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ABSTRACT

Following the rapid uptake of contaminants in the first few hours of exposure, plants typically attempt to
cope with the toxic burden by releasing part of the sorbed material back into the environment. The
present study investigates the general trends in the release profiles of different metal(loid)s in the aquatic
macrophyte Lemna minor and details the correlations that exist between the release of metal(loid) species.
Water samples with distinct contamination profiles were taken from Nillfer River (Bursa, Turkey), Yenicaga
Lake (Bolu, Turkey), and Beysehir Lake (Konya, Turkey) and used for release studies; 36 samples were
tested in total. Accumulation and release profiles were monitored over five days for 11 metals and a
metalloid (*°®Pb, '"'Cd, >2Cr,>3Cr,°°Ni,%3*Cu,%>Cu,”*As,>>°Mn, '*’Ba, #’Al, *’Fe, ®5Zn,*®Zn) and correlation,
cluster and principal component analyses were employed to determine the factors that affect the release
of these elements. Release profiles of the tested metal(loid)s were largely observed to be distinct;
however, strong correlations have been observed between certain metal pairs (Cr/Ni, Cr/Cu, Zn/Ni) and
principal component analysis was able to separate the metal(loid)s into three well-resolved groups based
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on their release.

Introduction

The monitoring and remediation of environmental pollutants is
of great importance in the modern world due to the risks posed
by many contaminant types on human and animal health. As
such, a great number of methods have been developed to
reduce the impact of pollutants in soil and freshwater ecosys-
tems, and biological remediation techniques are especially pop-
ular for their low costs and ease of application (Xie et al. 2013;
Li et al. 2014). Macrophytes and algae are often used for this
purpose (Ugiincii et al. 2014a; Harguinteguy et al. 2015; Jha
et al. 2016), and a variety of plant species have been demon-
strated to accumulate metals or metalloids at high concentra-
tions (Di Luca et al. 2014; Tripathi et al. 2014). Plants may
retain these elements in their roots, stems or leaves, and their
high growth rates and ease of harvest and culture make them
ideal for bioremediation efforts under both laboratory and real-
life conditions.

Metals and metalloids are important environmental pollu-
tants and may exhibit severe acute or chronic effects on plant,
animal and human life (Ullah et al. 2015). Nonetheless, macro-
phytes are able to survive in metal(loid)-contaminated environ-
ments by preventing their influx into cells, depositing them in
metabolically inactive regions or eliminating their reactivity
(Zitka et al. 2013). As nonessential metals are able to “leak
into” cells through transporter proteins that ordinarily carry
essential metals of similar sizes and charges (Ugiincii et al.
2014b), the elimination of metal(loid) toxicity also requires
their selective transport outside cells or potentially the entire

organism. Consequently, plants exposed to metal(loid) burden
may accumulate metal(loid)s for some time, only to reverse
their accumulation trends and release metal(loid)s back into
the environment once their coping mechanisms are activated.

As natural freshwater sources are often contaminated with
multiple metal(loid) species, correlations between metal(loid)
accumulation and release patterns may allow the design of
more effective remediation methods, and we and other groups
have previously shown that the accumulation of one metal
(loid) may alter the influx of others by competitive and cooper-
ative interactions (Uclincii et al. 2013; Demim ef al. 2014;
Tiwari et al. 2014). However, while the transport mechanisms
involved in the accumulation of metal(loid)s is a topic of inter-
est, the process of metal(loid) efflux is investigated only to a
lesser degree. In this manuscript, we propose that synergistic
and antagonistic interactions are also vital for the release of
metal(loid)s from the plant into the environment, and present
our results on metal(loid) release by L. minor in freshwater
samples exhibiting distinct contamination profiles from three
natural freshwater sources in Turkey.

Materials and methods
Sample collection

The field arm of the study was performed in Niliifer River
(Bursa, Turkey), Yenicaga Lake (Bolu, Turkey) and Beysehir
Lake (Konya, Turkey). Each region was sampled once
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(February 2013) in sampling stations chosen to represent dis-
tinct contamination profiles, with the aim of covering a broad
range of metal(loid) concentrations present in natural freshwa-
ter environments. Water parameters (temperature, dissolved
oxygen, pH and electrical conductivity (EC)) were also noted in
sampled regions. Three stations each were sampled in Yenigaga
and Beysehir Lakes, while six stations were sampled in Niliifer
River. All stations were sampled in triplicate and analyzed for
metal and metalloid concentrations by ICP-MS. Sample ali-
quots were acidified in 2% nitric acid prior to ICP measure-
ments and analyzed at regular intervals to monitor the
stabilization of metal(loid) concentrations following sampling;
experiments were begun only when no changes were noted in
sample metal(loid) concentration profiles.

Release experiments

Experimental setup

Lemna plants were provided from Ankara University green-
house cultures and acclimated to experimental conditions
under constant fluorescent light exposure (24 h light/0 h cycles)
(Megateli et al. 2009; Sekomo et al. 2012). Plants bearing two or
three fronds were transferred from the main culture for accu-
mulation and release experiments; a total of 30 fronds were
used for each replicate (OECD 2002). Phytoremediation experi-
ments were performed directly on freshwater samples with no
additional metal(loid) presence; changes in metal(loid) concen-
trations were measured daily for five days. All tests were
repeated in triplicate.

Metal and metalloid analysis

An X-Series IT ICP-MS equipped with Cetac Asx-260 autosam-
pler accessories was utilized for water and sample measure-
ments; *°*Pb, '''Cd, **Cr, *Cr, “Ni, ®Cu, **Cu, "°As, *Mn,
13784, 27 Al, *"Fe, *°Zn, and %Zn were the isotopes tested. A 2%
nitric acid matrix in ultrapure water was used for all measure-
ments. QCS-27 series of elements were used for the construc-
tion of calibration curves. Sample concentrations of metal(loid)
were taken into account for the concentration ranges used in
calibration; r2 values were > 0.99 for each curve. 10 ug/L **Bi
was used as internal standard. Three runs were performed in
total; sampling and washing steps were chosen as 60 s each.

Statistical analyses

Correlation analysis

Correlation analysis was used to investigate whether trends in
the accumulation and release of individual metal(loid)s
matched the fluctuations of other metal(loid)s. Shapiro-Wilk
test was used to monitor the normality of data sets prior to
analysis. Pearson test was used on data exhibiting normal

Table 2. Water parameters of sampling stations used in bioremediation experiments.
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distribution; Spearman test was used otherwise (Tunca et al.
2013).

Regression analysis

Regression analysis is commonly applied for the predictive
modeling of sorption data (Dirilgen 2011; Demim et al. 2013a;
Ghiani et al. 2014) and was used in the present study to deter-
mine whether the release of an individual metal(loid) was reli-
ant that of another metal(loid). Data from all sampling stations
were pooled for regression analysis.

CA and PCA

Cluster analysis (CA) is an analysis method used to separate
data into groups depending on their shared properties. In this
work, CA was used to determine the relationships between the
accumulation and release trends of metal(loid)s. Euclidean dis-
tances and Ward method were used for CA analysis; Z-score
correction was also applied to the data (Lopez et al. 2004). Prin-
cipal component analysis (PCA) is another method for investi-
gating relationships between groups of data and determines
whether two sets of data are derived from a common back-
ground. PCA calculations were performed following Varmuza
and Filzmoser and used to group metal(loid)s according to
their release profiles (Varmuza and Filzmoser 2009). PCA
groups were observed to account for 83.64% of the data (the
Kaiser-Meyer-Olkin (KMO) coefficient was found to be 0.85).

Results and discussion

Water parameters and metal(loid) concentrations in
freshwater samples

Metal(loid) profiles and water quality parameters associated
with Niliifer River, Yenicaga Lake and Beysehir Lake are pro-
vided in Tables 1 and 2. While water parameters were alto-
gether similar, the greatly differing metal(loid) concentrations
observed across the sampling sites suggest that the regions sam-
pled indeed had distinct contamination profiles.

Accumulation and release profiles of metal(loid)s in
Lemna minor

While high metal(loid) concentrations rapidly facilitate metal
(loid) entry into aquatic macrophytes, this process is sometimes
followed by the release of the sorbed elements back to the envi-
ronment (Megateli et al. 2009). In the present study, statistical
methods have been employed to determine whether the release
profile of a metal(loid) is affected by others. Correlation analy-
ses between metal(loid) concentrations have been performed
on day 2 - day 5 samples (day 1 samples were ignored as the
first 24 h typically involves the initial accumulation of all

Stations pH TDS (mg/L) EC(SPC) (S/cm) Salinity (ppt) NO; T(°Q)
Niltifer 7.03-7.61 160 — 1449 246 - 2227 0.12-1.14 1.02 - 5.89 9.1-96
Yenicaga 6.62 - 7.59 255 - 1443 392 -2218 0.19-1.14 1.87 - 6.26 40-50
Beysehir 7.86 -8.12 253 - 364 389 - 565 0.19-0.27 0.65-1.73 11.4-120
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elements tested) and graded as moderate (0.50-0.70), strong
(0.70-0.90) or very strong (0.90-1.0) (Table 3).

The strongest correlations observed were between *°Zn and
%87n (0.96) and >*Cr and Ni (0.94), while other strong correla-
tions were present between *>Cr and **Cr (0.88), Ni and *>Cu
(0.87), **Cr and **Cu (0.87), *®Zn and Ni (0.86), **Cr and Ni
(0.86), **Cr and **Zn (0.84), ®**Cu and *°Zn (0.82), **Cr and
%87n (0.82), >*Cr and **Zn (0.82), **Cr and Mn (0.81), ®*Cu and
Mn (0.81) and Al and *°Cu (0.81). As such, strong correlations
were observed between Cu, Zn, Mn, Ni, Cr and Al in general.
Many of these metals are essential for the function of plants
and utilize a large number of shared metabolic pathways:
NRAMP metal transporters for Mn, Zn, Cu and Ni (Nevo and
Nelson 2006; Manara 2012); type 2 metallothionein, HSP90,
GST (Hildebrandt et al. 2007), EDTA (Evangelou et al. 2007)
and ACC deaminase (Grichko et al. 2000) for Cu and Zn;
anthocyanins for Mn, Zn, and Ni (Pilon-Smits and Pilon 2002);
phytosiderophores for Mn, Zn, and Cu (Yang et al. 2005); Zn
transporters (Hildebrandt et al. 2007), OsNramp 1-2-3 (Belou-
chi et al. 1997) and IRT1 (Korshunova et al. 1999; Guerinot
2000) for Mn and Zn and TgMTP1, COT1, ZRC1 for Ni and
Zn (Persans et al. 2001). As such, these strongly correlating
metals can share a single transporter, such as NRAMP, or share
transporters between two or three-metal groups. In addition,
particularly strong Cr/Cu correlations have previously been
reported in the literature (Demim et al. 2013b). Consequently,
shared transport pathways may be a major cause of the correla-
tions observed, although it should be noted that high numbers
of potential transporters may also decrease the correlations
observed.

The highest correlation observed for Fe is with As, which
has previously been observed in rice (Azizur Rahman et al.
2011; Tiwari et al. 2014). Although As is a metalloid and Fe is a
metal, their common oxidation value of +3 may have allowed
both elements to be transported through similar mechanisms.
While we have observed a weak correlation between these met-
als, a previous study on Pistia stratiotes L. has found a strong
(0.89) correlation between the acculumations of Al (another tri-
valent element) and Fe (Vesely et al. 2012). Transporters such
as phytosiderophores (Yang et al. 2005) and the ZIP family (Ali
et al. 2013) are responsible for iron transport in plants; in addi-
tion, specific transporters for the divalent and trivalent forms

Table 3. Release correlations between metal(loid)s in water during 5 days.

of iron have also been reported (Guerinot 2000). As such, the
ability of Fe to use multiple, highly specific transporters may
account for its lack of strong correlations.

It is known that Cr may compete with Fe, S, and P for bind-
ing sites (Wallace et al. 1976). However; Cr is a variable ele-
ment and exists in valence states from —2 to 46 in nature
(Ergul-Ulger et al. 2014). Cr(III) and Cr(VI) are the most stable
forms of Cr, and both forms are uptaken under different mech-
anisms by plants (Shanker et al. 2005). Consequently, Cr is able
to share transport mechanisms with a large variety of other
ions, which may have resulted in the large number of correla-
tions observed for this metal.

It is worth noting that Ba has displayed negative correlations
with every element except Fe and As. These correlations were
moderately negative for Al and weakly negative for **Cr, Mn,
*Cu, ®*Cu, and ®*Zn. Ba has been reported to be negatively cor-
related with various elements (Suwa et al. 2008), although the
mechanisms involved in its accumulation and transport are still
largely unknown (Kamachi et al. 2015).

As could be expected, very strong correlations were present
between isotopes. The strongest isotope-isotope correlation was
observed in Zn, while the weakest was in Cu. This effect may
be an artifact of the isotope ratios present across the sampling
stations, as the isotopic ratio of Zn was very consistent across
samples, while the isotopic ratio of Cu isotopes varied greatly.
As biological reactions are known to exhibit isotopic prefer-
ence, differences in isotope ratios may have created these minor
changes.

While specialized metabolic pathways are usually lacking for
reactions involving non-essential metals, these elements can
use transport pathways of essential metals through their physi-
cal or chemical similarity to a particular metal ion (Bridges and
Zalups 2005; Rodriguez-Hernandez et al. 2015). Consequently,
competitive or cooperative effects may be observed in the accu-
mulations of essential and non-essential metals. (Liu et al.
2003; Degryse et al. 2012). However, the nonessential elements
As, Pb, and Cd have been observed to show few correlations in
the present study. The fact that these metal(loid)s share trans-
port pathways with multiple different metals may have pre-
vented them from correlating with the accumulation of any
single essential metal species: Cd for example may use proteins
such as IRT1, (Meagher and Heaton 2005), metallothioneins,

27A| SZCr 53Cr SSMn 57Fe 60Ni 63Cu 65CU 662n GSZn 75AS 111Cd 137Ba 208Pb
7 1.0
52¢r 70° 1.0
53¢y 60° 88° 1.0
5Mn 71° 73° 81° 1.0
7Fe —33° 08 28° 03 1.0
ONi 62° 86° 94° 78° 30° 1.0
Sy 75° 71° 74° 64° 06 75° 1.0
Cu 81° 87° 81° 81° 02 87° 78° 1.0
7Zn 73° 82° 76° 72° —.04 79° 66° 82° 1.0
%Zn 63° 82° 84° 74° 14 86° 68° 80° 96° 1.0
5As —21° 15° 44° 28° 64° 43° S 16 07 28° 1.0
Med .09 —.08 —.08 18 —17° —03 —.01 14 —.07 —.08 .09 1.0
37Ba —62° —29° —.05 —.16° 61° —04 —21° —31° —33° —12 70° .10 1.0
208ppy 23° 14 14 29° —.01 14 16° 30° 12 Rl 21° 36° 14 1.0

p < 0.05° p < 0.01
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Figure 1. Results of Principal Component Analysis (PCA).

ABC-typetransporter proteins (Lu et al. 1997) and glomalin
(Gonzalez-Chévez et al. 2004) for its entry, and has shown very
few correlations with the elements tested. As plants possess
advanced mechanisms for the rapid efflux of essential metals,
the selective activation of metal transport genes may also have
allowed the removal of essential metals while largely leaving
toxic metal(loid)s untouched, leading to a lack of correlation
between non-essential metal(loid)s.

PCA results were also in support with correlation analyses
and have yielded three major groups, the first containing Al,
>*Cr, *Cr, Mn, Ni, ®Cu, ®Cu, *Zn, and **Zn, the second

containing Fe, As and Ba and the third group containing Cd
and Pb (Fig 1). As such, the main group of strongly correlating
elements, the low-correlating Fe/As and Cd/Pb secondary
groups were all recovered using PCA. CA dendogram also
yielded broadly similar results, although the Al/Cr/Mn/Ni/Cu/
Zn group was divided into two subgroups under this method
(Fig. 2).

Regression analysis was also performed to observe gen-
eral trends about metal(loid) release. Although high r* val-
ues have been obtained for regression results, all metal(loid)
s had distinct release profiles throughout the 120-hour
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experiment period, suggesting that specific mechanisms are
responsible for the removal of excess metal(loid)s from
plant tissues (Fig 3a-1, Fig 3a-2, Fig 3b, Fig 3c).

Conclusion

Following the first 24 hours of exposure, all metal(loid)s were
observed to be alternately released and reaccumulated in an
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oscillating pattern. However, these oscillation profiles were also
demonstrated to be metal(loid)-specific rather than a general
physiological response, and correlation trends were outlined
between the metal(loid) groups tested based on their release
profiles. Consequently, specific efflux mechanisms are likely
responsible for reducing the metal(loid) burden of the affected
plant; these may involve the metal(loid)-dependent activation
of certain transport proteins. The elements tested were
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recovered under three main groups in cluster analysis and prin-
cipal component analysis. In addition, correlations between
release profiles were observed to agree with correlations
reported between accumulation profiles in the literature, sug-
gesting that accumulation and release pathways may use similar
transporters. Consequently, the accumulation and release of
metal species by Lemna appears to be dependent on not just
environmental factors such as temperature and water parame-
ters, but also on the presence of other metal(loid) (and poten-
tially non-metal) pollutants in the environment, and this
phenomenon may have significant consequences on the reme-
diation of natural freshwater sources that are contaminated by
multiple metal(loid)s. However, the ideal means of ensuring
maximum remediation efficiency in these environments is
unclear, and further studies are necessary to establish the exact
mechanisms responsible for these effects.
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