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Abstract: In order to determine copper removal efficiencyg aompartmentalization in the free floating f&nminima, a
bioassay was performed in which plants were expaséttreasing copper concentrations in the rarigeto 30 mg Cu [ for
six days in Pilcomayo River surface wat&rminima accumulated the metal in a dose-dependent mavie¢al concentration
was from 6.5 to 3.9 times higher in the submergethhss in comparison to the aerial biomass inaditments reflecting a poor
mobility of copper between plant tissues. In bdtmniasses, most of the copper was localized inttraeellular compartment
and increased lineally with increasing concentratad copper in water. The intracellular fractiorcieased following a
polynomial function. The physicochemical charastizs of the experimental water influenced coppeavailability inducing
copper precipitation and the high concentrationad¢ium may have exerted a protective effect limgjtmetal entrance to cells.
The values of the BCF and of the dry biomass wetigat corresponded to copper showed that in PilgonRiver waterS,
minima showed a copper removal efficiency not of a hypeweulator but of an effective accumulator.
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1. Introducti the environment. Several methods are used to clpathe
. Introaucton environment from these kind of pollutants each wiité its

Metals releases to the aquatic ecosystems comeymod?€nefits and limitations. One of the methods whits
from anthropogenic activities such as mining ancklsny, gained con_5|qlerable _Importance in the last decgdes
industrial emissions and effluents, municipal wsstnd phytoremedlan_on,_yvhlch of_fers_ _5|gn|f|cant advaremglke
sewage sludge. Some heavy metals are essentigmsgr OW-COSt, availability, profitability, easy operati and

necessary for the normal growth and metabolismildiing ~ €fficiency [3]. In reference to wastewater treatmemd
organisms and copper is an example. In plants cospa  SUrface waters remediation, many aquatic macrophytre

component of various proteins particularly thoselmed in ~ found to be potential scavengers of metals fromateatic
both the photosynthetic (plastocyanin) and the iragpy environment and are already being used in wastewate
(cytochrome oxidase) electron transport chainsHiblwever, reatment systems.

high concentrations of copper may account for téddrosis, Salvinia minima (Baker, 1886) is an aquatic free floating
iron deficiency and inhibition of root growth by miaging fern with a wide distribution in trop|cal and sutytical areas
plasma membrane integrity [2]. which has shown a large capacity to accumulate beal

Although it may be possible to reduce the toxioitynetals c@dmium [4]. In additionS minima has a fast growing rate,
by influencing their speciation, they are not delgh dense pseudoroots system and is tolerant to pmiluti

Therefore, the primary goal is to reduce their emiations in  [avorable properties in species to be used in pagtediation.
In developing countries, liquid wastes from margustrial
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units, mine and processing plants contain compaslgthigh in the Province of Salta, Argentina, approximat&@0 km
(and hence, unacceptable for the environment) cdrateon  downstream Cerro Rico de Potosi mining districtliiBa).
of heavy metals. Consequently, to evaluate theilptigsof =~ Water samples were collected in pre-rinsed 10-L
reducing metal concentration in effluents and s@fevaters polypropylene containers. Samples were immedigitdged
through phytoremediation, bioassays should incateoa into coolers and transported by plane to the laboya
wide range of metal concentrations, including thesss high  Pilcomayo River water presents a very high loadtabél
concentrations that can reach surface waters whae or  suspended solids, thus, to avoid metal sorptidghdse solids,
industrial waste waters spills occur. Furthermpexforming water was centrifuged (2000 RPM during 15 minui@s)l
bioassays in natural waters makes them more lieadistce filtered through 47 mm 0.48n pore glass-fiber filters
surface waters present a complexity which cannot h@Vhatman GF/C). Dissolved concentrations of calc{@a),
replicated in test media. In this regard, Pilcoma&iwver magnesium (Mg), chloride (Cl), potassium (K), sadi(Na),
(South  America) presents extreme water qualitgulphate (S@), hardness (Hard), alkalinity (Alk), dissolved
characteristics due to its high concentrations alciam, organic carbon (DOC), total suspended solids (T$@3|
sodium, (bi)carbonate, sulphates, and total sugmkadlids.  dissolved solids (TDS), total (T. Cu) and dissoleegper (D.

Metals phytoaccumulation process in aquatic plant€u) concentrations were determined using Standathddis
usually consists of two stages: an initial phaseevkrsible test protocols [8]. Background copper concentration
metal binding (biosorption) followed by a sloweteiversible Pilcomayo River water was below the method detadtruit.
process (bioaccumulation). According to severahaug [5] Experimental glass aquaria contained a river waterme
metals may accumulate in the extracellular compamtm of 1 L andS. minima biomass that totalized 300 fronds with a
(dissolved in liquids surrounding cells, formingpdsits on size > 3mm. During the bioassay, plants were exposed to
cells and those temporarily bound in exchangeatwsn fto  natural photoperiod and a temperature of 19 + 2Pi@nts
charged groups forming part of components of tilea@dl or ~ were in contact with copper in solution for six dagnd the
of the outer surface of the plasma membrane) and/thhe experimental design included five different copper
intracellular compartment (contained within theldidelf, concentrations (treatments) with one control grékgpt in
whether in soluble or insoluble form). test water and without copper addition). Test coppe

The importance of discerning metal contents in efche concentrations were attained by spiking from akssmiution
major compartments (extracellular and intracellulaerial of 100 mg Cu L[*. The toxicant used was reagent-grade CuSO
and submerged biomass) will determine the bestniey@ The range of copper concentrations tested was frdm 30
method related to handling and disposal of contatethplant mg Cu L.
biomass. It also gives insights into tolerant pdasttategy to Water temperature, pH and electrical conductivitgrev
cope with high heavy metals concentrations in theneasured daily. Immediately after copper additiomter
environment. Generally, EDTA (Ethylenediaminetetet& samples were collected into polypropylene coniabkes and
acid) is one of the more widely used extractanthénanalysis acidified to pH < 2 with concentrated nitric acid
of metals compartmentalization in plants. More nglge (reagent-grade) for metal analysis.
compartmentalization analysis was applied to madoytgs [6,
7], encouraged by the use of emergent or floatiggatc
plants for heavy metals removal from wastewaters.

The aim of this contribution was to ass&ssinima copper

2.2. Analysis of Compartmentalization

To assess metal localization among the extracelkutal

- g h : intracellular compartments inS. minima biomass, a
removal efficiency in a surface water and inveségaetal compartmentalization analysis was performed. The

compartmentalization ~ within  the intracellular andmethodology applied was previously described by (@ce
extracellular compartments in the aerial and suge®r o qaq the bioassay, total biomass in each expefanen

biomass. container was quickly rinsed with distilled watenda
separated into aerial (fronds) and submerged bismas

2. Materials and Methods (pseudoroots+ rhizome). Both biomasses were wasaftach

solution of EDTA 10 mM for 30 minutes in a shak&he
biomass washed was placed in a container with 100 m

S minima used in the experiment were collected fronflistilled water and shaked again for 30 minutesthBo
monocultures mantained outdoors in thBernardino  Washing solutions were mixed and acidified to pi2 with
Rivadavia National Museum of Natural History. The plantsconcentrated nitric acid (reagent-grade) to deteemnetal
were rinsed gently with distilled water and plagecplastic ~concentration (extraceliular metal) after acid - sig
containers with tap water to allow acclimation xperimental (HNOg:HCIO,: HNOzHCI).

conditions for at least one week. Later, plantsewerclimated 10 determine the dry weights, the biomass previousl
to test water for 2 days. washed with EDTA and water was dried at 60 °C ®hdurs.

Pilcomayo River water was collected in Mision Lazpalntracellular metal concentration was determinerafcid
International bridge (22° 225" S — 62° 3108” W; 254 digestion (HNQ:HCIO,:HNO3:HCI) in both the aerial and the

meters over sea level) in May 2009. Misién La Palpiated SuPmerged biomass previously dried. _
All metal determinations in water samples and bissna

2.1. Copper Removal
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were performed by atomic absorption spectrophotometwas below the method detection limit. During thestfifew
(Perkin Elmer 1100B, Perkin Elmer, Inc., WalthamAM hours from the beginning of the bioassay, watdraatments

USA). Method copper detection limit was 0.01 my L

T, and Tsturned light blue. This indicated copper precipitat

The speciation program Visual MINTEQ version 3.0as a colloide. Plants general appearence was gaiatdall

(http://mwww2.Iwr.kth.se/English/Oursoftware/vmintgg was

bioassay in all treatments and no growth differenaere

applied to obtain copper speciation on each of theecorded between treatments (final aerial, subndeage total

concentrations measured at the beginning of thaskiy.
Assuming that metal uptake mainly occursSnminima

biomass ranged from 0.64 t0 0.73,0.3t0 0.4 288 1.11 g
dw, respectively).

submerged biomass, the Translocation Factor (TF3 wa Table 2 shows copper concentrationSnminima aerial,

calculated to determine copper mobility within glaissues
according to the following equation:

_ Metal concentration in aerial biomassg(ikg dw" )
Metal concentration in submerged biomésg kg dw" )

Finally, as indicators ofS minima copper removal
efficiency the Bioconcentration Factor (BCF) acdogdo [9]
and the percentage of total dry biomass weightesponding
to copper were calculated.

BCE= Metal in total biomass (mg kg dw )
Metal initial concentration in solutiofmg L")

3. Results

Main physicochemical parameters in Pilcomayo Riest
water are shown in Table 1. As it can be obserihed water
was characterized by elevated hardness, sulphatels
chloride concentrations.

Mean test water temperature and pH were 18.5 2 ghd
8.09 * 0.22 UpH, respectively. The initial dissalveopper
concentrations in the different treatments were suesd in
water samples collected immediately after metaltand The
values obtained were 2.44(75.2 (T,), 17.5 (T), 21 (T,), and

submerged and total biomass in each treatmeneagnt of
the bioassay. Total copper concentratiorsiminima whole
plant biomass, the aerial and the submerged tiseue=ased
with increasing metal concentration in solution #melhighest

removal occurred in &l In general, metal concentration was

from 6.5 to 3.9 times higher in the submerged bigsnia
comparison to the aerial biomass in all treatmehtsTs,

however, copper concentration in the submerged dssrvas
8 times more elevated than in the aerial biomass.

Table 1. Pilcomayo River surface water main physicochemical parameters
(data provided by Subsecretaria de Recursos Hidricos - Argentina). (ND: not
detected)

Parameter

EC uS/cm 945.3
ca* mg L* 73.33
Mg?* mg L* 30.5
Hardness mg ! CaCQ 307.32
(o} mg L* 101
Na" mg L* 65.2
K* mg L* 5.1
ot mg L* 207.3
DOC mg L* 4.4
Alk mg L' CaCQ 110
TSS mg L* 1637
TDS mg L* 517
T.Cu/D. Cu mg L* 0.07 / ND

28 (Ts) mg Cu L. In the control group, metal concentration

Table 2. Copper concentration in S. minima aerial, submerged and whole plant biomass and copper concentration in the extracellular and the intracellular

compartments determined at the end of the exposure period in each treatment.

Final copper concentration in biomass (mg g dif)

Treatments Aerial Submerged Whole plant
Intracellular Extracellular Total Intracellular Extracellular Total
Control 0.005 0.02 0.02 0.005 0.13 0.13 0.64
T, 0.07 0.47 0.54 0.08 2.83 2.91 1.38
T, 0.07 0.92 0.99 0.38 7.66 8.04 3.45
Ts 0.86 1.87 2.74 0.99 12.86 13.85 6.33
Ty 0.83 2.27 3.11 1.01 14.36 15.36 7.71
Ts 1.91 2.93 4.84 2.42 16.63 19.06 9.84

The main copper fraction in plant biomass was tha notable increment that adjusted to a polynoniattion (y

extracellular (Table 2). In the submerged biomasss
fraction was from 6.5 to 5.7 times higher thanhe terial
biomass and increased with increasing copper coratim
in water (Fig. 1A). This increment was better didsemt by a
lineal function both in the aerial (y = 0.098x 2026, R =
0.99) and the submerged biomass (y = 0.5643x + Rz
0.94). Small differences were recorded in the aeHalar
concentration of copper between the aerial andtbenerged
biomass in the control group and {IFig. 1B). In contrast,

= 0.0032% — 0.011 + 0.123, &= 0.96 and y = 0.0025%

0.0061 + 0.037, &= 0.97, in the submerged and the aerial

biomass, respectively).

Fig. 2A and 2B show the extracellular and the icatalar
copper fractions expressed as percentages of tidlectipper
content in the aerial and the submerged biomasgeotively.
In the aerial biomass (Fig. 2A), the percentagetoacellular
copper in the control group was 22.3%. It decreased,
reaching 7.5% and then increased with increasingp&o

from T,to Ts, the intracellular concentration of copper showedaoncentration in water reaching 39.5% i Ih the submerged
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biomass (Fig. 2B), the percentage of copper withéncells in
the control group was 3.9% and this percentageasad with
increasing copper concentration in water to reafi% in Ts.

Visual MINTEQ speciation estimates showed that lin a
treatments most of the copper initially measurestipitated
(>90%), remaining in solution 0.14 mg Ctt most of which
was complexed to dissolved organic matter (85.4f6) @
carbonates, to a lesser extent (12.5%).

The BCF (Table 3) calculated for the submergedveimale
plant biomass showed an increment fromtd T,, reduced

almost by half in T and tended to decrease with increasing

copper concentration in water. The percentage aflevhlant
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dry biomass corresponding to copper showed a marked

increasing trend throughout evaluated concentratiéinom
plants in the control group to;,Tthis variable increased in two
orders of magnitude. The values of the TF were iovall
treatments and showed a slight increasing trendtatidg
lower translocation to the aerial
concentration increased in the submerged tissues.

5 181 A )
S 16 4
£+ 14 o
> 2 124
O o
5 o 104
S 2 8- -
= E
5 o
= e
m 27’ -------------- ’ ..... ‘,.. R 2
Ay PR SEEE. kbl ‘ | | |
0 5 10 15 0 o -
Initial Cu concentration (mg L%)
3
c
2 251 B ]
=5 2
33
= o 1.5 | )
8 5 )
ZE 14 P
: AL 4
S e
‘E 0.5 1 -
0||£l:::;'

10 15 20 25 30
Initial Cu concentration (mg L%)

4 Aerial biomass B Submerged biomass

Figure 1. Copper concentration in the extracellular (A) and the intracellular
(B) compartmentsin S, minima aerial and submerged biomass determined at
the end of the exposure period.

Table 3. Bioconcentration Factor (BCF), Trandocation Factor (TF) and
percentage of whole plant dry biomass corresponding to copper (% dw Cu) in
each treatment determined at the end of the exposure period.

Treatments BCF % dw Cu TF

Control - 0.006 0.17
T, 578.5 0.14 0.18
T, 664.4 0.34 0.12
Ts 361.8 0.62 0.20
T4 367.4 0.77 0.20
Ts 351.7 0.97 0.25

tissues as copper
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Figure 2. Copper concentration in the extracellular and intracellular
compartments expressed as percentages of total copper concentration in S
minima aerial (A) and submerged (B) biomass.

4. Discussion

Copper critical concentration in aerial tissuegeasfestrial
plants is within the range of 0.02 to 0.03 mg g'da0, 11].
Generally, when this limit is surpassed, plantsilég show
symptoms of toxicity. For aquatic plants, no suchriéical
concentration of copper can be found in the litematIn our
study, the concentration of copper measured in aheal
biomass of plants from the control group was withia range
of critical toxicity values previously mentionedr fterrestrial
plants. Moreover, these values have confirmed previ
determinations that we have performediminima biomass
(data not published). In the literature, very faudées inform
copper concentrations in aquatic plants from cdrgroups.
Ater et al. [12] informed foL.emna minor andLemna gibba
plants, copper concentrations of 0.1 and 0.09 mdwd,
respectively, and foEichhornia crassipes, Melignani et al.
[personal communication] measured a concentratién
copper in the range of 0.004 - 0.05 and 0.004 1Dig g
dw?! for roots and leaves tissues, respectively, shgven
considerable range of variation in control plamtsview of
these values, it is worth asking if copper basadlein aquatic
plants are higher than in terrestrial plants orcifpper
accumulation irs. minima and other species known as tolerant
or hypertolerant is constitutive, deriving in highetals
concentrations in plants growing in non-pollutedtevs. In
this regard, [13] mentioned that in the terrestsakecies
Arabidopsis halleri, zinc hyperaccumulation is constitutive
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but with a heritable variation in degree betweemalo
populations.

removal of 3.5 mg §dw, when plants were exposed to metal
in solution for 7 days. In our studg, minima showed lower

No previous study ors minima metals uptake showed a uptake values. NevertheleSsminima was exposed to copper

distinction between metal accumulation in the &exrad the
submerged biomass and the results obtained in tuay s
showed that copper concentration in the submergaudss
exceeded that in the fronds. This pattern is i@ iith previuos
observations by other authors in other aquatic fleating
plants. Sela et al. [14] also found for other agufa¢e floating

in Pilcomayo River surface water which presents kay
nutrients concentrations and particular physicodbam
characteristics which might have had some influence
copper bioavailabity and/or toxicity.

On the one hand, water pH induced metal precipitati
According to the speciation estimates of the spiecia

fern, Azolla filiculoides, that copper was mainly localized in theprogram Visual MINTEQ, most of the copper initiallg

roots. Maine et al. [15] reported that wttahvinia herzogii and

solution precipitated. Therefore, plants may hawessibly

Pigtia stratiotes were in contact with chromium and cadmiumbeen in contact with a higher concentration of espp its

in solution, a higher concentration of these metais observed
in the submerged biomass compared to the aeriahdss.

Although copper concentration increased in botsuis with

increasing metal concentration in water, the cotmagan itself

and the rate of increment reflected a poor mohilftgopper to
the aerial tissues.

In reference to copper localization between theaeetlular
and the intracellular compartments, the analysidopmed
allowed us to determine that most of the copperloealized
in the extracellular compartment in both biomassasd
increased with an obvious higher rate in the subetbr

free ionic form during the first minutes to hour$ the
bioassay. Studies on the kinetics of heavy metatake by
aquatic plants have revealed an initial phase sf faetal
removal followed by a lineal slower phase [23] arl,
accordance with this, [4] found th& minima lead and
cadmium uptake was 55 % and 60 %, respectivelynduhe
first 4 to 6 hours of their bioassay. M& minima’s copper
removal uptake been higher without metal preciipitét It
should be determined.

On the other hand, Pilcomayo river water also prissieigh
concentrations of the major ions, principally, oafc and

biomass. In this regard, and making use of the y-ramagnesium, which derives in a water with elevatadihess

microanalysis, various authors [14, 16-18] havewshohat
metals in the extracellular compartment are maasisociated
to cell walls, suggesting apoplastic tissue trazetion and/or
metal storage in the apoplast where metal can doanm to
cellular processes [19]. InAzolla pinnata, Spirodela

polyrrhiza [6] and in some species of bryophytes [5, 20ja&
also been reported that most of the metals arenadated in
the extracellular compartment. The relevance cfetimdings
is directly related to the advantages and hazarfdshe
different methods for plants handling, metal recowe

disposal in the case some of these species istesgléor

phytoremediation.

The intracellular concentration of copper, on tiieeohand,
increased in both biomasses with differences inrtite of
increment only in the highest concentration testéthen
expressed as percentage of total copper contbiinmass, the
percentage of intracellular copper was higher enaérial than
in the submerged biomass. This is most probablyeowo
copper participation in the photosynthetic electtansport
[19]. In the case of iron, within the cells theatuplasts are a
well-known sink compartment since the electron gpamt
chains use it as cofactor [18]. For copper, storaigein the
intracellular compartment has yet not been estadxis

(307.32 mg [ CaCQ). In terrestrial plants the role of calcium
in inhibiting lead uptake has been demonstrateereds, for
other metals, this inhibition has not been obser\ahg et al.
[24] have investigated the alleviation of coppexitiy by
other coexisting cations in the medium and founat tie
addition of these cations reduces the activity af*Gt the
plasma membrane surface by means of an electmsftétict
and that site-specific competition may exist innpsabut to a
lesser extent than in animals. According to thdseovations,
the high level of calcium in Pilcomayo River wateight have
contributed in reducing copper entrance to cells.

To assess the hyperaccumulation ability of a gpaties [9]
proposed that a species can be considered a hgperalator
when: a) metal adsorbed and bioaccumulated repises@are
than 0.5% of its dry weight and b) the BCF>1000e BCF
obtained in the present contribution showed to 1809 in all
treatments. The dry biomass weight that correspbtaleopper,
in turn, showed an increasing trend and was >0.8%hé
highest concentrations tested. Hence, when barions are
considered, the results obtained indicate &atinima would
not be a hyperaccumulator of copper, however, it ba
considered an effective accumulator and this pigpernot
reflected by its ability to bioconcentrate the rhetbat by its

In our study,S. minima showed high tolerance to elevatedability to remove metal from water. Fbr gibba andL. minor

concentrations of copper in water and accumulatedhtetal
in a dose-dependent manner. Moreover, the higragper
removal was observed in the treatment with thedsghitial

copper concentration. A similar trend was also regabfor
Centella asiatica andE. crassipes [21] and forL. gibba [22].

In the literature, there is one previous work om éivaluation
of copper uptake by minima. Al-Handami and Blair [2]
studied copper removal by this species in a rarigeopper

[12] reported bioconcentration factors in the ran§880-149
when plants were exposed to copper concentratidhtod mg
Cu L%, respectively, reflecting that these lemnaceas atsy
not show an hyperaccumulation capacity for coppéake.
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