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Abstract

The aims of this study were to assess Cu, Zn, and Cr pollution in a highly polluted river in Argentina (Matanza-Riachuelo)
and to evaluate tolerance strategies and toxic effects in aquatic macrophytes. Chemical techniques were used to assess the
bioavailability of these metals and to evaluate their uptake and translocation by plants. The ultrastructure of the roots of a
free-floating plant (Eichhornia crassipes) and the leaves of an emergent macrophyte (Sagittaria montevidensis) was exam-
ined using transmission electron microscopy. In the lower basin of the river, the highest concentrations of total heavy met-
als were detected in water (179 pugZn/g; 54 ngCu/g; 240 pgCr/g) and sediments (1499 pgZn/g; 393 ugCu/g; 4886 ugCr/g).
In the upper basin of the river, low percentages of Zn and Cu (8 to 25%) were extracted with DTPA and EDTA, probably
due to the lithogenic origin of these metals. Higher extraction percentages (24 to 66%) were obtained in the lower basin, in
accordance with anthropogenic pollution. For Cr, extraction percentages were low in the upper basin of the river (<4.5%)
and extremely low in the lower basin (< 0.03%). In S. montevidensis, the BCF (bioconcentration factor) and TF (transloca-
tion factor) indexes were compatible with heavy metal exclusion mechanisms in sediments, whereas in the E. crassipes, root
compartmentalization could be the main tolerance strategy. The leaves of S. montevidensis showed no evidence of damage,
whereas ultrastructural alterations (plasmolyzed cells, disorganized membranes) were observed in E. crassipes.
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Introduction The discharge of toxic metals into aquatic ecosystems as

a consequence of human activities generates significant pol-

Heavy metals, such as Cu and Zn, are essential for plant
growth, but Cr have no known biological function. How-
ever, high concentrations of essential and non-essential
heavy metals are toxic to plants, especially when they are
translocated to the aboveground biomass (Hall 2002; Weis
and Weis 2004).
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lution of soils, sediments, and water leading to an acceler-
ated accumulation in the trophic network on which humans
depend (Nriagu and Pacyna 1988; Meybeck 2013; Siddiqui
and Pandey 2019).

As the high availability of binding sites make soils and
sediments a natural sink for toxic compounds, the distribu-
tion of metals in the different geochemical phases reflects
their mobility, bioavailability, and their potential risk to the
biota (Ashraf et al. 2011; Fan et al. 2014; Arreghini et al.
2006, 2017).

The association of metals with a particular geochemi-
cal phase depends on several factors, such as their chemical
affinity, the physical and chemical conditions (pH, redox
potential, ionic strength), the relative proportion of the min-
eral and the organic fractions offering binding sites, compe-
tition with other metals, the kinetics of reactions in which
they are involved, and the time of exposure (Fabrizio de
Torio 2010; Rendina and Fabrizio de Iorio 2012; Fan et al.
2014).
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Different industrial activities require intensive use of
different heavy metals. Therefore, the lower basins of
numerous contaminated rivers have received heavy dis-
charges of residual water with high levels of Cu, Zn, and
Cr among other pollutants, over time.

Copper toxicity is mainly related to the redox activity
of the copper ions, which leads to the chemical synthesis
of harmful reactive oxygen species (ROS) and damages
critical structures and molecules (membranes, peptides,
nucleic acids) at the molecular level. In natural environ-
ments, the organic matter acts as a chelating agent (a
Lewis base) and forms stable coordination compounds
with copper ions promoting its accumulation in sediments
and diminishing its toxicity (McBride 1989; Kramer et al.
2004; De Schaemphelaere and Janssen 2004).

Zinc is mainly associated with Fe and Mn oxides and
carbonates in soils and sediments (McBride 1989). A high
concentration of Zn in the photosynthetic tissues of plants
has a detrimental effect on chlorophyll synthesis, also
compromising key enzymes in ROS metabolism (Chaney
1993; Carrol et al. 2004; Mirshekali et al. 2012).

Chromium presents a wide range of oxidation states,
the trivalent and the hexavalent oxidation states being the
most common and stable in natural ecosystems (Fendorf
1995; Zayed et al. 1998). Cr (VI), as Cr042_ or Cr2072_,
is a soluble and strong oxidant able to generate high lev-
els of ROS (Panda and Choudhury 2005; Shanker et al.
2005; Speranza et al. 2007). Cr (IIT) has a lower solubility
and is stable in reducing and acidic environments mainly
associated with soil and sediment organic matter (Whalley
et al. 1999).

The Matanza-Riachuelo basin is one of the most polluted
in Latin America (Blacksmith Institute 2013). The lower
basin of this temperate lowland river belongs to a densely
populated area (more than 3.5 million people) and drains
into the binational estuary of Rio de la Plata, which rep-
resents the main source of drinking water for the city of
Buenos Aires and its surroundings. Many metallurgical,
chemical, and petrochemical industries as well as meat pro-
cessing plants and tanneries are located in this area, dis-
charging metal-rich effluents to the river. In soils and sedi-
ments of the lower basin of the Matanza-Riachuelo river,
several authors (Mendoza et al. 2015; do Carmo et al. 2021)
reported concentrations above the guidelines for essential
and non-essential metals.

The aims of this study were to assess the levels of con-
tamination of Cu, Zn, and Cr in the water and sediment of
the Matanza-Riachuelo river; to assess the bioavailability of
these metals using different chemical extraction methods;
to evaluate the uptake and translocation of metals in aquatic
and wetland plants; and to determine ultrastructural altera-
tions in the roots of a free-floating plant and the leaves of an
emergent macrophyte.

Materials and methods
Study area and sampling design

The Matanza-Riachuelo basin is divided into three sub-
basins of different land uses (Fig. 1). The upper sub-basin
is mainly crops and livestock, while the highest popula-
tion density and industrial activities are found in the lower
sub-basin (Rendina and Fabrizio de Iorio 2012). This river
presents a complex history of depositional processes,
although, a dense vegetation cover has developed on its
margins.

To reflect the contrast between the land use of the sub-
basins, three sites were selected: S1 (upper sub-basin) and
S2/S3 (lower sub-basin) (Table 1). S1 site is mainly sur-
rounded by crop and livestock areas and several species of
wetland and aquatic plants are found; this site shows the
highest total coverage of the entire basin and the highest
presence of native grass (Faggi and Breuste 2015). S2 site
corresponds to a meander downstream in a rectified sec-
tion of the channel where the decrease in speed favors the
development of free-floating plants. This site also receives
direct sewage discharge from a precarious population set-
tlement. S3 site is located downstream of S2 in a newly
rectified section of the river and near to its mouth in the
Rio de la Plata estuary. Samples of water, sediment, and
plants were collected at these three sites (Table 1). Aquatic
plants collected at this study were free-floating plants,
Lemna gibba L. and Eichhornia crassipes (Mart.) Solms,
rooted with leaves and stems floating plants, Panicum
elephantipes Nees, Alternanthera philoxeroides (Mart.)
Griseb., Hydrocotyle ranunculoides L. f., and emergent
plants, Schoenoplectus americanus (Pers.) Volkart ex
Schinz & R. Keller and Sagittaria montevidensis Cham.
& Schltdl.

Analytical procedures
Water

The water samples were taken in triplicate and immedi-
ately filtered through Whatman GF/C filters and trans-
ported to the laboratory at 4 °C for analysis. The pH (Orion
EA 940 pHmeter) and electrical conductivity (EC) (LUFT-
MAN conductimeter) were measured. In filtered samples,
concentrations of different solutes were determined using
the following analytical methods: nitrate (N-NO;™) by
reduction with hydrazine sulfate and nitrite (N-NO,")
by diazotization with sulfanilamide and N-(1-naphthyl)
ethylenediamine and measured at 540 nm (Perkin Elmer
Lambda 25 UV/visible spectrophotometer) (APHA 1992),
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Fig. 1 The Matanza-Riachuelo
basin and the study sites
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T?ble 1 Lgcation of sampling Location Species Commonname Life form Parts of the plant
sites, species collected in each
site, life form (FF, free floating; g1 34°5522"S  Lemna gibba Swollen duckweed ~ FF
lf:ll)l;l(t)iontz?g 1;&2:;?51 Zg ds;elzlrft 58°43'19" W Hydrocotyle ranunculoides ~ Water pennywort F R, St, L
organs (R, root; Rhi, rhizome; Alternanthera philoxeroides  Alligatorweed F R, St, L
St, stem; Sh, shoot; L, leaf) Schoenoplectus americanus ~ Chairmaker’s bulrush E R, Rhi, Sh
S2  34°39'32"S  Eichhornia crassipes Water hyacinth FF R, St, L
58°23'47" W Sagittaria montevidensis Giant arrowhead E R, Rhi, St, L
Panicum elephantipes Elephant panicgrass F R, St, L
S3 34°3928" S Eichhornia crassipes Water hyacinth FF R, St, L
58°2227" W Sagittaria montevidensis Giant arrowhead E R, Rhi, St, L

ammonium (N-NH,*) by spectrophotometric indophenol
blue method measured at 640 nm (Perkin Elmer Lambda
25 UV/visible spectrophotometer) according to Mackereth
et al. (1989). Suspended solids (SSs) were determined by
gravimetry (filtering a water sample through a pre-weighed
Whatman GF/C filters) (Golterman et al. 1978). In addi-
tion, water samples were filtered using a 0.45 pm pore
size filter to determine soluble reactive phosphorus (SRP)
according to APHA (1992). Unfiltered water samples were
taken in triplicate, acidified with concentrated nitric acid,
and transported to the laboratory for heavy metals analy-
sis. At the laboratory, 300 ml of each sample was concen-
trated by evaporation (1:12) and then mineralized with
HNO;,, HCIO,, and HCI (7:1:3).

@ Springer

Sediment

Three composite sediment samples (each obtained from
the mixture of five subsamples) were taken from the top
10 cm of the surface at each site and collected in plastic
bags. Then, they were air-dried, and sieved with a 2-mm
mesh. The pH and electrical conductivity were measured at
laboratory. Carbon easily oxidable (C,, ) Was determined
by the Walkley—Black method (Walkley and Black 1946).
Total metal concentrations were determined in the sediment
samples digested with HNO,;, HCIO,, HF, aqua regia, and
HCI (3:1:7:2:3). The DTPA (diethylene triamine pentaacetic
acid) extracting solution was prepared to contain 0.005 M
DTPA, 0.01 M CaCl,, and 0.1 M triethanolamine and was
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adjusted to pH 7.30+0.05 using 0.5 M HCI (Page et al.
1982). Ten grams of air-dried sediment in 20 ml of DTPA
extracting solution was shaken for 120 min in a horizontal
shaker (BIOMINT BMO021 orbital shaker) with a stroke of
2.5 cm and a speed of 180 cycles min~! at room temperature.
The suspensions were filtered by gravity through a Whatman
42 paper filter. Another ten grams of air-dried sediment in
0.05 M EDTA (ethylene diamine tetraacetic acid) solution
was shaken and filtered as DTPA extraction. Two grams of
air-dried sediment in 16 ml of MgCl, was shaken as DTPA
extraction for 1 h and then was centrifuged at 10,000 rpm
(Tessier et al. 1979). All the used chemicals were of ana-
lytical grades, including nitric acid (65%), perchloric acid
(70%), hydrofluoric acid (40%), and hydrochloric acid
(37%). A standard reference material CRM 320 (river sedi-
ment) was used to verify the accuracy of metal determina-
tion. The recovery rates for heavy metals in the standard
reference material ranged from 88 to 107%.

Plant

Plant samples of each species were taken in triplicate at dif-
ferent sites and transported to the laboratory in plastic bags.
Plant samples were initially washed with the river water
and then rinsed with tap and deionized water and scrubbed
thoroughly to remove any particulate matter adhering to the
plant material. Plants were separated into root, thizome, leaf,
and stem/shoot and were dried to a constant weight at 70 °C
and then ground into a powder using a blender. One gram of
powder was placed into Teflon beaker (100 ml-PTFE Nal-
gene) and digested with HNO;, HCIO,, and HCI (7:1:3).
All metal concentrations in all the extracts were measured
by atomic absorption spectrometry with an air/acetylene
flame (Perkin Elmer AAnalyst 200), using external stand-
ards prepared from stock solution of the metals (1000 mg/

Table2 Mean +standard deviation of physical and chemical vari-
ables measured in water samples on each sampling site (n=23). Dif-
ferent letters denote significant differences. CCME (Canadian Coun-
cil of Ministers of the Environment). LNRP 24,051 (National Law of
Hazardous Wastes of the Argentine Republic, Ley Nacional de Resid-

kg, Merck). The results of the analysis are reported as dry
weight. The detection limits (ppm) were calculated as the
mean value of the reagent blank plus 3 times the standard
deviation for 10 measurements of the blank (Tables 2, 3,
and 4).

Metal accumulation indexes for sediments

The enrichment factor (EF) is calculated using the following
expression (Rendina and Fabrizio de Iorio 2012):

EF = C,/C

res

where C, represents the total concentration of a given metal
at a study site and C,, represents the concentration of the
same metal in the residual fraction, established by the
sequential extraction technique (Tessier et al. 1979), from
a reference site of the basin.

The geoaccumulation index (I,) is calculated using the
following expression (Miiller 1981):

L., = log,(C;/(1.5C,))

where C,; represents the concentration of a given metal at the
study site and C, represents the concentration of the same
metal at a reference site for the basin, following the same
criteria established for the EF.

Bioconcentration factor and translocation factor

The bioconcentration factor is obtained as the ratio:
BCF = &/

where C, indicates the heavy metal concentration in roots
and C, represents the heavy metal concentration in the

uos Peligrosos de la Argentina 24,051/1992). *Chromium as Cr(III).
EC, electrical conductivity; SS, suspended solids; SRP, soluble
reactive phosphorus. Detection limits (ppm): Zn=0.08; Cu=0.07;
Cr=0.26

S1 S2 S3 CCME LNRP 24,051
pH 79+03a 7.8+0.04 a 78+02a
EC (mS/cm) 14+0.8a 1.59+0.01 a 1.83+0.01 a
SS (mg/L) 29+05¢ 50+2a 27+3b
N-NO;~ (mg/L) 1.17+0.13 a 0.36+0.05b 0.28+0.05b 2.94 -
N-NO,~ (mg/L) 0.26+0.00 a 0.03+0.01b 0.03+0.01 b 0.06 0.06
N-NH,* (mg/L) 132+05a 75+0.1b 83+0.3b 0.39 1.37
SRP (mg/L) 2.02+0.04 a 1.53+0.12b 2.23+0.27 a - -
Zn total concentration (ug/L) 37x1c 179+13 a 104+10b 30 30
Cu total concentration (ng/L) 11+4c 54+3a 33+3b 2-4
Cr total concentration (ug/L) 12+4c¢ 240+19a 173+4b 8.9%
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Table 3 Sediment physical and chemical variables (mean + standard
deviations, n=3) (electrical conductivity, EC; carbon easily oxid-
able, C_, ,; metal concentration on dry weight basis, ug/g D.W.),
geoaccumulation index (Igeo) (Muller 1981) and enrichment factor
(EF) (Rendina and Fabrizio de Iorio, 2012) for different sites of the
Matanza-Riachuelo river (mean+SD) (n=23). Different letters show
significant differences (p<0.05) between sites. “Total metal con-
centration in sediment of baseline site. Residual metal concentra-
tion in sediment of baseline site. Interim sediment quality guideline
(ISQG) and probable effect level (PEL) from the Canadian Coun-
cil of Ministers of the Environment (CCME) (2002), and sediment

guideline from residual use from National Law of Hazardous Wastes
of the Argentine Republic (Ley Nacional de Residuos Peligrosos de
la Argentina 24,051/1992, LNRP 24,051). Igeo classification: class
0 — practically uncontaminated (Igeo<0), class 1 — from uncon-
taminated to moderately polluted (0 <Igeo <1), class 2 — moderately
polluted (1 <Igeo <2), class 3 — from moderately to heavily polluted
(2<Igeo<3), class 4 — heavily polluted (3 <Igeo<4), class 5 —
from heavily contaminated to extremely polluted (4 <Igeo <5), class
6 — extremely polluted (5 <Igeo). Detection limits (ppm): Zn=0.19;
Cu=0.06; Cr=0.23

pH EC C cas ox Zn Cu Cr
(mS/cm) (%) (ug/eD.W)  EF L., (ug/eDW) EF L., (ug/gDW) EF I,
S1 6,8+0,1 13+0,7 14=+0,1 1043+45¢c 15 -05 450+22c¢ 23 0.1 369+3.0c 1.9 -02
S2 5,6+0,1 25+02 570+£0,04 1499+8a 21 33 393+9a 20 32 4886+422a 251 6.8
S3 54+0,1 1,1+03 5,6+0,5 1216 +110b 17 3.0 320+32b 17 29 3029+478b 155 6.1
Baseline Tc* - - - 86.7+3.5 - - 22.8+0.6 - - 26.3+0.5 - -
Baseline Rc” - - - 71.1+1.2 - - 192+08 - - 19.5+0.2 - -
CCME -1ISQG - - - 123 - - 35.7 - - 37.3 - -
CCME - PEL - - - 315 - - 197 - - 90 - -
LNRP 24,051 - - - 500 - - 100 - - 250 - -
Table4 Metal COl’lCCl:ltI‘fltiOl‘lS Species Life form  Plantorgans  Zn Cu Cr
(mean =+ standard deviations,
n=3, pg/g D.W.) in different Sl Alternanthera philoxeroides ~ F Stem 344429 44404 16423
organs of aqatic macrophytes Leat 9738 46£02 26520
(FF, free floating; F, rooted Root 95+14 26.5+22  90+68
with leaves and stems floating; Lemna gibba FF 50+11 94+22 7.4+1.0
E, emergent). Detection limits Schoenolpectus americanus ~ E Shoot 204+42 3.7+0.5 2.6+0.3
(ppm): n=0.08: Cu=0.07 Rhizome ~ 38+12  55+11  47+16
Root 79+12 23.9+53 168
Hydrocotyle ranunculoides F Stem 60.7+4.0 103+1.1 40+33
Leaf 273+36 11.3+13 30+22
Root 136 +31 35+10 213+60
S2 Sagittaria montevidensis E Stem 62+17 16+6 25+10
Leaf 96+10 22+7 38+12
Rhizome 290+142 26+11 11+11
Root 361+91 44+14 45+19
Eichhornia crassipes FF Stem 473+43  42+07 6.7+2.2
Leaf 43.0+22 6.1+03 6.0+1.5
Root 251+51 64+13 682 +54
Panicum elephantipes F Stem 212452 25+05 73+53
Leaf 29+12 78+1.8 38+22
Root 112 +88 22+9 94+42
S3 Sagittaria montevidensis E Stem 57+18 22.0+4.0 64+43
Leaf 76+25 225425 129+34
Rhizome 309+102  44+34 43+0.4
Root 320+40 34+13 51.7+6.8
Eichhornia crassipes FF Stem 584+3.6 7.6+13 25+10
Leaf 56+8 6.9+0.1 12.5+2.0
Root 116 +37 36+15 261+95
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substrate (sediment for emergent plants and water for P.
elephantipes and E. crassipes), both on dry weight basis.
The translocation factor is obtained as the ratio:

TF = C'/ C,

where C, indicates the heavy metal concentration in leaves
(shoots in S. americanus) and C, represents the heavy metal
concentration in roots, both on dry weight basis.

Transmission electron microscopy

For ultrastructural observations, roots of E. crassipes and
leaves of S. montevidensis were collected and fixed in 2.5%
glutaraldehyde for 8 h and followed by post-fixation with
2% osmium tetroxide, dehydrated in an alcohol series of
increasing degree and embedded in epoxy resin. Ultrathin
sections were cut using an ultramicrotome, stained with 1%
uranyl acetate for 1 h and lead citrate for 15 min, and then
placed on copper grids (Sigma-Aldrich, 300 mesh, 3.05 mm
of diameter). The observations were performed in a Philips
CM 200 transmission electron microscope (TEM) equipped
with a LaB6 emission gun and an ultratwin objective lens
operating at 120 kV.

Statistical analysis

Data were examined for normal distribution using the Lil-
liefors test. Data that did not follow a normal distribution
were logl0 transformed and their distributions were re-
examined. All variables were tested for homogeneity of
variances using Levene’s test. Variables were examined by
one-way ANOVA. Differences are reported as significant at
p<0.05. Tukey test was used to reveal significant differences
between sites. All statistical analyses were performed using
GENSTAT Release 7.1 (2003).

Results and discussion
Water

The pH and the EC values did not differ significantly
between the three study sites and they were similar to those
of previous studies in the basin (Fabrizio de Iorio et al.
2006; Magdaleno et al. 2014). Suspended solid (SS) con-
centrations in water samples followed a decreasing order:
S2>S83>S1(p<0.01) (Table 2).

The dissolved inorganic nitrogen (DIN) concentration
was significantly higher in S1 (Table 2), the site in the
upper basin of the river where agriculture activities are
more relevant and where surface and subsurface runoff trans-
port nitrogen fertilizers not assimilated by plants from the

river basin to the fluvial course. The DIN concentration in
water followed a decreasing order in the three study sites:
N-NH,">N-NO;™>N-NO,™ (Table 2). In the natural envi-
ronment, organic nitrogen and urea from inorganic fertilizers
react chemically to form ammonium by ammonification and
hydrolysis reactions. When molecular oxygen is available
to microorganisms, ammonium is oxidized into nitrite and
later into nitrate in a complex process mediated by aerobic
nitrifying bacteria. N-NO;~ and N-NO,™ represent about
10% of DIN in S1, but less than 5% of DIN in S2 and S3
(Table 2), even though the pH values were appropriate for
nitrifying microorganisms (Vymazal and Kropfelova 2008).
At all sites, the high concentration of ammonium and a rela-
tively higher concentration of an unstable chemical form of
DIN, such as nitrite, suggest that molecular oxygen could
be a limiting factor for nitrification. Furthermore, in S2 and
S3, water pollution could have an additional negative effect
on nitrifying bacteria.

The lowest concentration of soluble reactive phosphorous
(SRP) was recorded in S2 and there were no significant dif-
ferences between S1 and S3 (Table 2). In the natural envi-
ronment, phosphorous is found mainly in chemical com-
pounds of low availability, such as organic phosphorous,
and in inorganic salts of very low solubility. In those aquatic
ecosystems where sedimentation processes are promoted,
phosphorous associated with coarse particulate matter is
removed from the water column and accumulated in bot-
tom and shoreline sediments whereas phosphorous associ-
ated with suspended solids (SSs) is not necessarily available
to primary producers. For this reason, there is a particular
interest in measuring the potentially available forms of phos-
phorous (SRP) rather than the total phosphorous concentra-
tions (TP). In S1, high SRP concentration is probably related
to the use of chemical fertilizers in the cropping activities
in the basin and with the associated runoff processes. On
the other hand, in S3, the SRP could be a consequence of
the chemical dissolution of salts of chromium and zinc used
for anticorrosive treatment and passivation of metallic sur-
faces, major industrial activities in the lower basin (Napoli
2009). In S2, the concentration of SS was higher and that
of SRP was lower, probably due to surface precipitation of
phosphorous in SS and because immobilized phosphorous
is not detectable under conventional chemical techniques
(Table 2).

At all sites, and like SS, the total concentration of heavy
metals followed a decreasing order S2>S3>S1 (p <0.05).
These concentrations were always higher than the guideline
level established by CCME (2002) and by the local regula-
tion of the National Law of Hazardous Wastes of the Argen-
tine Republic (Ley Nacional de Residuos Peligrosos de la
Republica Argentina 24,051/1992, LNRP 24,051) (Table 2),
although agriculture is the most important economic activity
in S1. Since the high density of binding sites in suspended
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solids and the chemical reactivity of heavy metals promote
complexation and surface precipitation reactions, this could
explain the correlation between SS and heavy metals in the
water (Laidler and Meiser 1995; Brady and Weil 2008; Ji
et al. 2016; Xia et al. 2018).

Zinc and copper are essential trace elements for plants
and animals, being required for numerous critical molecular
processes. However, at high concentrations, they are danger-
ous and can be toxic to the biota. Chromium is a very special
transition metal that is not essential for plant growth and
development and has different oxidation states of different
chemical reactivity and toxicity. Cr (III) is considered the
most stable and least toxic form of chromium, whereas Cr
(VD) is more mobile and extremely toxic (Gardea-Torresdey
et al. 2005; Sharma et al. 2020). Although it is difficult to
establish a positive correlation between a specific heavy
metal and a toxic response in highly polluted rivers, like
the Matanza-Riachuelo, the higher concentration of heavy
metals in the water at S2 and S3 is a risk for free-floating
(E. crassipes) and rooted macrophytes (P. elephantipes) with
leaves and stems floating (Tables 1 and 2).

A positive correlation between SS and heavy metal con-
centrations in the water suggests that suspended solids could
be considered natural sinks for metals (Table 2). By limiting
the dissolution of metals in the water, this retention repre-
sents an advantage since the soluble forms of metals are
the most mobile and are usually the most toxic. However,
SS can also be considered a vector of pollutants between
the source and the sedimentation and accumulation sites.
When sediments are removed by natural or anthropogenic
processes, heavy metals like Cr are remobilized, and interac-
tions between trivalent chromium and strong oxidants can
regenerate the highly toxic form of hexavalent chromium
(Fendorf 1995; Oze et al. 2007; Sharma et al. 2020).

Sediments

In S1, the EC in the sediment was similar to that in water,
the pH was close to neutrality, and percentages of easily
oxidable carbon were similar to those recorded in soils of the
drainage basin (De Siervi 2016). In S2 and S3, the pH values
were more acidic and very high percentages of easily oxid-
able carbon were recorded. At these sites, the depositional
environment promotes sedimentation while the high pollu-
tion restricts oxidation of organic matter (Table 3).

Total concentrations of heavy metals in sediment fol-
lowed a decreasing order: S2>S3>S1 (p <0.05). Zn and
Cr concentrations in S1 were lower than the ISQG (Interim
Freshwater Sediment Quality Guidelines) of the CCME
(Canadian Council of Ministers of the Environment),
whereas the Cu concentration was higher than the ISQG
but lower than the PEL (probable effect level) value of the
CCME (Table 3). Moreover, heavy metal concentrations in
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S1, where agricultural activities predominate, were lower
than the guide levels established by the LNRP 24,051 for
soils with residential use. In S2 and S3, heavy metal con-
centrations were much higher than the PEL levels of CCME
and those established by the LNRP 24,051 (Table 3), as the
lower basin of the Matanza-Riachuelo river is an area histor-
ically subject to significant pollution by organic matter since
the mid-eighteenth century and by hydrocarbons and heavy
metals when industrial activities intensified in the early years
of the nineteenth century (Rock 1989). Since heavy metals
have very high solid/liquid partition coefficients (Arreghini
et al. 2021), they can be removed from river water associated
with SS. The highest heavy metal concentrations in the S2
sediments could be related to the morphometry of the river,
since this section of the channel constitutes a meander, and
the sediment samples were collected from the river margin
where sedimentation is promoted. At site S3, on the other
hand, channel rectification increases the speed of the water
current and limits the sedimentation of SS and associated
heavy metals. This could explain the lower concentration
of heavy metals recorded in S3 in relation to S2 (Table 3).

Total heavy metal concentrations in soil and sediments do
not provide enough information on the degree of pollution,
nor does it allow us to distinguish between natural (litho-
genic) and anthropogenic contributions (Barbieri 2016).
Therefore, different indexes have been proposed to establish
both the origin and significance of metal enrichment.

The enrichment factor (EF) relates the total concentration
of a given metal at a study site and its concentration in the
residual fraction of a reference site in the basin. Whereas
EF values close to unity are characteristic of uncontami-
nated sites, substantially higher values indicate anthropo-
genic metal enrichment. Due to the high level of pollution
of the entire Matanza-Riachuelo river, it was not possible to
identify a reference zone and the EF was calculated using
reference levels of the Reconquista, a river nearby with a
similar basin (surface area, lithology, and morphometry) to
the Matanza-Riachuelo (Arreghini et al. 2007) (Table 3).

In S1, the EF values ranged between 1.5 and 2.3 suggest-
ing moderate contamination by metals. In S2 and S3, the
EF values ranged between 17 and 21 for Zn and Cu, respec-
tively, reaching values of 155 for Cr in S3, and 251 for the
same metal in S2 (Table 3). These data show the magnitude
of metal enrichment in the lower basin (S2 and S3) of the
Matanza-Riachuelo and the higher metal contamination in
S2, where SS concentration in the water is higher and sedi-
mentation processes are promoted. The higher EF value for
Cr could be further explained considering the special proper-
ties of this metal since it has a reduced form with a very low
chemical reactivity and a high affinity for the solid phase.

The geoaccumulation index (I,) relates the concentra-
tion of a given metal at the study site and its concentration at
a reference site for the basin. In relation to the EF index, the
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L., does not require the residual fraction to be established
by the complex sequential extraction methodology of Tessier
etal. (1979). According to the Muller scale for the L., (Miil-
ler 1981), S1 is uncontaminated by Zn and Cr, and between
uncontaminated to moderately contaminated by Cu. On the
other hand, S2 and S3 are heavily contaminated by Zn and
Cu and extremely contaminated by Cr (Table 3).

The total concentration of heavy metals in the water and
sediments provides useful information about the degree
of pollution of a study site. Although these data are a key
element in monitoring and remediation tasks, total metal
concentration does not necessarily reflect the heavy metal
availability and their potential biotoxicity. Different chemi-
cal extractants, like acid solutions, soluble salts, and chelat-
ing agents, have been proposed to estimate labile and poten-
tially assimilable metals by plants. While MgCl, promotes
desorption of electrostatically attracted metals to the solid
phase, DTPA and EDTA are synthetic chelating agents that
can also mobilize complexed metals (Zhang et al. 2010).

At all study sites, the extraction percentage of Zn
and Cu from sediments followed a decreasing order:
EDTA > DTPA >MgCl, (p <0.05) (Fig. 2). Using EDTA,
more than 50% of Zn and more than 60% of Cu were
extracted from the S2 and S3 sediments, while the extraction
diagrams were similar between these sites (Fig. 2). Since
these percentages depend on the ability of the extracting
agents to mobilize metal ions, similar extraction diagrams
suggest similar sediments, at least in relation to the charac-
teristics of the binding sites. The higher concentrations of Zn
and Cu in S2, in relation to S3, could be explained by hydro-
dynamic conditions that promote sedimentation and increase
the number of similar binding sites for metals. In S1, EDTA
extraction percentages of Zn and Cu were below 15% and

Fig.2 Percentage of DTPA — 80

B DTPA
extractable (diethylene triamine
pentaacetic acid), EDTA — 70 BEDTA
extractable (ethylene diamine OMgCI2
tetraacetic acid — extract- 60
able) and exchangeable metal
concentrations in sediments % 50
(mean + SD) (n=23). Different E
letters indicate significant differ- 3
ences (p <0.05) between sites ‘g 40
(lowercase letters) and between §
extraction methods (capital 2 30 aB
letters) ©
20 *® aA
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10 ac
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0 L I -_— !
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25% respectively (Fig. 2) suggesting not only lower envi-
ronmental mobility but also a qualitative difference between
S1 in relation to the S2 and S3 sediments. At all study sites,
chromium was the metal with the lowest mobility estimated
by the aforementioned extraction methods (Fig. 2). The high
concentration of total chromium in the sediments reported in
S2 and S3 (Table 2) could be explained not only by anthro-
pogenic pollution but also especially by the chemical char-
acteristics of the sediments to retain this metal. In S1, the
extraction percentage of Cr with MgCl, was less than 5%,
whereas in S2 and S3, these percentages were less than 0.2%
for the three extractant agents used (Fig. 2). Unlike Zn and
Cu, the S2 and S3 sediments were comparatively more effi-
cient in immobilizing Cr in relation to S1 sediment. Since
different sediments had different extraction diagrams for dif-
ferent metals, this analysis could be useful in establishing
the environmental availability of pollutants and therefore in
the implementation of remediation strategies.

Plants

In S1, the Zn and Cu concentrations in roots were higher
than those found in the aboveground biomass of A. philox-
eroides and for the three metals analyzed in H. ranuncu-
loides and S. americanus. In S2 and S3, the concentration
of Zn in the belowground structures (roots and rhizomes) in
S. montevidensis was higher than that of the aerial structures
(stems and leaves), whereas E. crassipes and P. elephan-
tipes showed the highest concentration in roots for the three
metals analyzed (Table 4). Heavy metal concentrations
were higher for the plants harvested in S2 and S3, except
for P. elephantipes, which presented values similar to those
recorded in the S1 species. The highest concentration of Zn

bB
bB bB L
bA bA bA bA
bC bC
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was recorded in roots of S. montevidensis from S2 and S3,
followed by roots of E. crassipes. For chromium, roots of E.
crassipes presented higher concentrations than those of S.
montevidensis and no differences were observed in the case
of Cu (Table 4).

Remarkable progress has been made in understanding the
mechanisms that control metal uptake by plants (Hall 2002;
Clemens 2006; Cheng et al. 2014a; Thakur et al. 2022), and
there are also chemical techniques, such as those used in this
study, aimed at establishing their environmental mobility
(Du Laing et al. 2009; Rendina and Fabrizio de Iorio 2012).
However, the high variability that characterizes the uptake
and translocation of trace elements and non-essential heavy
metals requires the use of specific indexes to better estimate
their bioavailability and potential toxicity (Ernst 1996).

The BCF (bioconcentration factor) index relates the
concentration of a metal in roots to the total concentration
of the same metal in the substrate (soil, sediment, or water
according to the life form of the plant). Values greater than
unity indicate bioconcentration while very low values of
the index suggest the existence of mechanisms that prevent
the uptake and accumulation of heavy metals in the bio-
mass. In S1, where metal concentrations in the sediment
were significantly lower, even lower than ISQG values
(Table 3), and where the lowest extraction percentages of
metals were also recorded (Fig. 2), the highest BCF values
were obtained, especially for a non-essential metal like Cr
in A. philoxeroides and H. ranunculoides (Table 5). At the
same site, L. gibba showed relatively high values of this
index, especially for Zn. Thus, in an environment with low
levels of bioavailable metals, wetland plants may over-accu-
mulate essential and non-essential metals in their biomass.
This process may respond to the absence of mechanisms
to prevent the uptake, and it is not necessarily an evidence
of their remediation ability in polluted sites. In sediments
of S2 and S3, the highest concentrations of heavy met-
als and organic carbon were found (Table 3). For Zn and
Cu, the extraction percentages were comparatively high

(Fig. 2). However, the BCFs calculated for S. montevidensis
were lower than those calculated in S1 for species with the
same life form, such as S. americanus and A. phyloxeroides
(Table 5). For Cr, the lowest extraction percentages were
obtained (Fig. 2), and the BCFs were markedly under than
unity for S. montevidensis (Table 5). Thus, the low BCFs
obtained in polluted environments could be explained not
only by the active response of tolerant plant species (Taylor
and Crowder 1983; Hansel et al. 2001; Cheng et al. 2014bj;
Dai et al. 2017; Pasricha et al. 2021) but also by the passive
effect generated by the retention of metals associated to the
bonding sites of the sediments (e.g., functional groups of the
organic matter) (Boguta et al. 2022; da Silva et al. 2022).
The roots of E. crassipes from S2 and S3 showed high con-
centrations of Zn, Cu, and especially Cr (Table 4), although
heavy metal concentrations in water were markedly lower
than those determined in sediments (Tables 2 and 3). For
this reason, the BCF values were high for the three met-
als analyzed (Table 5). Besides, a considerable decrease in
root biomass was observed in relation to plants collected
from a non-polluted site (Photo 1). The higher uptake of
metals could be attributed to their greater bioavailability in
the water in relation to the sediment, while the decrease in
root biomass could be due to their toxic action. However,
this last statement is not conclusive since the lower basin
of the Matanza-Riachuelo river has a complex mixture of
pollutants (Biruk et al. 2017) which can produce similar
deleterious effects on macrophytes. Considering that E. cras-
sipes is a metal-accumulating macrophyte that can be easily
harvested as a whole plant, several authors have proposed its
use for remediation of polluted water bodies (Odjegba and
Fasidi 2007; Saha et al. 2017; Zhang et al. 2019).

The TF (translocation factor) index relates the concen-
tration of a given metal in aboveground structures (leaves
or stems) with the concentration in belowground structures
(roots or rthizomes). In terrestrial ecosystems, high values of
the index are characteristic of plants from unpolluted sites
and are also recorded in hyperaccumulating species from

Table 5 Bioconcentration factor (BCF) and translocation factor (FT) for each species of sampling sites. (Mean + standard deviations, n=3)

Species BCF TF
Zn Cu Cr Zn Cu Cr

S1 Shoenoplectus americanus 0.76+0.13 0.53+0.10 0.44+0.19 0.26+0.06 0.16+0.06 0.18+0.07
Alternanthera philoxeroides 0.91+0.17 0.59+0.06 2.43+1.88 0.53+0.04 0.18+0.02 1.12+1.65
Hydrocotyle ranunculoides 1.31+0.35 0.77+0.28 5.78+1.30 0.21+0.07 0.35+0.12 0.13+0.09
Lemna gibba 1.35+0.33 0.84+0.10 0.62+0.23 - - -

S2 Sagittaria montevidensis 0.24+0.06 0.11+0.03 0.01+£0.003 0.28+0.10 0.54+0.24 1.01+0.67
Eichhornia crassipes 1.40+0.27 1.20+0.19 2.84+0.16 0.18+0.04 0.10+0.02 0.01+£0.002
Panicum elephantipes 0.62+0.51 0.41+0.16 0.39+£0.17 0.41+0.29 0.41+0.20 0.48+0.33

S3 Sagittaria montevidensis 0.26+0.04 0.11+0.04 0.02+£0.004 0.24+0.05 0.70+0.18 0.25+0.04
Eichhornia crassipes 1.12+0.32 1.09+0.42 1.51+0.53 0.51+0.17 0.22+0.12 0.05+0.03
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Fig.3 TEM micrographs of transverse sections of mesophyll cells of
S. montevidensis. Cell wall (cw), plasmatic membrane (pm), nucleus
(nu), tonoplast (t), vacuole (v), chloroplast (chl), chloroplast internal
membrane system (chim), nuclear membrane (nm), and chromatin
(chr). A Undifferentiated cell (right) and differentiated cell with a
large central vacuole and chloroplasts aligned towards the cell wall

Fig.4 TEM micrographs of
transverse sections of paren-
chyma root cells of E. crassipes.
Cell wall (cw), plasma mem-
brane (pm), nuclear membrane
(nm), chromatin (chr), mito-
chondria (mit), and mitochon-
dria internal membrane system
(mim). A and B Plasmolyzed
cells with damage in the plasma
membrane. C and D Mitochon-
dria with a disorganized internal
membrane system

locations with high (natural or anthropogenic) metal concen-
tration. Very low values of the TF index suggest the exist-
ence of internal plant mechanisms to avoid the translocation
of metals, preventing their toxic action (Rascio and Nav-
ari-Izzo 2011; Shuvaeva et al. 2013; Pasricha et al. 2021).
However, in aquatic ecosystems, different patterns can be
observed. In S1, the calculated TFs were less than unity with

(left). B Detail of an undifferentiated cell with a functional plasma
membrane, a large and well-preserved nucleus, a chloroplast, smaller
organelles and cell content. C A chloroplast of a well differentiated
cell, with functional external and internal (thylakoids) membrane sys-
tems. D Preserved chromatin in a nucleus of a differentiated cell

the exception of Cr for A. philoxeroides (Table 5). The prone
life form of this plant allows the uptake of nutrients and toxic
compounds directly from the water and independently of the
root uptake system, so the TF index was not useful in this
case. In S2, S. montevidensis presented the highest TF for Cr,
while E. crassipes presented low values of the index for Cu
and especially for Cr (Table 5). Since S. montevidensis has
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Photo 1 Samples from E.
crassipes collected from an
unpolluted site (left) and a
highly polluted site of the
Matanza-Riachuelo river (right).
Bars=5cm

a very low BCF for Cr (Table 5), it cannot be considered a
hyperaccumulating species while the accumulation of poten-
tially toxic metals in roots could be a tolerance strategy in E.
crassipes to prevent damage to photosynthetic structures by
Cu and Cr, both metals with high redox activity.

In summary, the uptake of metals and their distribution
among the different plant organs may depend not only on the
total or available concentration of the metal in the environ-
ment but also on the metabolic role of the element in the
plant, and also on the associated mechanisms of toxicity,
on the life form and the species studied (Jackson 1998; Ser-
rano and Rodriguez-Navarro 2001; Bonanno et al. 2017). In
S. montevidensis, the results obtained are compatible with
exclusion mechanisms, while in E. crassipes root compart-
mentalization would be the dominant detoxification process
for metals.

Ultrastructural analysis in cells of leaves and roots
of aquatic plants

Due to the high concentration of metals in water and sedi-
ment of S2 and S3 (Tables 2 and 3), and the complex mix-
ture of pollutants reported in previous studies, evidence of
toxicity would be expected to be found in aquatic plants
collected in the lower basin of the Matanza-Riachuelo river.
However, no macro or mesoscopic evidence of damage to
leaves and/or roots of S. montevidensis and E. crassipes
from S2 was detected, except the scarce root development
of roots of E. crassipes compared to roots from unpolluted
sites, as reported above. The samples were observed under
the transmission electron microscope (TEM) for evidence
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of ultrastructural alterations (organelles, vacuole, nucleus,
membranes) compatible with the toxic effect reported for
heavy metals with redox activity (Dalla Vecchia et al. 2005;
Mangabeira et al. 2011; Basile et al. 2015).

Sagittaria montevidensis translocated a relatively high
percentage of Cr to its photosynthetic tissues, while in E.
crassipes, most of the uptake of metals was accumulated in
the root, especially for Cr (Table 5). Therefore, TEM obser-
vations were focused on the leaves of S. montevidensis and
the roots of E. crassipes.

Under the light microscope, the leaves of S. montevi-
densis presented a normal design, with the photosynthetic
parenchymal tissues clearly visible, in which abundant chlo-
roplasts were distinguished. Mesophyll cells with numer-
ous lenticular-shaped chloroplasts were observed under the
TEM (Fig. 3). No plasmolysis was observed, nor evidence of
damage in the internal membrane system of the cells (chlo-
roplast, nucleus), nor condensation of nuclear chromatin,
and there was no presence of electron-dense corpuscles that
usually constitute local accumulations of metals (Fig. 3)
(Sresty and Madhava Rao 1999). These observations, asso-
ciated with the high TF values for metals and especially for
Cr (Table 5), would indicate the absence of toxic effects,
and so S. montevidensis can be considered a species tolerant
to the environmental conditions of the lower basin of the
Matanza-Riachuelo river.

When observing the cells of the root cortex of E. cras-
sipes under the TEM, numerous evidences of toxicity were
found. A large number of plasmolyzed cells were observed:
mitochondria with disorganized internal membranes, nuclear
membranes in process of disintegration as well as condensed
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chromatin (Fig. 4). These effects cannot be attributed exclu-
sively to pollution by heavy metals, especially in a highly
polluted river like the Matanza-Riachuelo, but cellular
damage is compatible with the deleterious effects produced
by heavy metals (Mangabeira et al. 2011). Due to its free-
floating life form, E. crassipes is exposed to concentrations
of pollutants that are much lower than those recorded in
sediments (Tables 2 and 3). Immobilization in roots could
be evidence of the potential toxicity of metals to photosyn-
thetic tissues, and E. crassipes could be considered a sensi-
tive species.

Conclusions

The lower basin of the Matanza-Riachuelo river is severely
polluted by anthropogenic activities. However, the high con-
centrations of metals in the water and sediments have not
prevented the settlement of wetland plants of different life
forms, from free-floating to marshy species. The differences
observed in the extraction percentages of heavy metals by
the extracting agents evaluated, and between different study
sites, suggest that the extraction diagrams could be consid-
ered an additional tool in sediment characterization. Low
levels of available metals, estimated using extracting agents,
indicate that the sediments have a high retention capacity
for metallic pollutants. In S. montevidensis, BCF and TF
data are compatible with exclusion mechanisms of heavy
metals, whereas in E. crassipes, root compartmentalization
could constitute the dominant strategy. TEM observations
did not detect any damage to the leaves of S. montevidensis,
but alterations were found in the root cells of E. crassipes.
Even considering these damages could not be unequivocally
attributed to the heavy metals evaluated in this study, they
are consistent with toxic effects reported in the literature.

Author contribution All the authors contributed to the study concep-
tion and design. Material preparation, data collection, and analysis
were performed by Roberto Jose Maria Serafini, Silvana Arreghini,
Horacio Esteban Troiani, and Alicia Rosa Fabrizio de Iorio. The first
draft of the manuscript was written collectively by all the authors. All
authors read and approved the final manuscript.

Funding This study was funded by the National Science and Technol-
ogy Agency (ANPCyT) through the PICT-2012-2837 and the Univer-
sity of Buenos Aires through UBACyTAG548.

Data availability All data generated or analyzed during this study are
included in this published article.

Declarations
Ethical approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

APHA - AWWA — WPCF (1992) Métodos normalizados para el
analisis de aguas potables y residuales. Ed. Diaz de Santos. S. A.
Madrid, Espafa. 1829pp

Arreghini S, de Cabo L, Fabrizio de Iorio A (2006) Phytoremediation
of two types of sediment contaminated with Zn by Schoenoplectus
americanus. Int J Phytoremediation 8:223-232. https://doi.org/10.
1080/15226510600846764

Arreghini S, de Cabo L, Seoane R, Tomazin N, Serafini R, Fabrizio de
Iorio A (2007) A methodological approach to water quality assess-
ment in an ungauged basin, Buenos Aires, Argentina. GeoJournal
70:281-288. https://doi.org/10.1007/s10708-008-9134-z

Arreghini S, de Cabo L, Serafini R, Fabrizio de Iorio A (2017) Effect of
the combined addition of Zn and Pb on partitioning in sediments
and their accumulation by the emergent macrophyte Schoenoplec-
tus californicus. Environ Sci Pollut Res 24(9):8098-8107. https://
doi.org/10.1007/s11356-017-8478-7

Arreghini S, Bargiela M, Valea C, Do Carmo L, Rendina A, Serafini R,
Fabrizio de Iorio A (2021) El estado ambiental de las riberas del
Riachuelo. En: Estrategias de remediacion para las cuencas de dos
riosurbanos de llanura: Matanza-Riachuelo y Rio Reconquista.
pp 79-100. Eds. de Cabo L y Marconi PL, Editorial Académica
Espaiiola, eae-publishing, ISBN 978-987-3781-74-2. 334pp

Ashraf MA, Maah MJ, Schusoft I (2011) Heavy metals accumulation
in plants growing in ex tin mining catchment. Int J Environ Sci
Technol 8(2):401-416

Barbieri M (2016) The importance of enrichment factor (EF) and geo-
accumulation index (Igeo) to evaluate the soil contamination. J
Geol Geophys 5:1. https://doi.org/10.4172/2381-8719.1000237

Basile A, Sorbo S, Cardi M, Lentini M, Castiglia D, Cianciullo P,
Conte B, Loppi S, Esposito S (2015) Effects of heavy metals on
ultrastructure and Hsp70 induction in Lemna minor L. exposed
to water along the Sarno River, Italy. Ecotoxicol Environ Saf
114:93-101. https://doi.org/10.1016/j.ecoenv.2015.01.009

Biruk LN, Moretton J, Fabrizio de Iorio A, Weigandt C, Etcheverry
J, Filippetto J, Magdaleno A (2017) Toxicity and genotoxicity
assessment in sediments from the Matanza-Riachuelo river basin
(Argentina) under the influence of heavy metals and organic con-
taminants. Ecotoxicol Environ Saf 135:302-311. https://doi.org/
10.1016/j.ecoenv.2016.09.024

Blacksmith Institute (2013) The Worlds worst 2013: the top ten toxic threats.
Cleanup, progress, and ongoing challenges, https://www.worstpollu
ted.org/docs/TopTenThreats2013.pdf. Accessed 25 November 2022

Boguta P, Skic K, Baran A, Szara-Bak M (2022) The influence of
the physicochemical properties of sediment on the content and
ecotoxicity of trace elements in bottom sediments. Chemosphere
287:132366. https://doi.org/10.1016/j.chemosphere.2021.132366

Bonanno G, Borg JA, Di Martino V (2017) Levels of heavy metals in
wetland and marine vascular plants and their biomonitoring poten-
tial: a comparative assessment. Sci Total Environ 576:796-806.
https://doi.org/10.1016/j.scitotenv.2016.10.171

Brady NC, Weil RR (2008) The nature and properties of soils. 14ed.
Pearson education Inc., USA. 1046pp

Carrol MC, Girouard JB, Ulloa JL, Subramaniam JR, Wong PC, Val-
entine JS, Culotta VC (2004) Mechanisms for activating Cu- and
Zn-containing superoxide dismutase in the absence of the CCS
Cu chaperone. Proc Natl Acad Sci USA 101(21):8254. https://doi.
org/10.1073/pnas.0308298101

@ Springer


https://doi.org/10.1080/15226510600846764
https://doi.org/10.1080/15226510600846764
https://doi.org/10.1007/s10708-008-9134-z
https://doi.org/10.1007/s11356-017-8478-7
https://doi.org/10.1007/s11356-017-8478-7
https://doi.org/10.4172/2381-8719.1000237
https://doi.org/10.1016/j.ecoenv.2015.01.009
https://doi.org/10.1016/j.ecoenv.2016.09.024
https://doi.org/10.1016/j.ecoenv.2016.09.024
https://www.worstpolluted.org/docs/TopTenThreats2013.pdf
https://www.worstpolluted.org/docs/TopTenThreats2013.pdf
https://doi.org/10.1016/j.chemosphere.2021.132366
https://doi.org/10.1016/j.scitotenv.2016.10.171
https://doi.org/10.1073/pnas.0308298101
https://doi.org/10.1073/pnas.0308298101

31254

Environmental Science and Pollution Research (2023) 30:31242-31255

CCME (Canadian Council of Ministers of the Environment) (2002)
Canadian sediment quality guidelines for the protection of aquatic
life. In: Canadian Environmental Quality Guidelines. Accessed 25
November 2022. http://www.ccme.ca/

Chaney RL (1993) Zinc phytotoxicity. In: Robson AD (ed) Develop-
ments in plant and soil sciences, Proceedings of the International
Symposium on “Zinc in Soils and Plants”, Kluwer Academic Pub-
lishers, Australia, Volume 55, pp 135-150

Cheng H, Jiang Z-Y, Liu Y, Ye Z-H, Wu M-L, Sun C-C, Sun F-L, Fei
J, Wang Y-S (2014a) Metal (Pb, Zn and Cu) uptake and toler-
ance by mangroves in relation to root anatomy and lignification/
suberization. Tree Physiol 34:646—656. https://doi.org/10.1093/
treephys/tpu042

Cheng H, Wang M, Wong MH, Ye Z (2014b) Does radial oxygen loss
and iron plaque formation on roots alter Cd and Pb uptake and
distribution in rice plant tissues? Plant Soil 375:137-148. https://
doi.org/10.1007/s11104-013-1945-0

Clemens S (2006) Toxic metal accumulation, responses to exposure
and mechanisms of tolerance in plants. Biochimie 88:1707-1719.
https://doi.org/10.1016/j.biochi.2006.07.003

Dai M, LiuJ, Liu W, Lu H, Jia H, Hong H, Yan C (2017) Phosphorus
effects on radial oxygen loss, root porosity and iron plaque in
two mangrove seedlings under cadmium stress. Mar Pollut Bull
119:262-269. https://doi.org/10.1016/j.marpolbul.2017.04.013

Dalla Vecchia F, La Rocca N, Moro I, De Faveri S, Andreoli C, Rascio
N (2005) Morphogenetic, ultrastructural and physiological dam-
ages suffered by submerged leaves of Elodea canadensis exposed
to cadmium. Plant Sci 168(2):329-338. https://doi.org/10.1016/j.
plantsci.2004.07.025

da Silva LC, Alves Martins MV, da Louzada Castelo WF, Barros Saibro
M, Rangel D, Pereira E, Bergamaschi S, Mello e Sousa SH, Varela
J, Laut L, Frontalini F, Chaves H, Reis AT, Aguilera O, Zaaboub
N, Cheriyan E, Geraldes MC (2022) Trace metals enrichment and
potential ecological risk in sediments of the Sepetiba Bay (Rio de
Janeiro, SE Brazil). Mar Pollut Bull 177:113485. https://doi.org/
10.1016/j.marpolbul.2022.113485

De Schamphelaere KAC, Janssen CR (2004) Effects of dissolved
organic carbon concentration and source, pH, and water hardness
on chronic toxicity of copper to Daphnia magna. Environ Toxicol
Chem 23(5):1115-1122. https://doi.org/10.1897/02-593

De Siervi MS (2016) Dinadmica de nutrientes y metales en aguas de
escorrentia de una subcuenca agropecuaria (Cuenca Matanza-
Riachuelo-Argentina). Dissertation, Universidade de Vigo. 284pp

do Carmo LI, Bursztyn Fuentes AL, de los Rios A, Fabrizio de Iorio
A, Rendina AE (2021) Effects of green waste compost addition to
dredged sediments of the Matanza-Riachuelo river (Argentina) on
heavy metal extractability and bioaccumulation in lettuce (Lac-
tuca sativa). Water Air Soil Pollut 232:200. https://doi.org/10.
1007/s11270-021-05161-9

Du Laing G, Rinklebe J, Vandecasteele V, Meers E, Tack FMG (2009)
Trace metal behaviour in estuarine and riverine floodplain soils
and sediments: a review. Sci Total Environ 407:3972-3985.
https://doi.org/10.1016/j.scitotenv.2008.07.025

Ernst WHO (1996) Bioavailability of heavy metals and decontamina-
tion of soils by plants. Appl Geochem 11:163-167. https://doi.org/
10.1016/0883-2927(95)00040-2

Fabrizio de Iorio A (2010) Capacidad de sorcién de Cu y Zn en Natrac-
uoles de la Pampa Deprimida (Argentina). Relacion con las distin-
tas fases geoquimicas. Dissertation, Universidade de Vigo. 508pp

Fabrizio de Iorio A, de Cabo L, Arreghini S, Garcia A, Barros MJ,
Serafini R, Korol S, Moretton J, Rendina A (2006) Contaminantes
en el Riachuelo y en el estuario del Rio de La Plata (Buenos Aires,
Argentina). Efecto de las precipitaciones. En: Medio Ambiente en
Iberoamérica. Visién desde la Fisica y la Quimica en los albores
del siglo XXI. Gallardo Lancho J (ed). Tomo I: 297-306. Badajoz.
Espaiia

@ Springer

Faggi AM, Breuste J (coord.) (2015) La cuenca Matanza-Riachuelo:
una mirada ambiental para recuperar sus riberas. - 1a ed. - Bue-
nos Aires: Universidad de Flores. E-Book. ISBN 978-987-710—
030-3. 69pp

Fan W, Xu Z, Wang W-X (2014) Metal pollution in a contaminated
bay: relationship between metal geochemical fractionation in
sediments and accumulation in a polychaete. Environ Pollut
191:50-57. https://doi.org/10.1016/j.envpol.2014.04.014

Fendorf SE (1995) Surface reactions of chromium in soils and
waters. Geoderma 67:55-71. https://doi.org/10.1016/0016-
7061(94)00062-F

Gardea-Torresdey JL, de la Rosa G, Peralta-Videa JR, Montes M,
Cruz-Jimenez G, Cano-Aguilera I (2005) Differential uptake
and transport of trivalent and hexavalent chromium by tumble-
weed (Salsola kali). Arch Environ Contam Toxicol 48:225-232.
https://doi.org/10.1007/s00244-003-0162-x

GENSTAT Release 7.1 (2003) Published by VSN International,
Oxford, UK

Golterman H, Clymo R, Ohndtad M (1978) Methods for the physical
and chemical examination of freshwaters. Blackwell Scientific
Publication, Oxford. 166pp

Hall JL (2002) Cellular mechanisms for heavy metal detoxifica-
tion and tolerance. J Exp Bot 53:1-11. https://doi.org/10.1093/
jexbot/53.366.1

Hansel CM, Fendorf S, Sutton S, Newville M (2001) Characteriza-
tion of Fe plaque and associated metals on the roots of mine-
waste impacted aquatic plants. Environ Sci Technol 35:3863—
3868. https://doi.org/10.1021/es0105459

Jackson LJ (1998) Paradigms of metal accumulation in rooted
aquatic vascular plants. Sci Total Environ 219:223-231. https://
doi.org/10.1016/S0048-9697(98)00231-9

Ji H, Ding H, Tang L, Li C, Gao Y, Briki M (2016) Chemical com-
position and transportation characteristic of trace metals in sus-
pended particulate matter collected upstream of a metropolitan
drinking water source, Beijing. J Geochem Explor 169:123-136.
https://doi.org/10.1016/j.gexplo.2016.07.018

Kramer KJM, Jak RG, van Hattum B, Hooftman RN, Zwolsman JJIG
(2004) Copper toxicity in relation to surface water-dissolved
organic matter: biological effects to Daphnia magna. Environ Tox-
icol Chem 23(12):2971-2980. https://doi.org/10.1897/03-501.1

Laidler KJ, Meiser JH (1995) Physical chemistry. Houghton Mifflin,
Boston-Massachusetts. 987pp

Mackereth F, Heron J, Talling J (1989) Water analysis: some revised
methods for limnologists. 2nd ed. Freshwater Biological. Asso-
ciation, Scientific Publication No. 36. Cumbria, UK. 120 pp

Magdaleno A, de Cabo L, Arreghini S, Salinas C (2014) Assessment
of heavy metal contamination and water quality in an urban
river from Argentina. Braz J Aquat Sci Technol 18(1):113-120.
https://doi.org/10.14210/bjast.v18n1.p113-120

Mangabeira PA, Ferreira AS, de Almeida A-AF, Fernandes VF,
Lucena E, Souza VL, dos Santos Janior AJ, Oliveira AH,
Grenier-Loustalot MF, Barbier F, Silva DC (2011) Compart-
mentalization and ultrastructural alterations induced by chro-
mium in aquatic macrophytes. Biometals 24:1017-1026. https://
doi.org/10.1007/s10534-011-9459-9

McBride MB (1989) Reactions controlling heavy metal solubil-
ity in soils. In: Stewart BA (ed) Advances in soil science, 10.
Springer- Verlag, New York, pp 101-154

Mendoza RE, Garcia IV, de Cabo L, Weigandt CF, Fabrizio de lorio
A (2015) The interaction of heavy metals and nutrients present
in soil and native plants with arbuscular mycorrhizae on the
riverside in the Matanza-Riachuelo River Basin (Argentina).
Sci Total Environ 505:555-564. https://doi.org/10.1016/j.scito
tenv.2014.09.105

Meybeck M (2013) Heavy metal contamination in rivers across the
globe: an indicator of complex interactions between societies


http://www.ccme.ca/
https://doi.org/10.1093/treephys/tpu042
https://doi.org/10.1093/treephys/tpu042
https://doi.org/10.1007/s11104-013-1945-0
https://doi.org/10.1007/s11104-013-1945-0
https://doi.org/10.1016/j.biochi.2006.07.003
https://doi.org/10.1016/j.marpolbul.2017.04.013
https://doi.org/10.1016/j.plantsci.2004.07.025
https://doi.org/10.1016/j.plantsci.2004.07.025
https://doi.org/10.1016/j.marpolbul.2022.113485
https://doi.org/10.1016/j.marpolbul.2022.113485
https://doi.org/10.1897/02-593
https://doi.org/10.1007/s11270-021-05161-9
https://doi.org/10.1007/s11270-021-05161-9
https://doi.org/10.1016/j.scitotenv.2008.07.025
https://doi.org/10.1016/0883-2927(95)00040-2
https://doi.org/10.1016/0883-2927(95)00040-2
https://doi.org/10.1016/j.envpol.2014.04.014
https://doi.org/10.1016/0016-7061(94)00062-F
https://doi.org/10.1016/0016-7061(94)00062-F
https://doi.org/10.1007/s00244-003-0162-x
https://doi.org/10.1093/jexbot/53.366.1
https://doi.org/10.1093/jexbot/53.366.1
https://doi.org/10.1021/es0105459
https://doi.org/10.1016/S0048-9697(98)00231-9
https://doi.org/10.1016/S0048-9697(98)00231-9
https://doi.org/10.1016/j.gexplo.2016.07.018
https://doi.org/10.1897/03-501.1
https://doi.org/10.14210/bjast.v18n1.p113-120
https://doi.org/10.1007/s10534-011-9459-9
https://doi.org/10.1007/s10534-011-9459-9
https://doi.org/10.1016/j.scitotenv.2014.09.105
https://doi.org/10.1016/j.scitotenv.2014.09.105

Environmental Science and Pollution Research (2023) 30:31242-31255

31255

and catchments. Understanding Freshwater Quality Problems in
a Changing World Proceedings of HO4, IAHS-IAPSO-IASPEI
Assembly, Gothenburg, Sweden, July 2013 (IAHS Publ. 361,
2013), pp 3-16

Mirshekali H, Hadi H, Amirnia R, Khodaverdiloo H (2012) Effect of
zinc toxicity on plant productivity, chlorophyll and Zn contents of
sorghum (Sorghum bicolor) and common lambsquarter (Chenopo-
dium album). Intl J Agric: Res & Rev 2(3):247-254

Miiller G (1981) The heavy metal pollution of the sediments of neckars
and its tributary: a stocktaking. Chemiker Zeitung 105:157-164

Napoli AM (2009) Una politica de Estado para el Riachuelo. En:
Informe Ambiental Anual. Fundacién Ambiente y Recursos
Naturales. lera Ed. Di Paola ME, Sangalli F y Caorsi S (eds).
pp 175-233. Buenos Aires, Argentina. Accessed 25 November
2022. https://farn.org.ar/wp-content/uploads/2020/06/Articulo-
IAF-2009-Una-politica-de-estado-para-el-riachuelo.pdf

Nriagu JO, Pacyna JM (1988) Quantitative assessment of worldwide
contamination of air, water and soils by trace metals. Nature
333:134-139. https://doi.org/10.1038/333134a0

Odjegba VI, Fasidi 10 (2007) Phytoremediation of heavy metals by
Eichhornia crassipes. Environmentalist 27:349-355. https://doi.
org/10.1007/s10669-007-9047-2

Oze C, Bird DK, Fendorf S (2007) Genesis of hexavalent chromium
from natural sources in soil and groundwater. Proc Natl Acad Sci
USA 104:6544-6549. https://doi.org/10.1073/pnas.0701085104

Page AL, Miller RH, Keeny D (1982) Methods of soil analysis. Part 2.
American Society of Agronomy. Soil Science Society of America.
Madison, Winsconsin, USA. 1143pp

Panda SK, Choudhury S (2005) Chromium stress in plants. Braz J
Plant Physiol 17(1):95-102. https://doi.org/10.1590/S1677-04202
005000100008

Pasricha S, Mathur V, Garga A, Lenka S, Verma K, Agarwal S (2021)
Molecular mechanisms underlying heavy metal uptake, transloca-
tion and tolerance in hyperaccumulators-an analysis: heavy metal
tolerance in hyperaccumulators. Environ Challenges 4:100197.
https://doi.org/10.1016/j.envc.2021.100197

Rascio N, Navari-Izzo F (2011) Heavy metal hyperaccumulating
plants: how and why do they do it? And what makes them so
interesting? Plant Sci 180(2):169-181. https://doi.org/10.1016/j.
plantsci.2010.08.016

Rendina A, Fabrizio de Iorio A (2012) Heavy metal partitioning in bot-
tom sediments of the Matanza-Riachuelo River and main tributary
streams. Soil Sediment Contam Int J 21(1):62—-81. https://doi.org/
10.1080/15320383.2012.636776

Rock D (1989) Argentina, 1516-1987. Desde la colonizacion espaiiola
hasta Alfonsin. Alianza Editorial. 530 pp

Saha P, Shinde O, Sarkar S (2017) Phytoremediation of industrial
mines wastewater using water hyacinth. Int J Phytoremediation
19(1):87-96. https://doi.org/10.1080/15226514.2016.1216078

Serrano R, Rodriguez-Navarro A (2001) Ion homeostatis during salt
stress in plants. Curr Opin Cell Biol 13:399-404. https://doi.org/
10.1016/50955-0674(00)00227-1

Sharma A, Kapoor D, Wang J, Shahzad B, Kumar V, Shreeya Bali A,
Jasrotia S, Zheng B, Yuan H, Yan D (2020) Chromium bioaccu-
mulation and its impacts on plants: an overview. Plants 9(1):100.
https://doi.org/10.3390/plants9010100

Shanker AK, Cervantes C, Loza-Tavera H, Avudainayagam S (2005)
Chromium toxicity in plants. Environ Int 31(5):739-753. https://
doi.org/10.1016/j.envint.2005.02.003

Shuvaeva OV, Belchenko LA, Romanova TE (2013) Studies on cad-
mium accumulation by some selected floating macrophytes. Int
J Phytoremediation 15:979-990. https://doi.org/10.1080/15226
514.2012.751353

Siddiqui E, Pandey J (2019) Assessment of heavy metal pollution in
water and surface sediment and evaluation of ecological risks
associated with sediment contamination in the Ganga River: a

basin-scale study. Environ Sci Pollut Res Int 26(11):10926—10940.
https://doi.org/10.1007/s11356-019-04495-6

Speranza A, Ferri P, Battistelli M, Falcieri E, Crinelli R, Scoccianti
V (2007) Both trivalent and hexavalent chromium strongly alter
in vitro germination and ultrastructure of kiwifruit pollen. Che-
mosphere 66:1165-1174. https://doi.org/10.1016/j.chemosphere.
2006.08.019

Sresty TVS, Madhava Rao KV (1999) Ultrastructural alterations in
response to zinc and nickel stress in the root cells of pigeon-
pea. Environ Exp Bot 41:3—13. https://doi.org/10.1016/S0098-
8472(98)00034-3

Taylor GJ, Crowder AA (1983) Use of the DCB technique for extrac-
tion of hydrous iron oxides from roots of wetland plants. Am J Bot
70(8):1254-1257. https://doi.org/10.2307/2443295

Thakur M, Praveen S, Divte PR, Mitra R, Kumar M, Kumar Gupta C,
Kalidindi U, Bansal R, Roy S, Anand A, Singh B (2022) Metal
tolerance in plants: molecular and physicochemical interface
determines the “not soheavy effect” of heavy metals. Chemos-
phere 287:131957. https://doi.org/10.1016/j.chemosphere.2021.
131957

Tessier A, Campbell PGC, Bisson M (1979) Sequential extraction pro-
cedure for the speciation of particulate trace metals. Anal Chem
51(7):844-851. https://doi.org/10.1021/ac50043a017

Vymazal J, Kropfelova L (2008) Wastewater treatment in constructed
wetlands with horizontal sub-surface flow. Environmental Pol-
lution 14. Springer Science + Business Media B.V. e-ISBN
978-1-4020-8580-2.

Walkley A, Black CA (1946) Total carbon, organic carbon, and organic
matter. In: Sparks DL (Ed), Methods of Soil Analysis Part 3,
Chemical Methods, Soil Science Society of American Journal,
Madison, WI, pp. 1367-1378

Weis JS, Weis P (2004) Metal uptake, transport and release by wetland
plants: implications for phytoremediation and restoration. Environ
Int 30(5):685-700. https://doi.org/10.1016/j.envint.2003.11.002

Whalley C, Hursthouse A, Rowlatt S, Igbal-Zahid P, Vaughan H,
Durant R (1999) Chromium speciation in natural waters draining
contaminated land, Glasgow, U.K. Water Air Soil Pollut 112:389—
405. https://doi.org/10.1023/A:1005017506227

Xia B, Qiu H, Knorr K-H, Blodau C, Qiu R (2018) Occurrence and fate
of colloids and colloid-associated metals in a mining-impacted
agricultural soil upon prolonged flooding. ] Hazard Mater 348:56—
66. https://doi.org/10.1016/j.jhazmat.2018.01.026

Zayed A, Lytle CM, Qian JH, Terry N (1998) Chromium accumulation,
translocation and chemical speciation in vegetable crops. Planta
206:293-299. https://doi.org/10.1007/s004250050403

Zhang M-K, Liu Z-Y, Wang H (2010) Use of single extraction methods
to predict bioavailability of heavy metals in polluted soils to rice.
Commun Soil Sci Plant Anal 41:820-831. https://doi.org/10.1080/
00103621003592341

Zhang J, Li Y, Liu Ch, Li F, Zhu L, Qiu Z, Xiao M, Yang Z, Cai Y
(2019) Concentration levels, biological enrichment capacities and
potential health risk assessment of trace elements in Eichhornia
crassipes from Honghu Lake, China. Sci Rep 9:2431. https://doi.
org/10.1038/s41598-018-36511-z

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://farn.org.ar/wp-content/uploads/2020/06/Artículo-IAF-2009-Una-política-de-estado-para-el-riachuelo.pdf
https://farn.org.ar/wp-content/uploads/2020/06/Artículo-IAF-2009-Una-política-de-estado-para-el-riachuelo.pdf
https://doi.org/10.1038/333134a0
https://doi.org/10.1007/s10669-007-9047-2
https://doi.org/10.1007/s10669-007-9047-2
https://doi.org/10.1073/pnas.0701085104
https://doi.org/10.1590/S1677-04202005000100008
https://doi.org/10.1590/S1677-04202005000100008
https://doi.org/10.1016/j.envc.2021.100197
https://doi.org/10.1016/j.plantsci.2010.08.016
https://doi.org/10.1016/j.plantsci.2010.08.016
https://doi.org/10.1080/15320383.2012.636776
https://doi.org/10.1080/15320383.2012.636776
https://doi.org/10.1080/15226514.2016.1216078
https://doi.org/10.1016/s0955-0674(00)00227-1
https://doi.org/10.1016/s0955-0674(00)00227-1
https://doi.org/10.3390/plants9010100
https://doi.org/10.1016/j.envint.2005.02.003
https://doi.org/10.1016/j.envint.2005.02.003
https://doi.org/10.1080/15226514.2012.751353
https://doi.org/10.1080/15226514.2012.751353
https://doi.org/10.1007/s11356-019-04495-6
https://doi.org/10.1016/j.chemosphere.2006.08.019
https://doi.org/10.1016/j.chemosphere.2006.08.019
https://doi.org/10.1016/S0098-8472(98)00034-3
https://doi.org/10.1016/S0098-8472(98)00034-3
https://doi.org/10.2307/2443295
https://doi.org/10.1016/j.chemosphere.2021.131957
https://doi.org/10.1016/j.chemosphere.2021.131957
https://doi.org/10.1021/ac50043a017
https://doi.org/10.1016/j.envint.2003.11.002
https://doi.org/10.1023/A:1005017506227
https://doi.org/10.1016/j.jhazmat.2018.01.026
https://doi.org/10.1007/s004250050403
https://doi.org/10.1080/00103621003592341
https://doi.org/10.1080/00103621003592341
https://doi.org/10.1038/s41598-018-36511-z
https://doi.org/10.1038/s41598-018-36511-z

	Copper, zinc, and chromium accumulation in aquatic macrophytes from a highly polluted river of Argentina
	Abstract
	Introduction
	Materials and methods
	Study area and sampling design
	Analytical procedures
	Water
	Sediment
	Plant

	Metal accumulation indexes for sediments
	Bioconcentration factor and translocation factor
	Transmission electron microscopy
	Statistical analysis

	Results and discussion
	Water
	Sediments
	Plants
	Ultrastructural analysis in cells of leaves and roots of aquatic plants

	Conclusions
	References


