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A B S T R A C T

Bioremediation using actinobacterium consortia proved to be a promising alternative for the purification of co-
contaminated environments. In this sense, the quadruple consortium composed of Streptomyces sp. M7, MC1, A5,
and Amycolatopsis tucumanensis AB0 has been able to remove significant levels of Cr(VI) and lindane from an-
thropogenically contaminated soils. However, the effectiveness of the bioremediation process could not be
evaluated only by analytical monitoring, which is complex mainly due to the characteristics of the matrix,
producing non-quantitative analyte recoveries, or interferences in the detection stage and quantification.
However, the effectiveness of the bioremediation process cannot be evaluated only through analytical mon-
itoring, which is complex due mainly to the characteristics of the matrix, to the recoveries of non-quantitative
analytes or to interferences in the detection and quantification stage. For this reason, it is essential to have tools
of ecological relevance to assess the biological impact of pollutants on the environment. In this context, the
objective of this work was to establish the appropriate bioassays to evaluate the effectiveness of a bioremediation
process of co-contaminated soils. For this, five model species were studied: four plant species (Lactuca sativa,
Raphanus sativus, Lycopersicon esculentum, and Zea mays) and one animal species (Eisenia fetida). On plant species,
the biomarkers evaluated were inhibition of germination (IG) and the length of hypocotyls/steam and radicles/
roots of the seedling. While on E. fetida, mortality (M), weight lost, coelomocyte concentration and cell viability
were tested. These bioindicators and the battery of biomarkers quantified in them showed a different level of
sensitivity, from maximum to minimum: E. fetida > L. esculentum > L. sativa > R. sativus ≫> Z. mays.
Therefore, E. fetida and L. esculentum and their respective biomarkers were selected to evaluate the effectiveness
of the bioremediation process due to the capability of assessing the effect on the flora and the fauna of the soil,
respectively. The joint application of these bioindicators in a field scale bioremediation process is a feasible tool
to demonstrate the recovery of the quality and health of the soil.

1. Introduction

Environmental pollution is one of the main problems that cause
global concern. The accumulation of toxic compounds in the ecosys-
tems has led to alterations of biogeochemical cycles which has a ne-
gative effect on environmental health and living organisms (Rayu et al.,
2012). The effects of pollution are intensified in areas where the pre-
sence of different organic pollutants is aggravated by the co-existence
with metals and metalloids in concentrations that exceed the acceptable
levels (Chen et al., 2015). This phenomenon, known as mixed pollution

or co-contamination, is becoming a relevant problem since more than
one-third of the affected places suffer with more than one type of pol-
lutant. Moreover, xenobiotic compounds have even been detected in
remote areas due to diffusion processes (Alvarez et al., 2017; Mansour
et al., 2009; Tang et al., 2010).

In particular, co-contamination with Cr(VI) and lindane, an orga-
nochlorine pesticide, is quite common all over the world (Arienzo et al.,
2013; Coatu et al., 2013; Maggi et al., 2012), including Argentina,
where both compounds were recently reported in concentrations ex-
ceeding the maximum permitted (Aparicio et al., 2018a, 2018b; Simón
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Solá et al., 2019). To deal with this problem, eco-friendly remediation
technologies using actinobacteria are promising tools to contribute
successfully to the ecosystem restoring. In this sense, Aparicio et al.
(2018b) demonstrated that an actinobacterial consortium was able to
survive and grow under high concentrations of Cr(VI) and lindane,
besides to remove both contaminants from soils under anthropogenic
contamination.

The complete mineralization of organic contaminants or their
transformation to non-toxic products is desirable, but not always pos-
sible. Numerous authors have reported that a decrease in pollutant le-
vels may sometimes be accompanied by the transformation of the ori-
ginal contaminant into more toxic metabolites that could persist in soil
and produce toxicity to certain species (Calvelo Pereira et al., 2010;
Fuentes et al., 2013; Saez et al., 2014). Similarly, the physicochemical
properties of soil influence metal speciation and consequently, its mo-
bility, bioavailability, and toxicity (Olaniran et al., 2013). Thus, after
any biological intervention for environmental purposes, the evaluation
of soil health becomes one additional step of the bioremediation pro-
cess, being an important indicator of the effectiveness of the biological
treatment.

The evaluation of soil quality is a complex analytical process due
mainly to the heterogeneity of the system that results in non-quanti-
tative recovery of the analyte and lack of accuracy or reproducibility
(Kumpiene et al., 2014). This limitation can be overcome by using
ecotoxicity tests, highly sensitive to fluctuations in the system and al-
lowing a more accurate assessment of soil health and quality (Hirano
and Tamae, 2011; Silva et al., 2003). Results from ecotoxicity mon-
itoring are highly dependent on the tested organisms. Only a few spe-
cies that have relevant ecological functions, commonly called model
species or bioindicators, can be used for these purposes (Garcia-Velasco
et al., 2017; Nikinmaa and Nikinmaa, 2014; Ronco et al., 2004; Sobrero
and Ronco, 2004). Therefore, it is important to evaluate several assays/
species together (Moradas et al., 2008). Only a few species that have
relevant ecological functions, commonly called model species or
bioindicators, can be used for these purposes (Garcia-Velasco et al.,
2017; Nikinmaa and Nikinmaa, 2014; Ronco et al., 2004; Sobrero and
Ronco, 2004). On the other hand, the responses or effects displayed by
the model species are evidenced by specific biomarkers which can be
registered at different levels of biological complexity, from cellular
structures or enzyme systems, to complete organisms, populations or
communities (Ronco et al., 2004; Sobrero and Ronco, 2004).

The transference of bioremediation technologies requires a full de-
monstration of its effectiveness. For instance, after the biological
treatment not only the contaminant concentration decrease should be
proven, but also the significant reduction in toxicity. In this context, the
objective of this work was to evaluate the performance of different
bioindicators and select the more appropriate/s ecotoxicological test to
validate the effectiveness of a soil bioremediation process performed by
an actinobacterial consortium. The usefulness of four plants (Lactuca
sativa, Raphanus sativus, Lycopersicon esculentum, and Zea mays) and one
animal species (Eisenia fetida) was evaluated.

2. Materials and methods

2.1. Obtaining and preservation of the quadruple actinobacterial
consortium

The bioremediation assays were performed using an actinobacterial
consortium. The strains Streptomyces sp. M7, Streptomyces sp. MC1,
Streptomyces sp. A5 and Amycolatopsis tucumanensis AB0 were pre-
viously isolated from different contaminated areas of Argentina
(Albarracín et al., 2005; Benimeli et al., 2003; Fuentes et al., 2011; Polti
et al., 2007) and selected for their ability to remove lindane and Cr(VI)
from liquid culture medium and from soil samples (Aparicio et al.,
2018b).

Starch Casein Agar medium (SCA, composition in g L−1: starch, 10;

casein, 1; K2HPO4, 0.5; agar, 15; pH 7.0) was used for the preservation
of the four actinobacteria and for obtaining spores (Hopwood, 1985).

Tryptone Soy Broth (TSB, composition in g L−1: triptein, 17; soy
peptone, 3; NaCl, 5; K2HPO4, 2.5; glucose, 2.3; pH 7.0) was used for
bacterial biomass production.

Both culture media were sterilized in an autoclave at 121 °C and
1 atm of overpressure, for 15min.

All other chemicals used during the study were analytical grade and
purchased from certified manufacturers.

2.2. Soil spiking and bioremediation assay

Non-contaminated soil samples were collected from a recreational
area of San Miguel de Tucumán, Argentina (26° 48'36.6 "S 65° 14'28.0"
W). The samples were taken from the surface (5–15 cm depth). The soil
was conditioned according to Aparicio et al. (2015). The physico-
chemical characteristics of these surface soils are listed in Supp.
Table 1.

In order to artificially contaminate the soils, a stock solution of
5 g L−1 of Cr(VI) was prepared as K2Cr2O7 (Cicarelli, Argentina). The
solution was sterilized by filtration, using Millipore 0.22 μm pore size
filters. Lindane stock was prepared (Sigma-Aldrich, United States) at
10mgmL−1 using acetone as a solvent. The assays were carried out in
glass pots containing 1 kg of soil. Five treatments were tested:

I) Non-contaminated soil
II) Soil contaminated with lindane 25 μg kg−1

III) Soil contaminated with Cr(VI) 50mg kg−1

IV) Soil contaminated with Cr(VI) 50mg kg−1 and lindane 25 μg kg−1

V) Soil contaminated with Cr(VI) 50mg kg−1 and lindane 25 μg kg−1

and after 14 days of stabilization, inoculated with the quadruple
actinobacteria consortium.

The moisture of soils from all treatments was adjusted at 20%, then,
soils were left to stabilize for 14 days, since dynamic physic-chemical
phenomena usually occur between soil and contaminants (Aparicio
et al., 2018b). After the stabilization period, soil from treatment V was
inoculated with the bacterial consortium and incubated for another 14
days. Soils from treatments I to IV were also incubated for another 14
days but without inoculation.

Bacterial inoculum was prepared as follows: spores of the four ac-
tinobacteria were individually inoculated in flasks with 30mL of TSB
and then incubated in an orbital shaker at 30 °C, 180 rpm. After 72 h,
microbial biomass was recovered by centrifugation (8385×g), washed
twice and resuspended in sterile distilled water to a final concentration
of 100 g L−1. The contaminated soils were inoculated with 2 g kg−1 of
the quadruple actinobacteria consortium (treatment V). Equal propor-
tions of each strain were added in order to reach the desired final
concentration. The system was vigorously mixed to ensure a uniform
distribution of soil components (Aparicio et al., 2018b). All pots were
incubated for 14 days at 30 °C, and they were opened and mixed twice a
week to allow O2 exchange. In addition, the moisture of the soils was
regularly monitored and adjusted with distilled water. At the end of the
assay, soil samples were taken to determine the final concentrations of
bioavailable Cr(VI) [Cr(VI)B] and lindane and to carry out the ecotox-
icological bioassays.

2.3. Determination of the sensitivity of the different bioindicators to Cr(VI)
and lindane

Biological species tested were three dicotyledons Lycopersicon es-
culentum (tomato), Lactuca sativa (lettuce) and Raphanus sativus
(radish), and the monocotyledonous Zea mays (corn). In addition,
Eisenia fetida (earthworm) was used as a model of animal species.

However, in the particular case of chromium, due to its high toxi-
city, was first necessary to establish the “critical endpoint” (i.e. that
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biological parameter that for being fully affected by the contaminant
does not allow the evaluation of others biomarkers). On plants, the
critical endpoint used was the IG, while for E. fetida the critical end-
point used was M.

To establish the sensitivity degree of the tested species against Cr
(VI), NOEC (No Observed Effect Concentration), LOEC (Lowest
Observed Effect Concentration) and EC50 (half maximal Effective
Concentration) were determined using IG and M as critical endpoints.
NOEC and LOEC were graphically obtained from the concentration-
response curves. NOEC corresponds to the maximum metal concentra-
tion tested, which did not cause a significant effect on the critical
endpoints, whereas LOEC corresponds to the minimum metal con-
centration tested which caused a significant effect on the critical end-
points. EC50 was determined by the Logit (P) statistical method.

Due to its low solubility and reactivity, the toxic effect of the pes-
ticide is much less than that of the metal. For this reason, the bioassays
to determine IG and M were carried out using a fixed lindane con-
centration: 1mg L−1 or 1mg kg−1, depending on the matrix [filter
paper for plant species or commercial soil (see below) for animal spe-
cies]. In opposite, different Cr(VI) concentrations were tested, ranging
from 10 to 150mg L−1 (dicotyledons) or 10–150mg kg−1 (earthworm),
while for Z. mays [due to its high tolerance to Cr(VI)] the range of metal
tested was from 10 to 500mg L−1.

Bioassays with plant species were carried out in Petri dishes that
contained sterile filter paper moistened with 2mL of each contaminant
solution. Thirty seeds of dicotyledons or ten seeds of monocotyledons
were located in plates, which were sealed with parafilm and incubated
at 22 °C in the dark. After 5 days, the number of non-germinated seeds
was recorded and the IG was calculated as a percentage.

For the toxicological bioassays using E. fetida, specimens were
provided by the commercial supplier Lombricor S.C.A. (Córdoba-
Spain). The earthworms were kept in the laboratory under controlled
conditions (19 °C and 60% relative humidity) with the weekly con-
tribution of horse manure as a nutrient source. In order to guarantee the
homogeneity of the earthworms used in the bioassays, healthy, sexually
mature (clitellated) individuals with a weight between 350 and 450mg
were selected.

Glass pots of 1.8 L capacity were filled with 750 g of standardized
commercial LUFA 2.3 soil (Speyer, Germany) (Supp. Table 2) and then
spiked with lindane and/or chromium at the concentrations previously
specified for each one. The moisture of the system was adjusted at 20%
and soils were left to stabilize for 14 days (stabilization period)
(Aparicio et al., 2018a). After that, groups of ten specimens of E. fetida
were weighed and placed into the pots, which were incubated at 18 °C
for 14 days. The number of dead earthworms per pot was recorded and
the M was calculated as a percentage.

2.4. Ecotoxicological bioassays using soil treated with an actinobacterium
consortium

2.4.1. Bioassays using plants
The biomarkers evaluated on L. esculentum, L. sativa and R. sativus

developments were IG and lengths of hypocotyls and radicles. Thirty
seeds were placed in Petri dishes containing 15 g of soils coming from
the different treatments evaluated in the bioremediation assay. The
moisture was adjusted at 40% with sterile distilled water. Plates were
sealed with parafilm and incubated at 22 °C for 5 days. Then, the
number of non-germinated seeds was recorded, and the length of hy-
pocotyls and radicles of the seedlings was measured.

The parameters evaluated on Z. mays development were IG and
lengths of stems and roots. Ten seeds were placed in glass pots filled
with 200 g of soil coming from different treatments evaluated in the
bioremediation assay. The moisture was adjusted at 40% with sterile
distilled water. After incubation at 22 °C for 7 days, the number of
germinated seeds was recorded and the lengths of stems and roots of the
seedlings were measured.

2.4.2. Bioassay using E. fetida
Bioassays using E. fetida were performed as explained in Section

2.2.1 but using the biologically treated soils from the bioremediation
assay. The biomarkers evaluated were M, weight loss, coelomocyte
concentration and cell viability (Garcia-Velasco et al., 2017).

The earthworm immune cells or coelomocytes were obtained ac-
cording to Irizar et al. (2014b). Briefly, after the exposure to soil
samples, each earthworm was submerged in extraction solution [1mL
of calcium and magnesium-free phosphate buffered saline (PBS)-EDTA
0.02%] and coelomocytes were obtained by extrusion through the
dorsal pores by electrical stimulation (9 V). The obtained solution was
centrifuged at 1000×g for 10min at 10 °C. Then, the supernatant was
removed and the precipitated cells were washed twice with a cleaning
solution (PBS, pH 7). Finally, the cells were resuspended in PBS and
placed on a Neubauer cell counting chamber in order to obtain a stock
solution of 106 cells mL−1 of coelomocytes.

For the evaluation of the cell viability, the Neutral Red Uptake
(NRU) assay was used. A volume of 200 μL of the coelomocyte solution
was placed in 96-well microplates (2× 105 cells per well) and in-
cubated at 18 °C for 30min, to promote the adhesion of the cells to the
bottom of the wells. Then, PBS was removed, previous centrifugation
(1000×g, 5 min, 10 °C) and 200 μL of 0.02% Neutral Red was added.
The microplates were incubated at 18 °C for 30min to allow the dye to
enter and stain the living cells. Abiotic controls were performed in order
to evaluate the colorant absorbed to the surfaces of the well.

Afterward, the microplates were centrifuged and the cells adhered
were washed twice with PBS. The remaining dye inside the cells was
removed by washing it with 100 μL of the extraction solution (50%
ethanol, 49% water, and 1% acetic acid). Finally, absorbances were
measured at 540 nm using a microplate spectrophotometer (Multiskan
Spektrum Thermo Scientific) (Irizar et al., 2014).

2.5. Analytical determinations of contaminants in soils treated with the
actinobacterium consortium

Residual lindane from soils was detected according to Aparicio et al.
(2018b). Lindane concentration in extracts was quantified in a Gas
Chromatograph (Agilent 7890A) equipped with 63Ni micro-Electron
Capture Detector (GC-μECD), HP5 capillary column
(30m×0.53mm×0.35m), a split/splitless Agilent 7693B injector
and Agilent ChemStation software (Aparicio et al., 2018a).

Cr(VI)B was determined in soil by a physical method: 100 g of soil
were centrifuged at 5050×g for 60min, to reproduce the maximal plant
suction (soil water potential: 1500 kPa, conventional wilting point)
(Aparicio et al., 2018b, 2018a; Csillag et al., 1999; Kim et al., 2015).
After centrifugation, the supernatant was recovered and filtered at
0.45mm. Soil extracts were analyzed by Atomic Absorption Spectro-
metry (AAS) using a PerkinElmer Analyst 400 for Cr content (char-
acteristic concentration: 0.078mg L−1) (APHA, 2012).

2.6. Statistical analysis

All the assays and their respective controls were performed at least
as three biologically independent replicates. For the statistical analysis
of data, the Infostat software was used (version: 2018, Argentina). The
data were subject to one-way variance analysis (ANOVA One way),
considering a probability level of p < 0.05 as significant. They were
also analyzed using the Tukey post-test (p < 0.05) in order to identify
significant differences between treatments.

The EC50 values were calculated using the statistical method Logit
(P) which analyze the IG values (for plants species) and the M values
(for earthworms), obtained from each Cr(VI) concentration evaluated.
Values of Cr(VI) concentrations were transformed to logarithms and IG
and M values were expressed in Probit units (Supp. Table 3).

Measurement of hypocotyl and radicle lengths of tomato, lettuce
and radish seedlings, as well as the lengths of stems and leaves of maize,
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were determined using the Image Tools 3.0 software UTHSCSA (ITU).

3. Results and discussion

3.1. Toxicity evaluation of Cr(VI) and lindane

NOEC, LOEC, and EC50 were determined in order to establish the
sensitivity degree of the tested species against chromium. For plants,
EC50 was measured as IC50 (Inhibitory Concentration 50%), while for E.
fetida EC50 was calculated as LC50 (Lethal Concentration 50%)
(Nikolaeva and Terekhova, 2017).

In order to address the sensitivity of the bioindicators, the different
species were exposed to a fixed concentration of lindane and a range of
concentrations of Cr(VI).

Cr(VI) is known to be more toxic than lindane, due to its high so-
lubility and reactivity and because the pesticide has agricultural use,
and therefore, it has a less toxic effect on the plant species evaluated,
even at high concentrations (Polti et al., 2014; Saez et al., 2014; Shahid
et al., 2017). Sivakumar and Subbhuraam (2005) showed that 219mg
of lindane per kg of soil was necessary to cause the death of 50% of E.
fetida specimens. In the same way, it has already been demonstrated
that germination of the seeds of the four plants species evaluated was
barely inhibited by the effect of lindane, even at concentrations up to
100 times higher than the one used in this study (Manonmani, 2011;
Onogbosele and Scrimshaw, 2014; Saez et al., 2014). Therefore, the
concentration of lindane employed in this study did not cause any loss
of the selected plants. Conversely, Cr(VI) could completely affect the
critical endpoint of each species evaluated, disabling a full assessment
of the individual effect of each contaminant and the combined effect of
both compounds on the studied parameters. Therefore, the NOEC,
LOEC and EC50 values were calculated based on the toxicity of Cr(VI),
ensuring the development of the selected species. This criterion allows
evaluating the quality of the soils within the range of concentrations of
metals used in this work without causing a total loss of experimental
individuals.

Ecotoxicological tests on plants are generally carried out in two
phases of their development: 1) germination and 2) growth of the
seedlings, evaluating the elongation of roots and hypocotyls or stems, as
markers of the effects of exposure of the plant to harmful substances
(Munzuroglu and Geckil, 2002). However, in order to determine the
NOEC, LOEC, and EC50 parameters, a specific critical endpoint must be
established. Germination of the seed is the first physiological process
affected by toxic compounds present in the soil, so the ability of the
seeds to germinate under stress conditions would be indicative of its
level of tolerance to contaminants (Peralta et al., 2001). Thus, the cri-
tical endpoint selected was the IG.

The IG was determined in the presence of different concentrations of
Cr(VI) and a fixed concentration of lindane of 1mg L−1 (Fig. 1) and the
NOEC, LOEC and IC50 parameters were established. The IG for L. es-
culentum was 20% in the presence of 1mg L−1 of lindane, without Cr
(VI), while the pesticide did not cause a significant effect on the IG
values of the other three plant species.

Cr(VI) showed a more pronounced effect on the germination of the
L. esculentum, being the LOEC 30mg L−1 and the NOEC 20mg L−1. On
the other hand, the seeds of L. sativa and R. sativus were less sensitive to
Cr(VI), with values of NOEC of 80 and 90mg L−1, respectively, and
LOEC of 90 and 100mg L−1, respectively (Fig. 1A).

The tolerance of Z. mays to Cr(VI) was evaluated in two stages. In
the first stage, the range of concentrations that had an effect on maize
germination was determined (Fig. 1B). Subsequently, the region in
which the IG increased significantly (350–450mg L−1) was re-
evaluated. The NOEC and LOEC parameters were 370 and 380mg L−1,
respectively.

The IC50 of Cr(VI), obtained from the Logit(P) statistical method, for
L. esculentum was 73 ± 6mg L−1, while the IC50 values for L. sativa and
R. sativus were 103 ± 6 and 119 ± 5mg L−1, respectively (Supp.

Figure 1). Although there was a marked inhibition of the germination in
the three evaluated dicotyledons, L. esculentum was the most sensitive
to the metal, followed by L. sativa and R. sativus.

As was expected, Z. mays was the most resistant species to Cr(VI)
among the plant species tested, reaching an IC50 value of
387 ± 3mg L−1 of Cr(VI).

The critical endpoint evaluated on E. fetida was M. The NOEC and
LOEC values for E. fetida were 70 and 80mg kg−1, respectively (Fig. 2).
Moreover, lindane did not inhibit key systems of the vital biochemical
processes of earthworms, since no mortality was detected in the ab-
sence of Cr(VI).

The earthworms are excellent sentinels of the quality and health of
the soil since they incorporate whole soil particles, so the contact with
the contaminants is total, independently of the characteristics of the
compound, including the different oxidation states (Irizar et al., 2014).

Fig. 1. Inhibition of the germination [IG (%)] in (A) L. esculentum, L. sativa, R.
sativus, and (B) Z. mays, according to the concentrations of Cr(VI) tested plus a
fixed lindane concentration. Grey arrow: NOEC (No Observed Effect
Concentration); white arrow: LOEC (Lowest Observed Effect Concentration).

Fig. 2. Mortality of E. fetida [M (%)] according to the concentrations of Cr(VI)
tested plus a fixed lindane concentration. Grey arrow: NOEC (No Observed
Effect Concentration); white arrow: LOEC (Lowest Observed Effect
Concentration).
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However, Cr(VI) is more toxic than Cr(III) for E. fetida as well as for
eukaryotic organisms (Munzuroglu and Geckil, 2002).

Previously it was demonstrated that not all the Cr(VI) that is in-
corporated into the soil is bioavailable (Aparicio et al., 2018a), there-
fore it is necessary to determine the relationship between the total
concentration of the metal [Cr(VI)T] and the bioavailable fraction [Cr
(VI)B] (Supp. Figure 2A). In order to establish a mathematical re-
lationship between the total concentration of Cr(VI) and the bioavail-
able fraction, the data were linearized (Supp. Figure 2B). From this
linear approximation, the concentration of Cr(VI)B correlated with the
concentration of Cr(VI) initially added was calculated. The values of
NOEC and LOEC for E. fetida considering the Cr(VI)T were 70mg kg−1

and 80mg kg−1 (respectively), while NOEC and LOEC values

corresponding to Cr(VI)B concentrations were 16 and 20mg kg− 1,
respectively.

The LC50 for E. fetida, obtained from the Logit(P) statistical method
(Supp. Figure 3), was 97 ± 3mg kg−1 of Cr(VI)T, corresponding to
30mg kg−1 of Cr(VI)B.

An order of sensitivity against Cr(VI) was determined for all the
species tested, considering the values of NOEC and EC50, resulting E.
fetida the most sensitive and Z. mays the most tolerant organism.

3.2. Ecotoxicological bioassays in soil

During the second phase, the most appropriate ecotoxicological
bioassay for the evaluation of the bioremediation process was de-
termined. For this purpose, five treatments were tested (Section 2.2). In
addition to the critical endpoints, a battery of biomarkers was evaluated
on each species.

3.2.1. Plant species
The IG, evaluated in L. sativa and R. sativus, did not show significant

differences between the control (treatment I) and the soil contaminated
with lindane (treatment II) (Table 1). Similarly, no statistically sig-
nificant differences were found among IG values in the soil con-
taminated only with Cr(VI) (treatment III) and soil contaminated with
the pesticide and the metal (treatment IV), indicating that the con-
centration of lindane used did not cause an appreciable toxic effect for
these species. In opposite, IG values were higher in treatments III and IV
(p < 0.05), in comparison with treatments I and II, evidencing the
toxic effect of Cr(VI) at the concentrations used.

The IG of L. esculentum presented significant differences among the
five treatments tested, demonstrating differential sensitivity to in-
dividual toxicants and to the mixture of both (Table 1).

On the other hand, in the case of Z. mays, no significant differences
were observed between the IG obtained from the five treatments tested,
showing that Cr(VI) and lindane did not cause a toxic effect on this
biomarker in the concentrations tested, which was expected according
to its values of NOEC, LOEC, and IC50.

When the Cr(VI) effect on the germination of the dicotyledons seeds
was evaluated, IG values higher than 50% were observed in all cases.
This effect has already been previously reported on seeds of the weeds
Echinochloa colona and alfalfa Medicago sativa, where the presence of Cr
(VI) in the soil, at concentrations similar than those used in the present
study, reduced the percentage of germination to 25 and 23%, respec-
tively (Peralta et al., 2001; Rout et al., 2000). Previous studies shown
that metals such as Cr(VI) reduce germination of seeds as they are able
to penetrate said cover and/or attack the embryonic axis in germina-
tion, triggering a series of cellular alterations: interfere with cell divi-
sion, increase the rigidity of cell walls through the cross-linking of
pectins, decrease cellular respiration, modify the structure and func-
tioning of plasma membranes, reduce water intake and interfere with
the transport and metabolism of several essential nutrients (Casierra
Posada and Cárdenas Hernández, 2007). In contrast, the germination of
the seeds of Z. mays was not inhibited in presence of chromium,
probably due to its characteristic coating that provides protection to the
embryo against external contaminants, preventing the indiscriminate
passage of substances (Munzuroglu and Geckil, 2002; Srivastava et al.,
2007). The tolerance of Z. mays to high levels of contamination makes
this species potentially useful in phytoremediation strategies (Alvarez
et al., 2012; 2015; Simon Sola et al., 2017; 2019; Polti et al., 2011).

On the other hand, lindane did not affect the germination of lettuce,
radish and corn seeds. Calvelo Pereira et al., (2010) showed that lin-
dane was not able to inhibit the germination of nine species of plants
commonly used in ecotoxicological tests. This could be attributed to the
protective effect exerted by an organic matter of the soil by decreasing
the bioavailability of the pesticide and the selective permeability ex-
erted by the seed coatings, which is a characteristic of each species
(Wierzbicka and Obidzińska, 1998). In this context, germination of the

Fig. 3. Length (cm) of hypocotyls/steams and radicles/roots of (A) L. sativa, (B)
R. sativus, (C) L. esculentum, and (D) Z. mays. Treatments: I) Non-contaminated
soil; II) Soil contaminated with lindane 25 μg kg−1; III) Soil contaminated with
Cr(VI) 50mg kg−1; IV) Soil contaminated with Cr(VI) 50mg kg−1 and lindane
25 μg kg−1; V) Soil contaminated with Cr(VI) 50mg kg−1 and lindane
25 μg kg−1 and after 14 days of stabilization, inoculated with the quadruple
actinobacteria consortium. Bars showing different letters indicate they were
significantly different (p < 0.05).
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seeds of these three plants species would not be a sensitive biomarker to
detect the phytotoxic effects of lindane in the initial stages of plant
growth. However, on tomato seeds, the pesticide caused an IG of 17%,
probably because of the reduction in the protease activity of the seeds,
which was already reported by Ajithkumar et al. (1998) in tomato seeds
exposed to 3-chloro- and 4-chlorobenzoate. Also, this effect could be a
consequence of the non-selective permeability of the seeds of L. escu-
lentum (Wierzbicka and Obidzińska, 1998), which allows the in-
corporation of lindane and its subsequent interaction with the em-
bryonic axis in germination. According to these results, the germination
of tomato seeds would be a sensitive biomarker to detect the phytotoxic
effects of lindane and Cr(VI)B as single contaminants or as a mixture of
them (treatment II, III and IV, respectively).

The lengths of hypocotyls and radicles of the L. sativa seedlings
(Fig. 3A) grown in the soil contaminated with lindane (treatment II) did
not show significant differences with those of the seedlings from the soil
without contaminants (treatment I). Similarly, there were no significant
differences between the values obtained for these biomarkers measured
in the seedlings grown in soil contaminated only with Cr(VI) (treatment
III) and the soil contaminated with both toxicants (treatment IV), in-
dicating that the used concentration of lindane did not cause an effect
appreciable on the growth of the seed, for this species. However, the
toxic effect of the concentration of Cr(VI) was evidenced when com-
paring the seedlings from the non-contaminated soil and those con-
taminated with Cr(VI), both individually and as a mixture, where the
values of both biomarkers were reduced up to 83 and 86%, respec-
tively.

On R. sativus (Fig. 3B) the used concentration of lindane did not
cause a significant effect on the elongation of hypocotyls, whereas Cr
(VI) did show a significant effect. That is, this biomarker only allowed
to evaluate the toxic effect of the metal. However, the lengths of ra-
dicles of the seedlings at the five treatments tested showed significant
differences between them, which indicates that this biomarker, mea-
sured on R. sativus, detected both the individual effect of lindane and Cr
(VI) and the effect of both pollutants, in the concentrations used.

L. esculentum (Fig. 3C) was the only dicotyledons that presented
significant differences in the lengths of hypocotyls and radicles under
all the tested treatments. In this way, both biomarkers measured on L.
esculentum, allowed to detect the toxic effect, both individual and
combined, of lindane and Cr(VI) in the concentrations tested.

It is remarkable that in the three dicotyledons evaluated, the lengths
of the hypocotyls and radicles of seedlings from bioremediated soil
were significantly higher than those from the untreated soil, demon-
strating that the toxic effects caused by Cr(VI) and lindane were par-
tially reversed after the bioremediation process (Fig. 3).

The lengths of stems and roots of Z. mays seedlings grown on soil
without contaminants (treatment I) did not show significant differences
with those of seedlings grown on soil contaminated only with lindane

(treatment III) (Fig. 3D). In contrast, the values of these biomarkers
measured on seedlings grown in soil contaminated only with Cr(VI)
(treatment II) were significantly higher than the values obtained from
soil seedlings contaminated with both toxicants [(treatment IV),
(p < 0.05)]. This result could indicate that lindane, by itself, did not
cause a significant toxic effect on the lengths of stems and roots of the
corn seedlings in the tested concentration. However, the presence of the
pesticide in soils contaminated with Cr(VI), increased the toxicity in the
soil. The lengths of stems and roots of the Z. mays seedlings grown on
the bioremediated soil (treatment V) were statistically higher than the
values reached in the untreated soil (treatment I), demonstrating a
partial recovery of the toxic effects caused by Cr(VI) and lindane.

The development of the root determines the capacity of the plant to
acquire resources from the surrounding soil (water, nutrients). The
toxic effect of the contaminants on the root development is reflected in
the physiological performance, especially during the initial stages of
growth, showing a reduction of the physiological capacity of the plants
(Shanker et al., 2005). The decrease in root growth due to the presence
of metals in general, and Cr, in particular, is well-documented (Tang
et al., 2001). Prasad, Greger, and Landberg (2001) showed that the root
length of new primordia of Salix viminalis was more affected by Cr than
by other heavy metals studied such as Cd and Pb. Moreover, Chen et al.
(2015) showed that 20mg kg−1 of Cr(VI) inhibited the growth of roots
of Triticum dicoccum (wheat) seedlings. Samantaray et al. (1999) noted
that root growth was significantly affected by the presence of the metal
in a soil of five mung bean cultivars contaminated with chromite. Ac-
cordingly, in the present study, the elongation of the radicles/roots of
the four plant species evaluated was also inhibited by the presence of
the metal, demonstrating the high toxicity of Cr(VI). This general re-
sponse of decreased root growth could be due to the inhibition of the
division/elongation of the cells of the radicle/root or to the prolonga-
tion of the cell cycle (Shanker et al., 2005).

The lindane effect on the growth rate of radicles of radish and to-
mato were significant. The way in which the plant explores its en-
vironment efficiently and how the translocation of carbohydrates from
root to shoot occurs (Boot and Mensink, 1990) could be strongly af-
fected by the presence of lindane (Blondel et al., 2016). In contrast, the
elongation of the radicles/roots of the lettuce and corn seedlings were
not inhibited by the presence of lindane. There is evidence that some
plants in particular, in response to the stress caused by this pesticide,
produce equal or greater root tissue, in order to conserve or increase the
nutrition capacity (Fitter and Hay, 2002). At long-term, this strategy
should favor the survival of the plant, since the damage caused during
germination would be repaired and photosynthesis would be favored.
However, Z. mays showed a particularity: although the concentration of
lindane used did not cause a significant toxic effect on the elongation of
the root of the corn seedlings, the toxic effect of the metal was enhanced
in the presence of the pesticide. This effect was not observed on radicles

Table 1
Inhibition of germination [IG (%)] in L. esculentum, R. sativus, L. sativa and Z. mays. Treatments: I) Non-contaminated soil; II) Soil contaminated with lindane
25 μg kg−1; III) Soil contaminated with Cr(VI) 50mg kg−1; IV) Soil contaminated with Cr(VI) 50mg kg−1 and lindane 25 μg kg−1; V) Soil contaminated with Cr(VI)
50mg kg−1 and lindane 25 μg kg−1 and after 14 days of stabilization, inoculated with the quadruple actinobacteria consortium. Values that sharing the same letter
were not significantly different (p < 0.05).

Treatment Residual concentrations IG (%)a

Cr(VI)B
(mg kg−1)b

Lindane (μg kg−1)b L. esculentum L. sativa R. sativus Z. mays

I 0 0 5 ± 2%a 5 ± 2%a’ 4 ± 3%a’’ 3 ± 3%a’’’

II 0 25 17 ± 3%b 2 ± 1%a’ 2 ± 1%a’’ 6 ± 2%a’’’

III 15 0 57 ± 1%c 72 ± 4%b’ 65 ± 5%b’’ 3 ± 1%a’’’

IV 15 25 64 ± 4%d 75 ± 3%b’ 63 ± 3%b’’ 8 ± 4%a’’’

V 6 5 26 ± 2%e 48 ± 4%c’ 31 ± 4%c’’ 0 ± 0%a’’’

a Media± standard deviation.
b The values indicated in treatments II, III and IV corresponds to the concentration achieved after the stabilization period (14 days) and maintained after the

incubation period (14 days); in V corresponds to the concentration determined after stabilization and bioremediation periods (28 days).
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of lettuce seedlings, where the inhibition of the elongation was due
exclusively to Cr(VI).

Adverse effects of Cr(VI) on the hypocotyls/stems length of the
plants have also been reported, associated with the late growth of the
outbreaks (Rout et al., 2000). In the present study, the elongation of
hypocotyls/stems of the four plant species evaluated was inhibited by
the concentration of Cr(VI) used. This was probably a consequence of
the inhibition of radicle/root growth and decreasing in nutrients and
water transported to the upper parts of the plant. Moreover, the
transport of Cr(VI) to the aerial part can directly impact the cellular
metabolism of the shoots that contribute to the reduction of the height
of the seedlings (Shanker et al., 2005).

On the other hand, lindane can also affect the length of hypocotyls/
stems of seedlings. Previously, Saez et al. (2015) demonstrated that the
pesticide inhibited the elongation of the hypocotyls of L. sativa seed-
lings by up to 40% although the concentrations of the pesticide were
100 times higher (10–100mg kg−1) than those used in this work. In this
sense, the length of the hypocotyl is a representative marker of the
presence of lindane only when its concentration is extremely high. In
the present work, the elongation of hypocotyl/stem of lettuce, radish
and corn seedlings were not affected by the presence of lindane as a
single contaminant. However, in soils co-contaminated with Cr(VI),
lindane increased the toxic effect on the elongation of corn stems. On
the other hand, the elongation of L. esculentum hypocotyls was inhibited
by the pesticide. This species was the most sensitive to the presence of
these contaminants. The biochemical and morphological alterations
that take place during germination, lead to reduced root growth. In this
way, the transport of nutrients towards the hypocotyl, and later to-
wards the leaves, is scarce (Calvelo Pereira et al., 2010; Kısa et al.,
2016), leading to seedlings of reduced length.

3.2.2. E. fetida earthworm
Lindane did not affect the survival of earthworms at the used con-

centration. However, Cr(VI) caused between 80 and 85% of mortality of
the specimens, at a concentration of 50mg kg−1 (Fig. 4). Even though
changes in the mortality rate of earthworms can be used as a reliable
endpoint of environmental contamination with pesticides. Kokta (1992)
showed that pesticides used for decades, such as lindane, present ele-
vated values of LC50, so they are harmless to earthworms in terms of
survival. Therefore, the concentration of the pesticide used in this study
(1mg kg−1) did not affect the survival of the specimens (no mortality).

On the other hand, the effects of lindane and/or Cr(VI) were sig-
nificant on the weight loss of the specimens (Fig. 4). In the non-con-
taminated soil, the weight loss was 14%, while in the presence of lin-
dane or Cr(VI) it was 27 and 41%, respectively. In the presence of both

pollutants, the loss weight was up to 50%. M and weight loss observed
in bioremediated soil (20% for both biomarkers) were significantly
lower than the values reached in soils contaminated with Cr(VI) (single
or as a mixture of contaminants).

The earthworm has become a well-established model for assessing
the toxicity of soil contaminated with metals (Homa et al., 2003;
Lukkari et al., 2004). In particular, Sivakumar and Subbhuraam (2005)
showed that 250mg kg−1 of Cr(VI) is highly toxic to E. fetida, affecting
critical factors, such as the survival and growth of the specimens. In
fact, in the present work, 50mg Cr(VI)/kg produced the mortality of
more than 80% of earthworms. This mortality was preceded by mor-
phological and behavioral changes. The morphological changes ob-
served were oozing of coelomic fluid and cliteral bulge, while the
changes in behavior included slow movements and the formation of a
structure similar to a knot in the anterior end of the worms.

Changes in biomass can be a good indicator of chemical stress, both
by organic and inorganic contaminants (Shi et al., 2007). Specimens
maintained in reference soils (treatment I) suffered a weight loss less
than 15%. This slight loss suggested that soil nutrients were sufficient to
maintain earthworm survival but insufficient to allow additional
growth (Sibly and Calow, 1989).

In earthworms exposed to Cr(VI), the weight loss reached 40%.
Similarly, some of the previously mentioned morphological and/or
behavioral changes occurred anticipating the death of individuals. The
toxic impact of Cr(VI) is the result of its action as an oxidizing agent
After crossing cell membranes by diffusion facilitated using non-specific
sulfate transporters (Costa, 2003), Cr(VI) is reduced to Cr(III) in the
cytosol and reacts nonspecifically with the different cellular compo-
nents (proteic and nucleic) causing their oxidation and the inhibition of
some enzymatic systems (Bagchi et al., 2002). Therefore, this sequence
of effects (morphological and behavioral changes, mortality) may be
due to the higher entry rate of Cr(VI) and the ability to cause oxidative
damage to the cells, and to the subsequent toxicity of its reduction
product, Cr(III) (Sivakumar and Subbhuraam, 2005).

The growth inhibition of earthworms caused by lindane in this study
was similar to those reported for other organic contaminants (Brown
et al., 2004; Reinecke and Venter, 1985; Shi et al., 2007). Possibly this
effect is correlated with the reduced intake of food to avoid the in-
corporation of toxic compounds (Burrows and Edwards, 2002; Shi et al.,
2007). Similar adjustments were observed in the isopod Porcellio dila-
tatus, with a reduction in consumption rates when exposed to en-
dosulfan (reduced feeding rate and efficiency) that leads to growth
inhibition (Ribeiro et al., 2001).

The use of biomarkers at lower levels of biological complexity is
very important in order to evaluate the toxic effects of contaminants in
the soil before deleterious and irreversible changes can occur (M and
weight loss). For instance, the number of coelomocytes in E. fetida and
their viability can be used as early warning biomarkers of environ-
mental risk caused by Cr(VI) and lindane (Uwizeyimana et al., 2017).
Accordingly, a significant reduction in coelomocyte numbers was ob-
served in the 3 spiked soils in comparison with controls (Fig. 5A): lin-
dane 39%, Cr(VI) 70%, both compounds 81%. Interestingly, the
number of coelomocytes extruded from earthworms maintained in the
bioremediated soil was only 26% of control specimens. It can be con-
cluded that coelomocyte numbers is a sensitive biomarker to detect the
toxic effects produced by single contaminants or mixtures, and can
accurately evaluate the cost-effectiveness of bioremediated strategies.

The evaluation of coelomocyte viability was evaluated by the
Neutral Red Uptake (NRU) assay (Fig. 5B).

A significant reduction in coelomocyte viability was produced after
exposure to lindane (20%), Cr(VI) (35%) and the mixture (> 50%)
(Fig. 5B). Moreover, the cell viability was highly recovered (85%) after
bioremediation. As in the case of coelomocyte number, coelomocyte
viability can be used to detect the toxic effects produced by con-
taminants and to assess the degree of recovery after remediation.

The reactive oxygen species that are produced in the coelomocytes

Fig. 4. Mortality [M (%)] and weight loss (%) of E. fetida individuals.
Treatments: I) Non-contaminated soil; II) Soil contaminated with lindane
25 μg kg−1; III) Soil contaminated with Cr(VI) 50mg kg−1; IV) Soil con-
taminated with Cr(VI) 50mg kg−1 and lindane 25 μg kg−1; V) Soil con-
taminated with Cr(VI) 50mg kg−1 and lindane 25 μg kg−1 and after 14 days of
stabilization, inoculated with the quadruple actinobacteria consortium. Bars
showing different letters indicate they were significantly different (p < 0.05).
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of the earthworms exposed to stress by the presence of Cr(VI) and
lindane in the soil, could cause great oxidative damage (Liang and
Zhou, 2003; Wang et al., 2015), which lead to functional reductions of
the immune system and, ultimately, to cell death.

4. Conclusions

The biomarkers evaluated in each bioindicator showed different
levels of sensitivity to the pollutants used. However, the biomarkers of
two key species: L. esculentum and E. fetida, were the most sensitive to
evaluate the toxic impact of Cr(VI) and lindane at the concentrations
tested. In this sense, both bioindicators and their biomarkers were the
most appropriated for evaluating the efficiency of the bioremediation
process of co-contaminated soils under these conditions. Moreover, in
soils with high levels of Cr(VI), the use of a less sensitive species, such
as R. sativus, could be useful to complement the ecotoxicological eva-
luation of the soil quality.
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