard error, n =3)ofepens
andP. virgatumshoots and roots, grown in increasing Fe soil concentrationsi{judBdpck bars
indicate plants not treatedtv mycorrhizal inoculum. Gray bars indicate plants treated with
mycorrhizal inoculum.



