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Abstract

Mining industry generates large volumes of waste known as mine tailings, which contain heavy metals (HMs) that generate a risk
to environmental health. Thus, remediation of HM pollution requires attention. In this study, HM bioaccumulation, genotoxic
damage, and morphological and physiological changes in the tree species Prosopis laevigata were evaluated in order to assess its
potential for remediation of mine tailings. P. laevigata plants were established in two treatments (reference substrate and tailing
substrate) under greenhouse conditions. Every 2 months, six individuals were selected per treatment for 1 year. From each
individual, macromorphological (height, stem diameter, and number of leaves), micromorphological (stomatal coverage and
stomatal index), and physiological parameters (chlorophyll content) were evaluated, as well as the concentration of Pb, Cu, Cd,
Cr, Fe, and Zn in root and foliar tissue. Genetic damage was assessed by the comet assay in foliar tissue. These parameters were
evaluated in adult individuals established in mine tailings. Roots bioaccumulated significantly more HM compared to foliar
tissue. However, the bioaccumulation pattern in both tissues was Fe > Pb > Zn > Cu. The plants in tailing substrate reduced
significantly the morphological and physiological characters throughout the experiment. Only the bioaccumulation of Pb affected
significantly the levels of genetic damage and the number of leaves, while Zn reduced plant height. The percentage of plants that
have translocation factor values greater than 1 are Cu (92.9) > Fe (85.7) > Pb (75.0) > Zn (64.3). P. laevigata has potential to
phytoremediate environments contaminated with metals, due to its dominance and establishment in abandoned mine tailings, and
its ability to bioaccumulate HM unaffecting plant development, as well as their high levels of HM translocation.

Keywords Mine tailings - Bioaccumulation - Phytoremediation - Morphological parameters - Genotoxic damage - Translocation
factor - Bioaccumulation factor - Comet assay
Introduction

Mining is a very important traditional and economic activity
in Mexico, contributing 5% to the nominal gross domestic

Responsible Editor: Elena Maestri product (INEGI 2016). Currently, Mexico stands out as the
leading silver producer worldwide. However, when this activ-
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heavy metals (HMs) (Salas-Luévano et al. 2017).

Mine wastes containing HMs are an important source of
environmental pollution (Ibarra-Garcia et al. 2017). In addi-
tion, due to their characteristics and properties, they are
considered potentially toxic elements for organisms ex-
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When HMs are bioavailable in the soil, they can be
absorbed by plant roots and be bioaccumulated in different
plant tissues (Talavera et al. 2005; Dinu et al. 2020; Mei
et al. 2020). Subsequently, when these plant tissues are con-
sumed by different herbivores, HM enters into the trophic
networks and the quantities of HM within organisms increase.
Later, these metals can be found in higher concentrations than
those registered in the environment (Mussali-Galante et al.
2013), affecting human health negatively (DalCorso 2012;
Tovar-Sanchez et al. 2016; Tovar-Sanchez et al. 2018).

It has been documented for plants that the bioaccumulation
of HM promotes cytotoxic and genotoxic damage, which gen-
erates cellular, physiological, and morphological alterations
(Nagajyoti et al. 2010). These effects have been detected
through the use of biomarkers that are tools for measuring
the effects of HM exposure in exposed organisms (Gold-
Bouchot and Zapata-Pérez 2004; Ayeni et al. 2010).

Some of the effects that have already been reported using
biomarkers in plants are the following: the generation of oxida-
tive stress by the production of reactive oxygen species (Ercal
et al. 2001), also for the double and single breaking strand of
DNA, which can generate genetic damage (Sharma and Agrawal
2005; DalCorso 2012, Tovar-Sanchez et al. 2018). For example,
it is common to employ genotoxic techniques such as alkaline
single-cell electrophoresis or comet assay to evidence the genetic
damage as a biomarker of early effects due to HM exposure. This
is a widely accepted technique due to its sensitivity, simplicity,
and speed to analyze the breaking of single strands of DNA in
individual cells (Tovar-Sanchez et al. 2018). Similarly, the reduc-
tion of macromorphological (plant height, stem diameter, and the
number of leaves (Kabata-Pendias 2011; Tovar-Sanchez et al.
2018)) and micromorphological characters (stomatal coverage
and stomatal index (Tovar-Sanchez et al. 2018; Santoyo-
Martinez et al. 2020)) and alterations in chloroplasts with impli-
cations in the photosynthetic process (Arena et al. 2017,
Gongalves Jr. et al. 2020) have been useful biomarkers for show-
ing the adverse effects of HM exposition on the development,
growth, and physiology of plants exposed (Gongalves Jr. et al.
2020; Santoyo-Martinez et al. 2020). For example, it has been
documented that Zea mays plants growing in mine tailings in
Mexico bioaccumulate HM, which promotes changes in
macro- and micromorphological characters and leaf structure
form, causing loss of plant biomass and alterations in coloration
pattern, also DNA damage (Tovar-Sanchez et al. 2018).

In nature, there are plant species known as
hyperaccumulators, which are distinguished by present-
ing the following attributes: (a) high tolerance to metal-
liferous soils without presenting important effects on
their viability, growth, development, and reproduction;
(b) ability to accumulate large amounts of HM in aerial
organs; (c) fast HM translocation from roots to stems;
(d) high detoxification capacity (Rascio and Navari-1zzo
2011; Shiqi et al. 2018).
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Some plant species that have been reported as
hyperaccumulators belong to the Brassicaceae, Asteraceae,
Fabaceae families, among others (De la Rosa et al. 2008;
Buendia-Gonzalez et al. 2010; Navarrete Gutierrez et al.
2018). This hyperaccumulation ability and HM tolerance by
plants is an attribute that can be used for bioremediation tech-
niques (Mousavi Kouhi and Moudi 2020). Within these tech-
niques, phytoremediation uses plant species for the elimina-
tion, reduction, and retention of soil pollutants, favoring the
reduction of their toxicity (Sharma and Pandey 2014; Mousavi
Kouhi and Moudi 2020). The phytoremediation process has
different stages: one is phytoextraction, which consists of the
translocation of pollutants contained in the soil matrix, from
roots to the plant’s aerial parts where they are accumulated.
Subsequently, aerial parts can be harvested and in this way the
metals can be removed from the soil (Suman et al. 2018;
Mousavi Kouhi and Moudi 2020).

Some advantages of using phytoremediation as a remedia-
tion strategy for soils polluted with HM are that it can be
carried out in situ, so it is not necessary to transport the pol-
luted substrate to a specialized facility to be decontaminated.
Phytoremediation also removes organic and inorganic pollut-
ants from soil. It improves physicochemical soil properties
when vegetation cover is generated, or carried out with con-
ventional agronomic activities. It can also be carried out in
soil, water, sediments, and air obtaining recycled water,
metals, and biomass. It is also considered a low-cost technique
and environmentally friendly (Delgadillo-Lopez et al. 2011;
Capozzi et al. 2020; Chaudhry et al. 2020).

In order to carry out phytoremediation processes, it is necessary
to use plant species that have the appropriate characteristics to
survive in metalliferous soils and with the metabolic mechanisms
that are able to deal with the exposure to HM, that is, a species with
attributes of hyperaccumulation (Suman et al. 2018).

To determine if a species has a phytoremediation potential, it
is necessary to evaluate how plants respond to HM when ex-
posed to them. This can be implemented with experiments under
greenhouse conditions and in natural systems. The first studies
have the advantage that the environmental variation can be min-
imized, and the HM effects on organisms exposed to different
exposure times can be measured more accurately (De la Cruz-
Landero et al. 2010). On the other hand, studies in natural sys-
tems are very relevant because they permit the evaluation of HM
on individuals affected by mine tailings in a more real way
(Murillo-Herrera 2015); also, it allows knowing the long-term
effects of exposure to HM on the parameters evaluated.
Therefore, research that combines both study approaches offer
the opportunity to obtain results based on reality as well as the
effects of exposure time to metals on plant species.

Prosopis laevigata (Humb. & Bonpl. ex Willd.)
M.C.Johnst. (Fabaceae) is a tree species that develops natural-
ly in mine tailings and has been reported to bioaccumulate
metals such as Al, As, Cu, Cd, Ni, Pb, V, Mg, Zn, Cr, and
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Cd in different tissues (Alcala-Jauregui et al. 2018; Ibarra-
Garcia et al. 2017; Buendia-Gonzalez et al. 2019; Ramirez
et al. 2019). Also, genetic damage has been documented in
P. laevigata populations exposed to MP in field (Murillo-
Herrera 2015). Despite this, the HM effects on macro-
and micromorphological and physiological characters
(chlorophyll concentration), as well as bioaccumulation
in different plant tissues (root and leaf) to different ex-
posure times, are unknown.

In the present study, experimental designs were carried out
in situ and ex situ, in natural conditions (mine tailings) and
under greenhouse conditions, with the objective of obtaining
results more related to reality. Determining the HM bioaccu-
mulation capacity of P. laevigata at different exposure times
(short and long term) in the presence of a mixture of metals
and evaluating the effects of such exposure on physiological,
morphological, and genotoxic markers are poorly explored, so
information generated in this study can be useful to determine
the phytoremediation potential of this species in soils contam-
inated with mine tailings.

The following questions were asked: (1) What is the effect
of the exposure time to mining waste on the kind and concen-
tration of HM bioaccumulated in plant tissues of P. laevigata?
(2) What effect does HM bioaccumulation have on morpho-
logical, physiological, and genotoxic parameters in individ-
uals of P. laevigata? (3) Is the exposure time to HM a variable
that modifies the levels of genetic damage? (4) What is the
relative contribution that each HM has on the morphological,
physiological, and genotoxic parameters in individuals of
P. laevigata?

Material and methods
Study area
Exposed site

This study was carried out in Huautla, which is located
in Tlalquitenango, in the state of Morelos, Mexico. It is
part of the Sierra de Huautla Biosphere Reserve
(REBIOSH) (Dorado et al. 2005). This town was an
important mining district. However, after a long extrac-
tion process, the mines were abandoned leaving large
amounts of waste or mine tailings, which are now in
the open air (Velasco et al. 2004; SEMARNAT 2005;
Mussali-Galante et al. 2013).

At present, there are three mine tailings that did not receive
adequate treatment, with the risk of leaching or presenting
runoff to other areas during the rainy season, which potentially
pollutes the environment and the surrounding biota
(SEMARNAT 2005).

There are two better conserved mine tailings; one is located
in parallels 18° 26’ 36.37" N-99° 01’ 26.71" W and the other
one is 18° 26’ 22.62" N-99° 01’ 51.71" W (Fig. 1); they are
separated 500 and 100 m respectively from Huautla (Velasco
et al. 2004). They have a similar chemical composition: pH
from 7.85 to 8.37, electrical conductivity from 0.2 to 0.4 dS/
m, percentage of organic matter from 0.52 to 0.84%, particle
size <45 pm. In addition, previous studies have shown the
following pattern in terms of HM concentration: Fe > Zn > Pb
> Mn > Cu > Cd (Solis-Miranda 2016); therefore, this area is
contaminated with a mixture of metals.

Control site

The control site is in Quilamula, Morelos, a town located to
the south-west of Tlalquitenango, Morelos, in parallel
18°30" 52" N and 98° 59’ 59" W (Fig. 1). This site was chosen
because there are no records of contamination by mining ac-
tivity. In addition, the geographical, climatic, and edaphic
characteristics of the area are similar to the exposed sites.

Study species

Prosopis laevigata is a tree that belongs to the Fabaceae fam-
ily and is commonly known as mezquite. It can reach up to
13 m high and has a diameter of 80 cm; it sheds its leaves in
winter, and it blooms from February to May and fruits from
June to July. It has a wide geographical distribution in Mexico
(Rodriguez-Sauceda et al. 2014). It also grows naturally and
abundantly in the mine tailings of Huautla, Morelos.

Seed sampling and germination of P. laevigata

Seeds were sampled in the two most preserved mine tailings
of Huautla, Morelos. Fruits of established trees in tailings that
presented complete pods were randomly selected, with no
evidence of the presence of fungi or parasites. After that, seeds
were removed from pods and confirmed that they were not
parasitized. Finally, they underwent a mechanical scarification
process to obtain more efficient germination. For germination,
100 seeds were placed in five Petri dishes (20 seeds per box)
on cotton wool moistened with distilled water. Once seeds
were germinated, they were placed in trays with peat moss
substrate until plants reached a size between 4 and 5 cm.
Later, 80 seedlings were transplanted into individual nursery
polyethylene bags with treatment substrates (40 plants in tail-
ing substrate and 40 in reference substrate). As control sub-
strate, soil from Quilamula was used; it was filtered with a
stainless steel sieve number 35 (Fiicsa), with a 0.5-mm mesh,
in order to obtain a particle size similar to that of the mine
tailing. As exposed substrate, the mixture of residues from
tailings 1 and 2 was used. All the plants were kept under
greenhouse conditions; they were watered twice a day, three
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Fig. 1 Geographical distribution

of the two study sites at the Sierra N
de Huautla Biosphere Reserve,

Morelos, Mexico. Control site

(red-filled up-pointing diamond).

Exposed site (blue-filled circle)

Morelos State

/
———

times a week, and the temperature ranged from 32 to 35 °C.
To evaluate HM bioaccumulation in plants (roots and leaves),
the genetic damage, and the macro- and micromorphological
characters of interest, the plants obtained were measured every
2 months until a year old. On each occasion, six individuals of
P. laevigata growing in tailing substrate and six in the refer-
ence substrate were randomly taken for collecting data. Once
all data were collected, statistical analysis was performed to
evaluate each parameter.

Tailing substrate and reference substrate sampling

To carry out the experiment under greenhouse conditions, tailing
substrate and reference substrate were collected through a super-
ficial, simple, and random sampling in the two most preserved
tailings located in Huautla, Morelos. After that, the material col-
lected from both tailings was homogenized with a shovel, remov-
ing stones and root debris to obtain the substrate that was used to
fill bags with a capacity of 4 L to transplant the P. laevigata
seedlings exposed to HM. Reference substrate was sampled in
Quilamula, where there are no reports of HM exposure from
mining activity. This substrate was sieved to 3 mm to obtain a
similar texture to mining substrate and it was used to transplant
the reference seedlings of P. laevigata.

Selection of adult trees of P. laevigata established in
mine tailings and control site

Six adult trees of P. laevigata established in the mine tailings
were considered individuals exposed to HM. Also, six other
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trees growing in the control site (Quilamula) were considered
the reference individuals. In both cases, trees with approxi-
mately the same height and diameter at chest height were
selected randomly (individuals’ age is 25 years old, pers.
obs.). Leaf samples were taken to measure chlorophyll content
and bioaccumulation of heavy metals and to perform
genotoxicity test (comet assay). It is worth mentioning that
measurements made on naturally established trees in mine
tailings were done to complement the data obtained in green-
house conditions, that is, how P. laevigata seedlings exposed
to HM develop over time from early age to adulthood.

Heavy metals’ concentration in plant tissue

Samples of root and leaf plant tissue were taken from six
individual P. laevigata growing under greenhouse conditions
in both treatments (tailing substrate and reference substrate).
For individual plants that grow naturally in the mine tailings,
only the foliar tissue of six plants was measured. The root
tissue was washed with distilled water to remove the residue
from the substrates. All the tissues were taken to a drying oven
at 60 °C until they reached a constant weight. Each plant
structure (0.25 g) was placed and pulverized in a container
previously washed with HNO;. The samples were subjected
to acid digestion using 10 ml of concentrated HNO; (70%).
The samples were subjected to acid digestion using an ac-
celerated reaction system microwave (CEM® MARS-5),
using 10 mL of 70% HNO; in closed Teflon pumps.
Samples were dissolved and filtered in distilled water; this
solution was dissolved at a final volume of 50 mL until
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analysis. A sample without tissue was processed simulta-
neously and was used as a control. The metals were then
analyzed by atomic absorption spectrophotometry, a tech-
nique that determines the concentration of a metallic element
in a sample, calibrating the spectrophotometer with standard
solutions containing known concentrations of each analyzed
element. The detection limits for all the elements analyzed in
this work are shown in Table 1. For each measurement, the
average value of three replicates was reported. All concentra-
tion values are reported in milligrams/kilogram in dry weight.
For this study, the concentrations of three nonessential metals
(Pb, Cd, and Cr) and three essentials (Fe, Zn, Cu) in foliar and
root tissue of P. laevigata were analyzed.

Genetic damage in leaf tissue

The determination of genetic damage was performed in six
individuals randomly chosen for each exposure time (2, 4, and
6 months) in both the tailing and reference substrates. We used
the alkaline unicellular electrophoresis or comet assay tech-
nique, since this technique has a high degree of sensitivity,
simplicity, and speed to analyze the breaking of single strands
of DNA in individual cells (Rojas et al. 1999). Foliar tissue
was used, which was rinsed with distilled water, dried and
immersed in a glass petri dish with 20 mL phosphate-
buffered saline (1 x PBS) for the isolation of the nuclei, which
was performed by cutting the leaves immersed in PBS with a
sharp razor, until the PBS turned greenish. Subsequently,
50 pL of cell suspension was taken and incorporated into an
Eppendorf tube with 50 uL. of low melting point agarose (1%
LMPA). Then, 80 pL of the plant nucleus suspension was
placed in a slide covered with a preformed monolayer of nor-
mal fusion agarose (NMA 1.0% Gibco). It was then covered
with a coverslip and placed to cool on ice for 5 min. The
coverslip was removed from the foil and a final layer of
LMPA (0.5%) was placed at 4 °C for 5 min (Guo et al. 2020).

The gels were placed in a cold lysis solution (2.5 M NaCl,
100 mM EDTA, 10 mM Trisma-base pH 10) at 45 mL with
1% Triton-X and 10% dimethyl sulfoxide (DMSO) in
Kopling vessels at 4 °C for 1 h. Subsequently, gels were
placed in an electrophoresis chamber and covered with
a cold alkaline buffer (NaOH (300 mM) + 1 mM EDTA)
at pH 13.0 for 20 min for a DNA unwinding process.
The electrophoresis was carried out at 300 mA and
25 V for 20 min under dark conditions.

Finally, the gels were washed three times with neu-
tralizing buffer Tris (0.4 M pH=7.5) for 5 min (Guo
et al. 2020) and fixed with cold absolute ethanol for
10 min. For later reading of slides with the isolated
nuclei, a staining with fluorochrome was made allowing
the observation of individual cells (Mussali-Galante
et al. 2005). The reading was done with the Comet IV
software integrated in a fluorescence microscope with

excitation filters from 515 to 560 nm, and a 590-nm
filter barrier. Tree slides were made per individual,
and 100 cells per sample were evaluated. For the natu-
rally grown adult trees in the mine tailings, six individ-
uals were randomly chosen for treatment (exposed to
HM and control) and similarly, tree slides were made
per individual, and 100 cells per sample were evaluated
(Tice et al. 2000). In each nucleus, the length of the
comet tail (DNA migration) was evaluated.

Micro- and macromorphometric procedure

Morphological characters were measured in six plants
taken randomly from the greenhouse. These individuals
were under two treatments (tailing substrate and refer-
ence substrate) and their data were registered every
2 months throughout 1 year (six data collection). The
macromorphological characters evaluated were the
height of the plant (cm), the diameter of the stem
(cm), and the number of leaves. The micromorphologi-
cal characters were stoma coverage (mm?) and the sto-
matal index. This was done through the replication tech-
nique with cyanoacrylate glue on three leaves belonging
to three individuals per treatment (tailing substrate and
reference substrate) of P. laevigata.

The stoma coverage Three leaves were selected from each
individual. We measured stoma length (1), and stoma width
() to obtain stoma coverage (mm?). This was done by taking
out the coverage of six stomata per individual. Stomatic
coverage was calculated using this formula: [(Q1+ Q2)/
4]? x 7t, where Q1 is the smaller diameter and Q2 is the
larger diameter.

The stomatic index Stomas and epidermal cells were counted
on the fields that were observed in order to calculate the sto-
matal index. The number of stoma fields was quantified taking
into account only those stomata in which the two guard cells
were observed complete and the number of epidermal cells
was at least 60% of the field of vision (Paniagua-Ibafiez et al.
2015). With the data obtained, Salisbury’s formula (1968) was
applied (Salisbury 1968).

IE = (N.E./N.E. + N.C.E.) x 100

where IE is the stomatic index, N.E. is the number of stomatic
cells (guard cells) per unit of leaf, and N.C.E. is the number of
ordinary epidermal cells per unit of leaf.

Determination of chlorophyll content

The chlorophyll content (mg/mz) was measured in six
individuals (three leaves per individual) of P. laevigata
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for each treatment (tailing substrate and reference sub-
strate) every 2 months for a year, with a chlorophyll-
measuring device (Minota SPAD 502). Measurements
were also made on six trees exposed to heavy metals,
established in Huautla mine tailings, and six trees
established in the town of Quilamula, as trees growing
in control soil. The measurements are taken by simply
inserting the foliar tissue for measuring into the head of
the SPAD device and pressing to close it. These mea-
surements are taken in living tissues, without causing
damage, which allows the same leaf to be measured
several times as it continues growing and developing.

Heavy metal enrichment and translocation factor

Two indices were used to evaluate the capacity of P. leavigata
individuals to phytoextract HM: the bioconcentration factor
(BCF) and the translocation factor (FT). The first determines
the efficiency of the plant in the accumulation of substrate
metals in its tissue (Yoon et al. 2006), and the second mea-
sures the efficiency of the plant in the transportation of metals
from the root to the aerial parts (Yoon et al. 2006).
These indices are calculated as follows:

FBC = Cfoliar/Ctailing
FT = Cfoliar/Croot

where Cfoliar is the metal concentration in the leaf tissue,
Ctailing is the bioavailable metal concentration in the tailing,
and Croot is the metal concentration in the root tissue.
According to Yoon et al. (2006) and Covarrubias and
Cabriales (2017), FT values > 1 indicate that the species is
considered an accumulator of the analyzed metal.

Statistical analysis

All statistical analyses were performed with STATISTICA
software version 8.0 (StatSoft 2000). We use the Shapiro-
Wilk “W” test which is used to probe normality (Zar 2010).
We performed a two-factor analysis of variance (Model 1
fixed effects, Zar 2010) to assess the effect of exposure time
(1), treatment (¢) (reference substrate and tailing substrate),
and 7' X ¢ interaction on bioaccumulation of root and leaf
metals in P. laevigata individuals. Subsequently, a post hoc
test (Tukey, P <0.05) was performed to establish significant
differences between pairs of averages (Zar 2010).

Also, two-factor analysis of variance was made to deter-
mine the effect of exposure time (7), treatment () (control and
exposure), and interaction time x treatment on levels of genet-
ic damage in leaves and roots of P. laevigata individuals.
Subsequently, a Tukey test (P < 0.05) was carried out to de-
termine significant differences between pairs of averages of
the levels of genetic damage between exposure times (Zar

2010). In addition, a multiple regression analysis was used
to assess the influence of lead, iron, zinc, and copper bioaccu-
mulation on leaf tissue (Pb, Fe, Zn, Cu) on genetic damage
levels (single-chain break) in P. laevigata.

To evaluate the effect of exposure time (7), treatment (7)
(control and exposure), and interaction 7" x ¢ on the variation in
three macromorphological parameters (height, basal diameter,
number of leaves), two micromorphological (stomatic index,
stomatic coverage), and a physiological parameter (chloro-
phyll concentration) of P. laevigata individuals, a two-way
analysis of variance was carried out. Subsequently, a Tukey
test (P < 0.05) was performed to determine significant differ-
ences between pairs of the average values of the character
evaluated over time, in both treatments (Zar 2010). For natu-
rally grown adult trees in mine tailings, Student’s ¢ tests were
performed to evaluate the effect of the treatment (tailing sub-
strate and reference substrate) on their chlorophyll content.

A multiple regression analysis was used to assess the influ-
ence of heavy metal bioaccumulation (Pb, Fe, Zn, Cu) on the
variation of parameters in P. laevigata: three
macromorphological characters (height, basal diameter, num-
ber of leaves), two micromorphological (stomatic index,
stomatic coverage), and one physiological (chlorophyll con-
centration) (Zar 2010). Subsequently, a Tukey test (P < 0.05)
was performed to determine significant differences between
pairs of the average values of the character evaluated through
the time of exposure to heavy metals (Zar 2010).

Results

Heavy metals’ concentration in the roots and leaves
of Prosopis laevigata

Root

The presence of Fe, Pb, Zn, and Cu was detected in
P. laevigata root plants growing under greenhouse conditions,
while Cr and Cd were not detected (Table 1). The bioaccumu-
lation pattern of metals was as follows: Fe > Pb > Zn > Cu.
The two-way analysis of variance showed a significant effect
of time (#), treatment (7)), and interaction (¢ X T) on the bioac-
cumulation of four metals detected in P. laevigata root plants.
The only exception was Fe; its concentration was not affected
by the treatment or the interaction.

The bioaccumulation of the four metals detected in the
plant roots growing in reference substrate remained constant
over time. Likewise, Fe, Zn, and Cu had a higher concentra-
tion in plants growing in the reference substrate compared to
the tailing substrate plants. In contrast, the concentration of
metals in the roots of plants growing in tailing substrate
showed an increase in Pb concentration, but a decrease in
Fe, Zn, and Cu concentrations over time (Table 1). In
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particular, it is observed that Pb was the only metal that had
the highest concentrations in plants growing in tailing sub-
strate compared to plants growing in the reference substrate.
Finally, it was observed that Fe is the metal that accumulates
in greater concentration at the root in both treatments.

Leaf

The presence of Fe, Pb, Zn, and Cu was detected in
P. laevigata leaves, growing under greenhouse conditions,
as well as in adult individuals growing naturally in the mine
tailings. In contrast, Cr and Cd were not detected (Table 1).
The pattern of metal bioaccumulation in leaves was as fol-
lows: Fe > Pb > Zn > Cu. The two-way analysis of variance
showed a significant effect of time (#), treatment (7), and in-
teraction (¢ xT) on the levels of bioaccumulation of
four metals (Pb, Fe, Zn, and Cu) in P. laevigata leaves.
The exceptions were Pb and Fe that were not affected
by time and the interaction.

The bioaccumulation of four metals detected in the
foliar tissue of plants growing in reference substrate
remained constant over time. However, Fe, Zn, and Cu
had higher concentrations in the foliar tissue of plants
growing in reference substrate than those in the tailing
substrate. On the other hand, in plants growing in tail-
ing substrate, Pb and Fe concentrations in leaf remain
constant over time while the concentration of Zn and
Cu increases over time (Table 1). In particular, it was
observed that Pb was the only metal that had the
highest concentration in plants growing in the tailing
substrate while Fe, Zn, and Cu had higher concentra-
tions in the foliar tissue of plants growing in reference
substrate. Finally, the results show that Pb, Zn, and Cu
bioaccumulate in greater concentration in foliar tissue
than roots in both treatments (Table 1).

Genetic damage in Prosopis laevigata individuals
growing in reference substrate and tailing substrate

Results show that there is a significant effect of time
(1), treatment (7), and interaction (¢ x 7) on genetic dam-
age in individuals of P. laevigata (Table 2). In general,
a statistically significant increase in genetic damage was
observed over time in plants growing in both treatments
(reference substrate and tailing substrate). However, the
damage was significantly greater in plants growing in
the tailing substrate.

Furthermore, results show that Pb is the only metal that
presented a positive and significant relationship with the
levels of genetic damage (single chain break) in leaf tissue
ofindividuals of P. laevigata, explaining 19% of genetic dam-
age found in individuals in both treatments (Table 3).
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Table2  Average values = standard error (S.E.) and ANOVA of genetic
damage (tail length in micrometers) in leaves of Prosopis laevigata
growing under greenhouse conditions (treatments: tailing and reference
substrates) and adult trees established in the mine tailing

Genetic damage

Reference substrate Tailing substrate

Time (months) Average + S.E. Average + S.E.
2 27.24+0.658 A 33.32+0.660 a *
4 59.45+1.026 B 76.22+1.266 b *
6 67.91+1.645C 98.84+1.910 ¢ *
Adults 42.22+0.346 D 88.42+1.902 d *
ANOVA

Treatment (7) F 55 =704.88 *#*

Time (7) F3.50=520.93 ##*

Txt F350=95.78 *#*

Different uppercase letters show significative differences in individuals
growing in reference substrate through time (Tukey P < 0.05). Different
lowercase letters show significative differences in individuals growing in
exposed substrate to heavy metals through time (Tukey P <0.05).
Asterisks denote significant differences between treatments for each ex-
posure time (Tukey P < 0.05). ns =no significant differences *P < 0.05;
##P<0.01; ***P <0.001

Morphological and physiological changes in Prosopis
laevigata individuals growing on tailing substrate
and reference substrate through time

In general, the results show that for all macro- and
micromorphological characters, as well as the physiolog-
ical (chlorophyll concentration) of P. laevigata plants
growing for 12 months under greenhouse conditions,
both treatments (tailing substrate and reference sub-
strate) showed a significant effect on time (#), treatment
(T), and interaction (¢ x T). The only exceptions were (1)
the number of leaves where there was no effect of treat-
ment and interaction, and (2) stomatic coverage where
there was no effect of time, treatment, and interaction.

Table 3  Multiple regression analysis to determine the factors that can
influence genetic damage within populations of Prosopis laevigata

Source of variation d.f. SS F Total variation (%)
Pb 1 16,275.43 16.344 *** 194
Fe 1 648.79 0.651 n.s. 0.8
Zn 1 932.66 0.338 n.s. 1.1
Cu 1 868.01 0.355 ns. 1.0

Asterisks denote significant differences between metals and their eftect
on genetic damage. n.s. = no significant differences, ***P < 0.001. d.f. =
degrees of freedom, SS = sum of square
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Macromorphological characters

In terms of plant size, it was found that in the reference sub-
strate, there was an increase in plant height over time, while in
the tailing-subtract differences in size were not statistically
significant (Table 4). The same pattern was observed for stem
basal diameter. Relating to number of leaves, it was observed
that there was no significant effect over time in P. laevigata
plants growing in the reference substrate. However, for indi-
viduals growing in tailing substrate, there was a significant
reduction in this character (Table 4).

Table 4  Average + standard error and two-way ANOVA, to evaluate
the effect of time (1 year) and treatment (substrate exposed to heavy
metals and substrate reference) macromorphological,

A multiple regression analysis was made to determine
which metals are generating the greatest variation in the
macromorphological parameters evaluated, and it was
found that in general, HM affects only two structures
of the plant: Zn affects the height (10.7%) and Pb af-
fects the number of leaves (8.1%).

Micromorphological characters

In particular, an increase in the stomatic index was observed
over time in plants growing in the reference substrate, while in

micromorphological, and physiological parameters of Prosopis
laevigata growing under greenhouse conditions

Macromorphology
Treatment

Time(months) Reference substrate Tailing substrate ANOVA

Height (cm) 2 35.50+2.68 A 4433+3.82a ns Time (7) Fy70=T71.54, #%*
4 50.00 £2.04 AB 59.16+7.04 b ns Treatment (7) Fs70=14.84, ***
6 78.16 +5.43 BC 53.00+3.10 b ns Txt Fs570=16.50, *%*
8 95.82+8.77 C 49.66+2.87 ab *
10 99.82+8.95C 51.16+5.14 ab *
12 134.16+13.20 D 47.16+4.92 ab *

Stem diameter (mm) 2 7.55+0.18 A 9.00+£0.78 ab ns Time (7) Fs570=27.39, *¥*
4 8.00+0.21 A 12.45+0.79 ¢ * Treatment (7) Fy70=16.39, #**
6 11.08+£0.90 B 8.94+0.35a * Txt Fs70=24.19, ***
8 12.61+0.82 C 9.80+0.30 b *
10 14.07+£0.68 D 9.54+£0.59 b *
12 17.25+0.50 E 9.66+0.63 b *

Number of leaves 2 133.16+19.64 A 328.66+66.75 a * Time (7) F570=24.87, ***
4 143.00+8.93 A 228.50+62.64 a * Treatment (7) Fy70=1.66, n.s.
6 116.33+24.77 A 198.66 +45.05 ab ns Txt Fs70=2.20, *
8 154.66+27.35 A 136.16+15.07 b ns
10 115.66+13.90 A 216.00+15.62 ab ns
12 94.83+10.57 A 228.66+15.62 a *

Stomatic index 2 11.49+£0.57 AB 11.64+£0.36 ab ns Time (7) Fs106=3.92, **
4 11.83+£0.54 AB 11.99+0.81 a ns Treatment ()  Fyi06=5.93, *
6 11.88+0.82 AB 16.68+0.71 ¢ * Txt Fs106=18.93, ##*
8 10.65+0.46 B 9.50+1.01b ns
10 16.67+0.46 C 9.14+0.32 b *
12 14.75+0.51 BC 9.35+0.46 b *

Stomatic coverage (pm) 2 82.11+£1.80 A 58.04+2.10 a ns Time (7) Fs5514=2.99,n.s.
4 6825+2.37 A 69.84+t1.74a ns Treatment (7) F1214=6.50, n.s.
6 49.69+2.87 A 66.70+1.89 a ns Txt Fs5514=0.72, n.s.
8 82.14+2.04 A 58.04+2.11 a ns
10 67.25+2.39 A 69.14+1.75a ns
12 48.69+£2.90 A 69.71+1.85a ns

Physiology

Chlorophyll concentration (mg/m?) 2 2446+1.36 AB 1990+1.52a ns Time (7) Fs5,54=40.4, ***
4 27.78 £0.74 BC 2521+£1.02 ab ns Treatment (¢) Fi54=10.5, #**
6 28.01+1.23C 1933+1.09a * Txt Fs05=2.37, %
8 26.76 +0.85 BC 22.83+1.36 ab ns
10 29.03+0.98 C 26.76+1.07b *
12 30.10+0.86 C 27.59+£0.99 b *

Different uppercase letters show significative differences in individuals growing in reference substrate through time (Tukey P <0.05). Different
lowercase letters show significative differences in individuals growing in exposed substrate to heavy metals through time (Tukey P < 0.05). Asterisks
denote significant differences between treatments for each exposure time (Tukey P <0.05), n.s. =no significant differences *P <0.05; **P<0.01;

#%P < 0,001
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those growing in tailing substrate there was a reduction. In the
case of stomatic coverage, no significant differences were de-
tected over time and between treatments (Table 4).

Physiological parameters

In general, an increase in chlorophyll concentration over time
was observed in P. laevigata plants growing in both treat-
ments (reference substrate and tailing substrate) (Table 4).
However, over time periods of 6, 10, and 12 months, there
was a significant reduction in chlorophyll content in plants
growing in the tailing substrate compared to those that grew
in the reference substrate.

Regarding the chlorophyll content of adult trees (average values
(= SD) (reference substrate =29.833 +7.019; tailing substrate =
28.725 +7.0198), Student’s ¢ tests indicated that there is no effect
of treatment on chlorophyll levels (z=—0.5464, P> 0.05).

Heavy metal enrichment in roots and leaves and
translocation factor in Prosopis laevigata individuals
growing in substrate exposed to metals

Roots and leaves of P. laevigata plants growing in tailing sub-
strate present enrichment or bioconcentration factor (BCF) of Zn
was recorded. In contrast, no enrichment of Pb, Fe, and Cu
(Table 5) was detected in any of the structures analyzed. On
the other hand, the pattern of the average translocation factor
(TF) values was as follows: Zn > Cu > Fe > Pb. Furthermore,
the pattern obtained according to the percentage of plants that
have TF values greater than 1 is the following (in parentheses, the

maximum and minimum TF values are presented): Cu 92.9%
(0.75-7.44) > Fe 85.7% (0.62-2.69) > Pb 75.0% (0.71-1.98) >
64.3% Zn (0.29-8.10).

Heavy metals’ effect over macro- and micromorpho-
logical and physiological parameters of Prosopis
laevigata

In general, four metals were detected in P. laevigata tissues; only
two of them, Zn and Pb, affect two plant structures. In particular,
it was observed that Zn explained 10.7% of the variation detected
in the plant height character. On the other hand, the Pb explained
8.1% of the variation in the number of leaves (Table 6).

Discussion

Studies are scarce on wild plant species that focus on the
transport or accumulation of metals in different structures that
use an approach combining an experimental design—both
under greenhouse conditions and in natural conditions (mine
tailings)—with the purpose of evaluating their potential to
phytoremediate polluted environments with HM. According
to our knowledge, this is the first study that simultaneously
addresses the effect of exposure to metals over time on
a combination of biomarkers (genetic, morphological,
and physiological) and also to evaluate the potential of
P. laevigata as a useful species for the purpose of
phytoremediation, under this combined approach: in
situ—ex situ.

Table 5 Enrichment
(bioconcentration factor) and

Concentration (mg/kg)

translocation factor of heavy

metals in Prosopis laevigata Metal ~ Time (months)  Tailing substrate  Root ~ Leaf  BCF (root)  BCF (leaf) TF S.D.
plants
Pb 2 0.23 1.36 144  0.17 0.16 0.94
4 0.23 1.68 1.53  0.14 0.15 1.10
6 0.23 222 1.69  0.10 0.14 1.31
Average 0.14 0.15 .12 0.19
Fe 2 04 448 246  0.09 0.16 1.82
4 04 307 218 013 0.18 1.41
6 0.4 329 267 012 0.15 1.23
Average 0.11 0.17 1.49 030
Zn 2 2.14 045 012 476 17.83 3.75
4 2.14 063 016 3.40 13.38 3.94
6 2.14 012 017 1783 12.59 0.71
Average 8.66 14.60 2.80 181
Cu 2 0.04 033 012 0.12 0.33 2.75
4 0.04 0.14  0.08 029 0.50 1.75
6 0.04 009 0.05 044 0.80 1.80
Average 0.28 0.54 210  0.56

BCF = Dbioconcentration factor, 7F = translocation factor, S.D. = standard deviation
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Table 6 Heavy metals’ effects over morphological parameters of
Prosopis laevigata growing under greenhouse conditions
Metal SS d.f. F P Jovariance
Height
Pb 811.48 1 0.948830 0.335465 1.6
Fe 2219.36 1 2.594996 0.114519 4.4
Zn 5466.44 1 6.391652 0.015219 10.7
Cu 440.90 1 0.515526 0.476639 0.9
Stem diameter
Pb 2.5983 1 0.236555 0.629175 0.5
Fe 1.2988 1 0.118245 0.732621 0.3
Zn 23.0340 1 2.097073 0.154834 4.5
Cu 0.1089 1 0.009914 0.921150 0.0
Number of leaves
Pb 47,604.7 1 4475572 0.040214 8.1
Fe 7864.0 1 0.739334 0.394643 1.3
Zn 987.8 1 0.092868 0.762032 0.2
Cu 853.7 1 0.080260 0.778305 0.1
Chlorophyll content
Pb 8.1255 1 0.38349 0.539085 0.7
Fe 19.8734 1 0.93795 0.338349 1.8
Zn 59.2309 1 2.79549 0.101965 53
Cu 18.1247 1 0.85542 0.360307 1.6
Stomatic coverage
Pb 1.6188 1 0.26796 0.607357 0.5
Fe 12.8497 1 2.12703 0.151987 4.1
Zn 1.5881 1 0.26287 0.610776 0.5
Cu 0.1426 1 0.02361 0.878601 0.0

d.f. = degrees of freedom, SS = sum of square

Bioaccumulation of heavy metals in Prosopis
laevigata

In this work, it was found that P. laevigata individuals that
grew under greenhouse conditions in two treatments (refer-
ence substrate and tailing substrate) and adult individuals
growing naturally in the mine tailings bioaccumulate Pb, Zn,
Cu, and Fe in root and leaf tissue. Also, Fe, Zn, and Cu had a
higher concentration in plants growing in the reference sub-
strate compared to the tailing substrate plants. In general, the
metal that most accumulates in P. laevigata plants in both
structures and treatments was Fe, although its concentration
remained constant over time. According to these results, a
recent study shows that P. laevigata is a hyperaccumulator
of Fe (Ramirez et al. 2019). In the literature, it has been re-
ported that other plant species that bioaccumulate Fe are
Sanvitalia procumbens (Lam.) (Asteraceac) (Rosas-Ramirez
2018), Lactuca sativa (L.) (Asteraceae), Brassica oleracea
(L.) (Brassicaceae), Daucus carota (L.) (Apiaceae) and
Raphanus sativus (L.) (Brassicaceae) (Casana and Beltran
2017), and Cynara cardunculus (L.) var. altilis DC.

(Asteraceae) (Capozzi et al. 2020). A possible explanation
for the high concentrations of this metal in plants is that Fe
is an essential metal and a structural component of porphyrin
molecules, such as cytochromes (Rout and Sahoo 2015). In
addition, this metal is involved in oxidation-reduction reac-
tions in respiration and photosynthesis, playing an important
role in enzyme systems related to chlorophyll synthesis (Kaya
et al. 2020). Specifically, in this work, it was found that the
highest concentration of this metal is in the root. A similar
patron was detected in P. laevigata trees established near a
river contaminated with HM (Ramirez et al. 2019) and in
soybean plants (Glycine max (L.) Merr. (Fabaceae)) where
Fe was detected in the root elongation areas during the matu-
ration process, as well as in the young lateral roots (Ambler
etal. 1971). This metal has also been detected in the root tissue
of R. sativus (Brassicaceae) (Casana and Beltran 2017) and in
the macrophyte aquatic plant Phragmites australis (Cav.)
Trin. (Poaceae) (Batty and Younger 2003). It has been sug-
gested that the concentration of root metals is a mechanism of
protection against the toxicity of these elements, preventing
significant amounts from being translocated to the aerial parts
(Batty and Younger 2003).

On the other hand, Pb remained constant in root plants of
P. laevigata growing in both treatments. However, in leaf, it
can be seen that the concentration increases over time in both
treatments, which suggests that this metal is being translocated
to aerial parts of plants. Previously, the presence of this metal
in foliar tissue of P. leavigata individuals was recently report-
ed (Alcala-Jauregui et al. 2018). In the literature, there are
reports of other plant species that accumulate Pb in leaf tissue.
For example, Brickellia veronicifolia (Kunth) Grey.
(Asteraceae) accumulates Cd, Cu, Ni, and Pb (Hernandez-
Acosta et al. 2009) in its leaf tissue. Similarly, Buddleja
scordioides Kunth (Scrophulariaceae) has high concentrations
of Pb in leaf tissue also in Mimosa aculeaticarpa (Ortega)
(Fabaceae) and Acacia schaffneri (S. Watson) F.J. Herm.
(Fabaceae) (Salas-Luévano et al. 2009). More recently, the
presence of Pb in Plantago lanceolate (L.)
(Plantaginaceae) (Salas-Luévano et al. 2017) and
Schinus molle (L.) (Anacardiaceae) (Alcala-Jauregui
et al. 2018) in leaf tissue also has been reported. This
could be because Pb inhibits the transport of essential
metals such as Cu, Fe, and Zn (Patra et al. 2004), in-
creasing its concentration over time and thus its trans-
location to the aerial part of the plant. Even a rapid
translocation of the root to detoxify and sequester heavy
metals in the leaves is a possible defense mechanism
against herbivores (Rascio and Navari-Izzo 2011).

On the other hand, Zn bioaccumulates mostly in P. laevigata
roots compared to leaves. These results are similar with other
results found in Zea mays (L.) (Poaceae), where a greater bioac-
cumulation of Zn in root plants in comparison with leaves of com
is exposed to HM in mine tailings (Tovar-Sanchez et al. 2018).
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This could occur because the roots are the first organ with which
soil metals have contact and can restrict the translocation of these
metals to the leaves and fruits, sequestering and inactivating the
metals and thus stabilizing their toxicity (Buendia-Gonzalez et al.
2019; Dinu et al. 2020).

In the case of Cu, its concentration increases over
time in both treatments. However, in general, it accu-
mulates mostly in leaves rather than in roots. A higher
concentration of Cu in the leaves suggests that this met-
al could also be translocated from roots to aerial parts
over time. This result coincides with those reported in
Z. mays (Benimeli et al. 2010) and C. cardunculus
(Capozzi et al. 2020) where this metal was
bioaccumulated in greater quantity in leaf tissue com-
pared to root tissue. These results could be explained
as Cu is an essential metal which can also be
translocated to aerial parts of plants because it is an
important component in regulatory proteins. It partici-
pates in the transport of electrons in chloroplasts and
mitochondria of foliar cells. In addition, it acts as a
cofactor of enzymes such as Cu-SOD and cytochrome
oxidase and participates in different metabolic processes
such as hormonal signaling, cell wall metabolism, and
stress response (DalCorso 2012).

Interestingly, we found that Fe, Zn, and Cu had a higher
concentration in plants growing in the reference substrate com-
pared to the tailing substrate plants. In general, these results could
be explained considering that Quilamula, Morelos, presents a
natural richness of mineral soils (mainly sulfur minerals) of silver
and lead. The most commonly found are arsenopyrite (FeAsS),
galena (PbS), acanthite (Ag,S), and calclacita (Cu,S) (Volke
et al. 2005). Therefore, the soils of the region may contain some
metals.

Genetic damage in individuals of P. laevigata growing
in greenhouse and mine tailings

The results obtained from individuals growing under
greenhouse conditions in both treatments (reference sub-
strate and tailing substrate) indicate a significant increase
in genetic damage over time. However, this damage was
significantly higher in plants growing in the tailing sub-
strate. This same pattern was found in adult plants that
grow naturally in reference substrate and tailing substrate.
The increase in genetic damage over time may be possible
because as plants grow, the amount of HM that they ab-
sorb and translocate to aerial parts also increases, as it was
observed in this study for Pb. There is a study where an
increase in genetic damage over time was detected in
leaves of tobacco plants growing in a substrate from a
soil contaminated with heavy metals (Gichner et al.
2006). In general, over time, metals can saturate the se-
questration zones of these elements in cells (vacuoles and
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cell walls), a fact that can affect the cytoplasm and the
nucleus by promoting genetic damage (Garcia 2006;
Sanchez-Pinzon 2010).

With reference to genetic damage present in individuals
growing in reference substrate in greenhouse and in soil of
the control site (Quilamula), it could be occurring because
Huautla is an area naturally rich in minerals (Secretaria de
Economia 2011) as previously mentioned. For example, the
presence of metals has been reported in their bioavailable form
in soil of this area, as in the case of Zn, Pb, Cu, and Fe (Solis-
Miranda 2016).

Moreover, results indicated that genetic damage was
significantly greater in P. laevigata plants exposed to
HM from tailing substrate in greenhouses and in adult
individuals that grow naturally in the study area.
Previous studies with P. laevigata individuals that are
established in the mine tailings of Huautla, Morelos,
indicate that this species bioaccumulates Pb, Zn, and
Cu and presents significantly greater genetic damage in
individuals exposed to HM. Also, a positive and signif-
icant relation between the concentration of Cu and Pb
accumulated in leaf tissue and genetic damage was de-
tected (Murillo-Herrera 2015). Our results are similar,
but in this case, it was found that of four metals detect-
ed in tissues of P. laevigata individuals, only Pb was
related to the levels of genetic damage detected in both
treatments. Comparable results were reported in tobacco
plants exposed to Pb at different concentrations and ex-
posure times, and greater genetic damage was found in
exposed individuals compared to controls (Gichner et al.
2006). It has been documented that Pb can induce chro-
mosomal aberrations because it binds to the components
of cell walls or membranes, mineralizing the wall,
changing its physicochemical properties, and
disorganizing the microtubules (Eun et al. 2000). It
has also been reported that this metal produces double-
and single-strand breaks of DNA and can replace Zn in
repair and replication enzymes with zinc fingers, as well
as oxidative stress (Pourrout et al. 2013). Finally, it has
been proposed that Pb is involved in the production of
reactive oxygen species (Huihuia et al. 2020) causing
genetic damage (Ercal et al. 2001). This information
shows the possible mechanisms of action through which
the Pb detected in the individuals of P. laevigata ex-
posed to this metal may be causing the observed
genotoxic damage.

Morphological and physiological changes in
individuals of P. laevigata growing on tailing
substrate and reference substrate over time

In general, the results showed a reduction in the macro- and
micromorphological characters analyzed in P. laevigata
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plants growing in tailing substrate over time compared to in-
dividuals growing in the reference substrate. A similar re-
sponse was detected with physiological parameters (chloro-
phyll content).

Macromorphological characters

The results obtained show that HM bioaccumulation has an
effect on plant size, since individuals of P. laevigata growing
under greenhouse conditions that were exposed to metals have
lower values compared to those that grew in reference substrate.
This is comparable with results of other studies where a reduc-
tion of height plants exposed to soils contaminated with HM
was detected. For example, in Arundo donax (L.) (Poaeceae)
growing in a soil contaminated with Pb, a higher concentration
of this metal was found in its aerial parts, in addition to a signif-
icant reduction in size as well as a thickening of the base of stem
(Guo and Miao 2010; Dinu et al. 2020). In the process of cell
expansion, the lignification and stiffness of cell wall (Chaoui
and El Ferjani 2005) increase, influencing strongly the elasticity
and plasticity, increasing tissue stiffness and retarding plant
growth (Kabata-Pendias 2011), which can affect the growth of
different structures, such as leaves, generating a reduction in
their size. This information is relevant because it allows us to
explain that in this study, the number of P. laevigata leaves was
significantly affected by the presence of Pb over time.
Interestingly, the results in terms of the leaves’ number
revealed an enhanced growth of P. leavigata plants growing
in the polluted substrate in comparison to individuals growing
in the reference substrate. Similar results have been reported in
basil Ocimum basilicum (L.) (Lamiaceae) (Dinu et al. 2020)
under greenhouse conditions. The authors suggest that these
results may occur because the presence of the metals at differ-
ent concentration levels influenced the plant development,
being involved in manifold metabolic and physiological pro-
cesses. For example, the exposure to some metals like Cr, Cd,
Pb, and Ni at low concentrations could positively influence
the plant growth (Prasad et al. 2011). This process is called
hormesis that is the stimulatory effect of sub-inhibitory con-
centrations of any toxic substances on any organism
(Helmstadter 2008). The stimulation response can be seen as
an adaptive compensatory process following an initial disrup-
tion in homeostasis. Metal ions can act as elicitors of defense
responses that in turn can stimulate the growth of plants, par-
ticularly under stress conditions (Poschenrieder et al. 2013).
In addition, multiple regressions analysis showed that Zn
has an influence on plant height. This result can be explained
taking into consideration that one of the toxic effects of Zn is
to inhibit the growth of roots and the emergence of lateral
roots (DalCorso 2012). It has been documented that the
growth and number of roots is essential for nutrient absorp-
tion, for water balance, and to support plants (Frankenberger
and Arshad 2020). Also, zinc is an essential micronutrient that

affects several metabolic processes of plants (Prasad et al.
2012). Therefore, if these processes are affected, the presence
of Zn could compromise the size of the plants. In this context,
our results indicate that Zn bioaccumulates in P. laevigata
roots, a fact that could explain the reduction of the plants size
exposed to metals. Other studies have evidenced a decreased
growth and development and metabolic alterations in some
plant species such as Lycopersicon esculentum L.
(Solanaceae) (Ali et al. 2015), Zea mays and Oryza sativa L.
(Poaceae) (Yang et al. 2015), and Brassica juncea (L.) Coss.
(Brassicaceae) (Chaudhry et al. 2020). Finally, it has been
documented that the translocation of HM to the aerial part of
the plants promotes a break in the balance of nutrients in the
root, which affects the process of cell expansion increasing the
lignification and stiffness of the cell wall affecting the growth
of the plants and, therefore, their size (Chaoui and El Ferjani
2005; Buendia-Gonzalez et al. 2019).

Micromorphological characters

Stomata are specialized cells by which plants exchange gas,
and which permit the entering of CO, necessary for photosyn-
thesis. Besides performing perspiration, stomata allow a loss
of water vapor belonging to leaf cells and, at the same time,
they rapidly diffuse drier air from the outside of each leaf
(Kathpalia and Bhatla 2018). The results of this study show
that there is a reduction in the stomatic index in P. laevigata
individuals exposed to tailing substrate compared to individ-
uals growing on the reference substrate in greenhouse. The
same pattern was previously reported in individuals of this
species growing in the mine tailings and control sites
(Hernandez-Lorenzo 2015) and in Beta vulgaris (L.)
(Amaranthaceae) plants grown hydroponically (Sagardoy
et al. 2010). This decrease in the number of stomata per unit
area (mm?) prevents excessive perspiration of plants; it in-
creases stomatic resistance (Cuypers et al. 2013). The litera-
ture indicates that this character can be reduced by exposure to
HM, since occlusive cells are very sensitive to chemical stress
and changes in position, and the number of stomata can be
generated and leaves can fall earlier as a defense mechanism
against the metal effects (Rajakaruna and Baker 2006; Rascio
and Navari-1zzo 2011). For example, it has been documented
that metals such as Pb affect cell walls and stomata and change
tissue elasticity (Kabata-Pendias 2011), which could lead to a
decrease in stomatic coverage. When plants are exposed to
high concentrations of HM, there are direct effects on the
guard cells generating hydroactive closure (Bhatla 2018).
But, in this study, individuals exposed to metals did not show
significant differences in stomatic coverage in comparison to
plants growing in the reference substrate. In general, this may
occur because plants exposed to metals may present anatom-
ical and physiological changes as an adaptive response to
these environmental conditions (Pedrosa-Gomes et al. 2011).
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From this perspective, it is important to consider that
P. laevigata is a species belonging to the Fabaceae family.
Most of the representatives of this species family present ad-
aptation mechanisms to deal with high concentrations of
metals in soils (Mahar et al. 2016).

Physiological parameters

When chlorophyll content was evaluated in adult trees
established naturally in mine tailings and also compared with
trees in the control site, it was found that there are no significant
differences. Despite this, in individuals growing under green-
house conditions, there was an effect of the treatment (tailing
substrate) on chlorophyll content, since there was a reduction of
it in P. laevigata individuals exposed to HM. These results are
similar with those observed in S. procumbens, where there was a
reduction in chlorophyll content in plants exposed to Pb
contained in tailing substrate (Rosas-Ramirez 2018). Similarly,
a reduction in chlorophyll concentration in corn plants exposed
to Pb was documented (Yllanes et al. 2014), besides a reduction
in photosynthetic pigments in plants exposed to high concentra-
tions of this metal (DalCorso 2012).

It has been documented that the accumulation of HM in toxic
concentrations generates different adverse effects on plant phys-
iology, such as inactivation of enzymes, chlorosis, weak growth,
and blocking of metabolically important groups such as chloro-
phyll (Guala et al. 2010; Manara 2012); this can destabilize the
cell wall and generate alterations in plant metabolism, affecting
their photosynthetic activity (Rascio and Navari-Izzo 2011; Ruiz
and Armienta 2012), due to thylakoid damage and modifying the
cycle of Calvin, as well as pigmentation alterations that generate
chlorosis and cell necrosis (Yadav 2010).

For example, it has been reported that Pb displaces
Mg in chlorophyll affecting photosynthesis and electron
transport (Singh et al. 2010). HMs also affect the pho-
tosynthetic functions of plants inhibiting chlorophyll
biosynthesis (Aggarwal et al. 2012), decreasing the total
proportion of chlorophyll ¢ and b, which can cause a
decrease in the photosynthetic rate (Cenkci et al. 2010;
Pourrut et al. 2011). Even so, when chlorophyll in adult
trees established in mine tailings and in soil of the con-
trol site was measured, no significant differences were
observed between treatments, nor in stomatic coverage.
This could indicate that over time in adult individuals,
physiological adaptations are generated in response to
different environmental conditions, which allows them
to tolerate HM effects (Pedrosa-Gomes et al. 2011). In
this case, these adaptations could be occurring in adult
individuals of P. laevigata, generating tolerance to HM
effects on chlorophyll concentration and stomatic cover-
age as a stress protection strategy caused by exposure to
HM (Maestri et al. 2010; Rascio and Navari-Izzo 2011).
This result is comparable with a study in which the
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chlorophyll content in leaves of 3-year-old trees of
Olea europea (L.) (Oleaceae) species exposed to heavy
metals was measured with a SPAD device and the re-
sults indicated the absence of chlorophyll content loss
(Wilson and Pyatt 2007).

Potential of P. laevigata as a useful species for
phytoremediate soils contaminated with heavy
metals

P. laevigata is a tree species of wide geographic distribution in
Mexico and is common in disturbed places such as metal-
contaminated sites (Salas-Luévano et al. 2017). This species fre-
quently inhabits arid and semi-arid areas and is established along
with other species of the same family (Fabaceae) such as
Vachellia farnesiana (L.) Wight & Am. (Ibarra-Garcia et al.
2017) and V. campechiana (Santoyo-Martinez et al. 2020).
These species are closely related and there are reports that they
also bioaccumulate HM such as Pb, Cu, and Zn (Murillo-Herrera
2015; Santoyo-Martinez et al. 2020). However, this is the first
report that indicates that P. laevigata bioaccumulates Fe in root
and foliar tissues in individuals growing in greenhouse; also, Fe
was bioaccumulated in P. laevigata trees naturally established in
the mine tailings. The last result is comparable with a recent study
that indicates that P. laevigata trees established near a river con-
taminated with HM hyperaccumulated Fe (Ramirez et al. 2019).
In general, it has been documented that plant species used to
phytoremediate environments contaminated by metals belong
to the following families: Asteraceae, Brassicaceae,
Caryophyllaceae, Flacourtaceae, Lamiaceae, Poaceae,
Violaceae, and Euphorbiaceae (Mahar et al. 2016; Salas-
Luévano et al. 2017; Mei et al. 2020), these being mostly species
of herbaceous life form. The results obtained in the present study
propose P. laevigata as a tree species with potential use to
phytoremediate contaminated sites for the following reasons:
(1) P. laevigata is an accumulator species of the four metals
analyzed (Zn, Pb, Fe, and Cu); therefore, according to literature,
a plant can be considered an accumulator if its translocation
factor (TF) is equal to or greater than 1 and hyperaccumulating
if the values are > 5 (Olguin and Sanchez-Galvan 2012; Ali et al.
2013). In this study P. laevigata showed the following average
FT values: Pb (1119), Fe (1487), Cu (2410), Zn (2798).
Considering these values, P. laevigata can be considered an ac-
cumulator of the four metals analyzed. However, when evaluat-
ing at the individual level, the following intervals are observed:
Cu 92.9% (0.75-7.44) > Fe 85.7% (0.62-2.69)>Pb 75.0%
(0.71 to 1.98) > 64.3% Zn (0.29-8.10). These data suggest that
there may be differences in the ability of individuals to carry out
this process and that even some plants may be
hyperaccumulative as they had FT values > 5. In addition, the
bioaccumulation factor for Zn, both in leaf and in root of
P. laevigata individuals, was 8662 and 14,598, respectively.
According to the TF values observed in this study, there are
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individuals of P. laevigata that can be accumulators of Pb and
Fe, but also hyperaccumulators of Zn and Cu, which is of interest
to phytoremediate polluted soils with these metals (Mousavi
Kouhi and Moudi 2020). Plants that accumulate higher concen-
tration of metals in aerial parts than their roots show great
phytoextraction potential (Mojiri et al. 2013; Ibarra-Garcia et al.
2017; Ramirez et al. 2019). (2) Although a reduction in morpho-
logical (macro and micro) and physiological (chlorophyll con-
tent) parameters was observed, as well as genetic damage in
plants exposed to heavy metals, they did not present mortality.
Even adult individuals, grown in mine tailings, have apparently
adapted to the presence of metals without altering their chloro-
phyll levels. The above suggests that plants survive and fulfill a
bioaccumulative function (Buendia-Gonzalez et al. 2019) indi-
cating that individuals of this species may be tolerant to the
effects of HM (Ibarra-Garcia et al. 2017; Buendia-Gonzalez
et al. 2019). (3) P. laevigata is a nitrogen-fixing plant with the
potential to enrich the soil around it, promoting the growth of
bushes associated with it and preventing soil erosion (Salas-
Luévano et al. 2017). Moreover, it is a host plant for bird and
rodent species (Golubov et al. 2001) and influences plant diver-
sity and soil fertility (Garcia-Sanchez et al. 2012). Therefore, it is
of great ecological importance. These characteristics also make it
a good candidate to be used in phytoremediation processes, as it
offers other environmental services in addition to the bioaccumu-
lation of HM. (4) As a plant widely distributed in arid and semi-
arid areas of Mexico (Dorado et al. 2005; Salas-Luévano et al.
2017; Navarrete-Gutiérrez et al. 2018) and growing naturally in
mine tailings, it is a candidate species to be used in
phytoremediation processes in different areas contaminated by
mine activity in Mexico (Ibarra-Garcia et al. 2017; Buendia-
Gonzalez et al. 2019).

Due to greater amounts of metals found in roots compared
to leaves, and when observing that nonessential metals such as
Pb (which are of interest for phytoremediation) increase over
time, the plants of P. laevigata do not bioaccumulate more of
this metal even over 6 months of exposure. With this in mind,
two proposals were generated for phytoremediation mine tail-
ings: the first is to harvest all plants after 6 months of exposure
during a phytoremediation process, because this species
bioaccumulates a greater amount of Pb in roots, but also ac-
cumulates other metals in its structure (Fe, Zn, and Cu). The
second proposal is to let plants grow until adults, and period-
ically harvest aerial parts of the trees, since all the metals
analyzed are being translocated to aerial parts. Therefore, har-
vesting leaves periodically will allow the removal of metals.
The information generated in this study suggests that
P. laevigata is a species with potential for phytoremediation
of soils contaminated by Fe, Pb, Zn, and Cu. Studies like this
one are necessary for the implementation of integral
phytoremediation processes that include the use of plant spe-
cies like those that bioaccumulate different metals in contam-
inated soils with different metal mixtures.

Conclusion

In this study, P. laevigata chronically exposed to heavy metals
in greenhouse/experimental conditions and in adult individ-
uals established in mine tailings showed phytoremediation
potential based on the calculated TF values and capacity to
bioaccumulate HM in roots and leaves. Also, the biomarkers
used in this study revealed that this tree species is sensitive to
HM exposure because it showed a significant increase in
genotoxic damage and changes in physiological and morpho-
logical characters as compared with plants growing without
the presence of metals. However, P. leavigata develops and
survives properly in polluted environments with HM. In con-
clusion, these results suggest that this tree species may be an
appropriate candidate for its use in phytoremediation studies
in polluted soils mainly for Fe, Zn, Cu, and Pb, due to their
ability to establish in abandoned mine tailings and becoming
one of the dominant plant species, without affecting plant
development and survival, its ability to bioaccumulate HM
in roots and leaves, and its high levels of HM translocation.

Finally, we consider that conducting phytoremediation
studies with different plant species is an efficient approach
to remove distinct metals from soils, so it is necessary to
combine plant species to develop more effective strategies that
can be used in polluted soil with complex HM mixtures.
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