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Abstract

Introduction. The versatile metabolism of microorganisms allows biodegradation of a 
wide variety of contaminants; however, the increasing scale of the industry exceeds its po-
llutant processing capacity. Due to its high toxicity, hexavalent chromium Cr(VI) is one of 
the heavy metals with the greatest global dissemination and concern. There are numerous 
investigations focused on proposing treatments to purify the different ecosystems affected 
with this metal; however, knowledge about various microorganisms from the same source 
that could help solve this problem is restricted. Objective. To evaluate the efficiency in 
the reduction of Cr(VI) of bacterial consortia (B. thuringiensis, B. amyloliquefaciens and 
Paenibacillus sp.) in a Batch type treatment, using municipal wastewater from Río Pasto as 
a substrate. Methodology. A mathematical model was formulated that reliably predicted 
the behavior of the consortia, in relation to their growth and reduction percentage, the 
results of the simulations were compared with experimental data to select the consortium 
with the best Cr(VI) reduction results). Subsequently, its efficiency in the reduction of 
Cr(VI) was determined, using unsterilized residual river water as a substrate. Results. The 
statistical analyzes highlighted the absence of statistically significant differences in the 
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reduction percentages between the consortia. However, with the selected culture, a reduc-
tion percentage of 91% was presented in 156 hours. Conclusion. The results found in this 
research are promising for their application in the improvement of treatment practices for 
Cr(VI) bioremediation.

Keywords: Metals heavy, Chromium, bacteria, decontamination, wastewater, Batch Cell 
Culture. DeCS

Resumen 

Introducción. El metabolismo versátil de los microorganismos permite la biodegradación 
de una amplia variedad de contaminantes, sin embargo, la creciente ampliación de la in-
dustria supera su capacidad de procesamiento de poluentes. El cromo hexavalente Cr(VI) 
debido a su alta toxicidad es uno de los metales pesados de mayor difusión y preocupación 
a nivel global. Existen numerosas investigaciones enfocadas en proponer tratamientos para 
depurar los diferentes ecosistemas afectados con este metal; no obstante, el conocimiento 
sobre diversos microorganismos de una misma fuente que podrían ayudar a solucionar esta 
problemática se ve restringido. Objetivo. Evaluar la eficiencia en la reducción de Cr(VI) 
de consorcios bacterianos (B. thuringiensis, B. amyloliquefaciens y Paenibacillus sp.) en un 
tratamiento tipo Batch, utilizando como sustrato agua residual municipal del Río Pasto. 
Metodología. Se formuló un modelo matemático que predijo de manera confiable el com-
portamiento de los consorcios, con relación a su crecimiento y el porcentaje de reducción, 
los resultados de las simulaciones fueron comparados con datos experimentales para se-
leccionar el consorcio con mejores resultados de reducción de Cr(VI). Posteriormente, se 
determinó su eficiencia en la reducción de Cr(VI), usando como sustrato agua residual del 
rio sin esterilizar. Resultados. Los análisis estadísticos resaltaron la ausencia de diferen-
cias estadísticamente significativas en los porcentajes de reducción entre los consorcios. 
No obstante, con el cultivo seleccionado se presentó un porcentaje de reducción de 91% en 
156 horas. Conclusión. Los resultados encontrados en esta investigación son promisorios 
para su aplicación en el mejoramiento de las prácticas de tratamiento para la biorremedia-
ción de Cr(VI).

Palabras clave: Metales pesados, cromo, bacteria, descontaminación, agua residual, culti-
vo por lotes. DeCS 
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Introduction

In recent years, there is an evident interest 
in the evaluation of biological systems for 
the detoxification of effluents contaminated 
with Cr(VI), these offer efficient and low-
cost alternatives compared to conventional 
technologies used for removal; one of the 
biological systems to highlight is bioreme-
diation mediated by bacteria, because they 
present a wide functional diversity (1). The-
re are efficient alternatives focused on the 
use of bacteria present in soils and water 
sources of environments contaminated with 
chromium, these organisms by adaptation 
have acquired mechanisms that allow them 
to survive in this type of media and present 
greater efficiency and profitability when im-
plemented in treatment systems of effluents 
contaminated with toxic agents (2-6). 

Chromium is found in high concentrations 
in most of the waste generated in industrial 
activities, such as: galvanizing, alloys, tan-
ning processes, and textile dyeing (7-10). 
In relation to this, it has been determined 
that the effects of chromium for the envi-
ronment and human health depend on the 
oxidation state, the most stable are the tri-
valent and hexavalent forms, although both 
forms are harmful, the latter is considered 
the most toxic; due to characteristics such 
as high solubility in water, high degree of 
oxidation and ability to cross biological 
membranes, causing alterations in the ce-
llular structure, including DNA (11,12,9).

Cr in the department of Nariño, as in other 
regions is widely used in the leather tanning 
industry, a process that allows obtaining 
good quality leather, rational and economi-
cal production, for these reasons it is diffi-
cult for this method to lose its leadership 
within the microenterprises that employ it 
(13). Inconveniently, the waste generated in 
the tanning process is discharged directly 
and indirectly into the main water sources, 
permanently affecting the life forms pre-
sent in the eff luent, causing loss of biodi-
versity and a significant alteration in the 
ecosystem. According to the investigation 
of Alzate Tejada (2004), for the Rio Pasto 
a concentration of 59 mg L-1 of total chro-
mium was observed in the dumping points 
of solid and liquid waste (Barrio Pandíaco 
- San Juan de Pasto), also, great amount of 
organic matter and low oxygen concentra-
tion (14,5).

Interested in delving into this problem, 
the Research Groups in Microbial Biote-
chnology and Mathematical Biology and 
Applied Mathematics (GIBIMMA), toge-
ther with the microbial processes labora-
tory of the University of Nariño, evaluated 
the efficiency in the reduction of Cr(VI) 
from three bacterial isolates identified as 
B. thuringiensis [MK561610], B. amyloli-
quefaciens [MK561611], and Paenibacillus 
sp. [MK561612], in a Batch-type treat-
ment using water from the Pasto River as 
a substrate, the results indicated reduction 
percentages of 82%; 80% and 79%, res-
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pectively (15). In relation to the research 
in question, it is indisputable that the re-
sults regarding the reduction of Cr(VI) are 
promising; however, gaps were accentuated 
on the hypothesis “a consortium made up 
of the combination of two or three of the-
se bacterial isolates presents greater effi-
ciency in the reduction of the metal in the 
eff luents”. Through the execution of this 
work, is possible to know at a laboratory 
scale the efficiency that a mixed bacterial 
culture could have in the reduction of Cr(-
VI), with the expectation of developing in 
the future a biological strategy for the re-
moval or reduction of Cr(VI). In additiona-
lly, the formulation of a mathematical mo-
del will allow to generate predictions and 
adjustments on this reduction process, with 
the aim of contributing to the management 
of these pollutants and improving the safe-
ty of the environment.

Materials and methods

Viability of bacterial isolates

The source bacterial isolates for this study 
(B. amyloliquefaciens, B. thuringiensis and 
Paenibacillus sp.) were provided by the Mi-
crobial Biotechnology group of the Univer-
sity of Nariño. They were obtained from 
samples of water from the river near the 
tanneries located in the Pandíaco neighbor-
hood (16) (Framework permit for collection 
for scientific research purposes Corpona-
riño-Resolution 126 of February 19, 2015). 

Wild isolates were preserved in glycerol 
at 30% diluted in Luria Bertani (LB) bro-
th and the vials were refrigerated at 4 °C. 
Additionally, the bacteria in this study are 
already registered in the Microbiological 
Collection of the University of Nariño with 
the Single National Registry of Collections 
No. 256 and are in the process of being de-
posited.

The isolates were made viable in test tubes 
with LB broth (Tryptone 10 g L-1, yeast ex-
tract 5 g L-1 and NaCl 10 g L-1), after 24 h of 
incubation at 35 °C, they were propagated 
in petri dishes with LB agar to subsequent-
ly verify their axenic condition by Gram 
staining; consecutively, the cryopreserva-
tion process was carried out, following the 
method of conservation in glycerol at 30% 
(diluted in LB broth) and the vials were re-
frigerated at -20 °C.

Cr(VI) tolerance assay

A pilot test was carried out to confirm the 
tolerance to different concentrations of 
Cr(VI) of each of the bacteria used in the 
study. Cr(VI)-reducing bacteria were see-
ded using the spread plate technique on LB 
agar (Luria Bertani), immediately four discs 
of filter paper (Whatman type 3) impregna-
ted with 7 µL of different concentrations 
of Cr(VI) were placed ( 1200, 1500, 2000 
and 2500 mg L-1) in the form of potassium 
dichromate (K2Cr2O7), an antibiotic sensi-
disc was also deposited as a positive control 
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(ATM Aztreonam 30 µg). Assays were in-
cubated for 36 hours at 35°C; Cr(VI) tole-
rance was established by the absence of in-
hibition halos around each disk. All assays 
were performed in triplicate.

Cross-antagonism tests

To use mixed cultures as initiators of the 
bioremediation process, the compatibility 
verification between the isolates was ca-
rried out by means of the crossed streak 
test. The preparation of the culture was ca-
rried out by inoculating a colony of a cul-
ture previously grown in two tubes with 10 
mL of LB broth, corresponding to each mi-
croorganism, when the liquid cultures rea-
ched a turbidity equivalent to the McFar-
land scale 5 at a wavelength of 600 nm, the 
corresponding bacteria were seeded in LB 
agar, for which the petri dish was divided 
into three sections, in each of the angles B. 
thuringiensis, B. amyloliquefaciens and Pae-
nibacillus sp.

Subsequently, at a 90° angle, the sowing 
of the two additional isolates was carried 
out, that is, in the line of B. thuringiensis, 
B. amyloliquefaciens was sown transversa-
lly and 1,5 cm below Paenibacillus sp., in 
the same way we proceeded for the isolates 
remaining, the process was carried out in 
triplicate. The plates were incubated at 35 
°C for 24 hours, after this period, the an-
tagonistic activity was corroborated by the 
presence of zones of inhibition (2).

Determination of Cr(VI) concentration

A standard curve was made in order to 
quantify the Cr(VI) reduction of the cul-
tures in the treatments. From a standard 
solution of Cr(VI) (100 mg L-1) in the form 
of K2Cr2O7, six dilutions of concentrations 
between 0,1 and 1 mg L-1 of Cr(VI) were 
prepared with deionized water. Sequentia-
lly, 5 mL of each solution were chemica-
lly analyzed using the 1,5 diphenylcarba-
zide colorimetric method, which consists 
of adding 0,25 mL of sulfuric acid (0,5M 
H2SO4), 0,25 mL of phosphoric acid (0,5M 
H2PO4) and 1 mL of 1,5 diphenylcarbazide 
solution dissolved in acetone, homogeni-
zed, and allowed to stand until the develo-
pment of the characteristic color of the re-
action was observed. The absorbance of all 
solutions was determined at a wavelength 
of 540 nm in a UV-1800 spectrophotome-
ter (SHIMADZU ©) (15,17,5). Finally, the 
calibration curve that relates the chromium 
concentration and the absorbance was plot-
ted using GraphPad Prism version 8.4.2 for 
Windows, GraphPad Software, San Die-
go, California USA. (Prism® Trial license 
9750FB1EF35).

Proposal for the composition of the 
consortia

Pure cultures of each bacterial isolate were 
incubated at 35°C until they reached a tur-
bidity with an approximate optical intensity 
of tube number five on the McFarland sca-
le at a wavelength of 600 nm; after the in-
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cubation period, they were combined in 1:1 
proportion for the cultures made up of two 
isolates and 1:1:1 for the culture containing 
the three bacteria. The volume of the cul-
tures depended on the inoculum that was 
used for each experimental phase (10% 
of the volume of the medium), (Modified 
from Chandar, Singh, & Yadav, 2012).

Mathematical approximation

Characteristics of the analytical method

The estimation of the behavior over time 
of the mixed cultures was carried out, con-
sidering the reduction of the Cr(VI) con-
centration and the percentage of reduction. 
For this, ordinary differential equations ba-
sed on logistic growth, the law of mass ac-
tion and Holling-type competition models 
were used, equations that have been used 
in different studies at the biological level; 
allowing to describe the cause-effect rela-
tionships in the evaluated systems (18-20).

Applicable parameters for growth in 
mixed culture and Cr(VI) reduction

The formulation of the mathematical mo-
del for bacterial growth and Cr(VI) reduc-
tion was carried out under the following 
considerations: The bacterial population at 
time t was denoted as (B), assuming that 
bacteria reproduce under logistic growth 
with a reproduction rate (ρ) dependent on 
the amount of substrate (S) present in the 
experimental unit; additionally, the effect 

of intra and interspecific competition of 
bacteria for substrate was denoted (ac) and 
added to the growth-limiting parameters. 
Chromium (C) affects bacterial growth fo-
llowing the law of mass action; since the 
interaction between Cr and bacteria is not 
necessarily one-to-one, that is, several mo-
les of Cr can interact with a bacterium; Si-
milarly, its action depends on the rate of 
bacterial elimination (α) due to the concen-
tration of Cr(VI). On the other hand, this 
law is associated with the rate of Cr reduc-
tion (r), since it will depend on both the 
Cr concentration in the medium and the 
bacterial population, (kc) represented the 
rate of substrate consumption. Finally, (γ) 
symbolized the rate of natural death.

With these considerations, the following 
system of ordinary differential equations 
was obtained:

Equation 1. Modeling of the effect of Cr 
on the growth of the bacterial popula-
tion in the culture with three bacteria.

The suffix on Bi varies from i to k where i 
represents B. thuringiensis, j represents B. 
amyloliquefaciens and k represents Paeni-
bacillus sp.

Thus, the equation for B. thuringiensis:

and for B. amyloliquefaciens it was:
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Finally, the equation for Paenibacillus 
was:

(1)

Equation 2. Modeling of the reduction 
in Cr(VI) concentration by the bacterial 
population.

(2)

Equation 3. Modeling of substrate con-
sumption during the growth of the bac-
terial population.

(3)

The adjusted values for the mentioned ki-
netic parameters were estimated mathe-
matically based on previous experimental 
data through growth kinetics of each bac-
terium in a synthetic medium (5). Finally, 
numerical simulations were carried out 
with the previously calculated parameters 
through the optimization of the values 
using the genetic algorithm method (AG1) 

in the MATLAB 8.5 version R2015a for 
windows, The MathWorks software, Inc., 
Natick, Massachusetts, United States. (Li-
cense: 40904757), which allowed predicting 
different behavior scenarios between the 
different bacterial cultures and the concen-
tration of Cr.

Experimental design

Percentage reduction of Cr(VI) of the 
four consortia in sterile wastewater from 
the Pasto River

The experimental system consisted of fif-
teen 500 mL f lasks with a working volume 
of 250 mL, made up of previously sterili-
zed municipal wastewater (SMWW) from 
the Pasto River, the corresponding bacte-
rial inoculum, and the supplementation of 
50 mg L-1 of K2Cr2O7. The MWW sample 
was collected at the Juan 23 sewage and do-
mestic water collector located in the Pan-
díaco neighborhood of the city of Pasto (N: 
01°13’ 55.9’’, W: 77°17’ 25.4’’) between the 
month March and April 2019. It should be 
noted that, to avoid interference with the 
measurement methods, the water was fil-
tered and subsequently diluted in buffered 
water in a 1:1 ratio. It was sterilized in an 
autoclave at 121 °C for 15 minutes.

We worked from a 10% bacterial inoculum 
that contained approximately 108 bacteria 
per milliliter, considering the different bac-
terial cultures. The above procedure was 
standardized to 108 bacteria per milliliter, at 
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an absorbance of 600 nm; in order to have 
inoculate with a similar population densi-
ty before starting the process. The abio-
tic control treatment consisted of 250 mL 
of sterile municipal wastewater (SMWW). 
The process lasted 156 hours, during this 
time the temperature was kept constant at 
23 °C, pH 7 and agitation 0,2 vvm.

In this instance, the following clarifica-
tions should be made: the final concentra-
tion of Cr(VI) in the medium was calcula-
ted considering that only a fraction of the 
molecular weight of K2Cr2O7 corresponds 
to Cr(VI), therefore, it must be considered 
count the purity of the reagent. The condi-
tions in which the Cr reduction process was 
evaluated approximate the environment in 
which this bioremediation process would 
be carried out, where the growth and, in 
general, the metabolism of microorganisms 
is limited by different factors such as tem-
perature, pH and bioavailability of mine-
rals and nutrients.

Operational procedure

For the determination of the Cr(VI) re-
duction process, samples (0,4 mL) were 
taken every 12 hours in triplicate, which 
were diluted in 25 mL of deionized water 
and consecutively to 5 mL of this dilution, 
0,25 mL of 0,5 M H2SO4, 0,25 mL of 0,5 M 
H2PO4 and 1 mL of 1,5 diphenylcarbazide, 
were added, the mixture was homogenized 
to determine the absorbance at a waveleng-
th of 540 nm. Immediately afterwards, the 

concentration of Cr(VI) and the reduction 
percentage were determined considering 
the previously standardized calibration 
curve and equation 4 (21).

Equation 4. Percentage reduction of 
Cr(VI). Ratio between the initial concen-
tration minus the final concentration, over 
the initial concentration of Cr(VI).

(4) 

The determination of bacterial biomass 
was carried out using the plate extension 
technique. Initially, 1 mL was used for 
the preparation of serial dilutions. Finally, 
100 µL of the 10-3 and 10-5 dilutions of the 
sample were seeded by spread plate in pe-
tri dishes with LB agar and incubated at 35 
°C for approximately 24 hours; After this 
time, the colony-forming units (CFU) were 
counted. The report was made in CFU mL-1 
using equation 5 (22).

Equation 5. Colony-forming units per 
milliliter. Relationship between the num-
ber of colonies by the dilution factor.

(5)
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Percentage reduction of Cr(VI) of the 
selected consortium in unsterilized 
municipal wastewater from the Pasto 
River (MWWs)

In the second phase of the research, PVC 
bioreactors with a total capacity of 12 L and 
a working volume of 7,4 L of unsterilized 
municipal wastewater (UMWW) were used, 
supplemented with 50 mg L-1 of potassium 
dichromate. The water sample was collec-
ted considering the same specifications as 
in the previous phase, except for its steri-
lization. Two control treatments were im-
plemented, biotic and abiotic control that 
consisted of 7,4 L of unsterilized municipal 
wastewater (UMWW) and sterile municipal 
wastewater (SMWW), respectively. In the 
same way, the bioreactors were operated for 
156 hours, the verification processes of the 
reduction percentage in the treatments and 
the growth determination were carried out 
following the same operational procedures.

Statistical data analysis

All observations were carried out in tripli-
cate (n = 3) to improve the analytical pre-
cision of the experiment. To confirm the 
variability of the data obtained and the va-
lidity of the growth results and the Cr(VI) 
reduction potential, a General Linear Mo-
del (GLM) was run due to the characteris-
tics of the data obtained. All analyzes were 
performed with a significance level of 95% 
(p<0,05) using STATGRAPHICS® Centu-
rion XVIII Version 18.1.06, StatPoint Te-

chnologies software. (UDENAR Business 
Academic License).

Ethical considerations

This research was evaluated and approved 
by the Research Ethics Committee of the 
University of Nariño, who according to the 
categories established in article 11 of Reso-
lution No. 008430 of October 4, 1993, of 
the Ministry of Health, classified as “No 
risk” to this study (Minutes No. 001 of May 
15, 2018).

The microorganisms handled in the study 
correspond to risk type I or II. The was-
te generated in the development of this 
project was delivered to the Metropolitan 
Cleaning Company of Pasto (EMAS Pas-
to) under the agreement to provide servi-
ces for the collection, transportation, treat-
ment, and final disposal of hazardous waste 
(Code 5016540).

Results 

Cr(VI) tolerance

The three bacterial isolates grew massively 
when subjected to four solutions with di-
fferent concentrations of Cr(VI), B. thurin-
giensis and Paenibacillus sp., showed toleran-
ce below 2000 mg L-1, B. amyloliquefaciens 
presented a halo of weak inhibition from 
1500 mg L-1. This made it possible to con-
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firm that after the cryopreservation pro-
cess, the isolates maintained the ability to 
tolerate the metal.

Antagonism assay

The seeded plates were examined by the 
cross-streak method in search of zones of 
inhibition, which would indicate antago-
nism between the isolates. When observing 
the plates with the combinations, it was no-
ted that they did not show antagonism; the-
refore, it was determined that the three iso-
lates could be compatible with each other 
for the formation of effective consortia in 
the reduction of Cr(VI) (2).

Cr(VI) quantification

The 1,5 diphenylcarbazide colorimetric me-
thod used in this study for Cr(VI) quantifi-
cation is used as a standard method due to 
its success in determining Cr(VI) at trace 
levels in tap, river, and wastewater samples 

and groundwater (23). For this study, a co-
efficient of determination (R2) of 0,9958 
(Abs = 0,5992 [Cr]-0.02465) was obtained 
and a detection limit of 0,09 mg L-1 was 
reached when a sample volume of 400 µL 
was used.

Table 1 reports the average values of the 
absorbance data obtained for the standards 
of known concentration, as well as the co-
efficient of variation and the standard de-
viation of the data, values that support the 
precision and reliability of the calibration 
curve. The coefficient of variation indica-
tes the homogeneity of the absorbance data 
obtained for each concentration, while the 
standard deviation allows us to observe the 
concentration of the data around the mean, 
these two values ensure the quality and re-
producibility of the data. In addition, the 
calibration curve (see figure 1) shows good 
linearity, with a fit R2 = 0,9958, which re-
presents reliability of the experimental fit.

Table 1. Data used in the calibration curve.

Concentration Cr(VI) mg L-1
Absorbance (540 nm)

Arithmetic average SD %VC
M1 M2 M3

0,1 0,037 0,035 0,035 0,036 0,001 1,619

0,2 0,106 0,089 0,098 0,098 0,009 8,708

0,4 0,226 0,201 0,214 0,214 0,013 5,852

0,6 0,31 0,298 0,304 0,304 0,006 1,974

0,8 0,459 0,479 0,469 0,469 0,01 2,132

1 0,619 0,544 0,582 0,582 0,038 6,447
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Figure 1. Calibration curve. Concentration vs. absorbance relationship by colorimetric analysis.

Mathematical approximation

Mathematical prediction of the behavior 
of mixed crops

Table 2 reports the values of the parame-
ters present in the model; It should be no-
ted that, although the values of the para-
meters were postulated from data on the 

kinetics of growth and reduction of each 
of the bacterial isolates; an absolute simi-
larity between the prediction and the ex-
perimental data of the present work cannot 
be expected, since these parameters were 
adjusted under optimal culture conditions 
for bacterial growth.

Table 2. Kinetic parameters obtained using the genetic algorithm.

Model parameters B. thuringiensis B. amyloliquefaciens Paenibacillus sp.

Reproduction rate (ρ) 0,0867 0,2359 0,1354

Substrate consumption rate (kc) 8,0350e-9 1,0158e-8 1,2018e-8
Adjustment parameter–competence (ac) 6,3300e-9 4,0490e-9 9,9900e-9
Cr(VI) reduction rate (r) 1,4900e-9 2,6700e-9 1,8690e-9
Natural death rate (γ) 0,0580 0,0188 0,0040
Death rate by Cr action (α) 0,00038 0,0031 0,00068

Figures 2 to 5 show the curves resulting 
from the simulation process of the consor-
tia, the growth curves are located on the 
right and the Cr(VI) reduction graphs on 
the left. For the first mixed culture made 

up of B. thuringiensis and Paenibacillus sp. 
(Bt + Ps); based on the simulations, a re-
duction percentage of 24 % was observed 
when using this culture. In the bacterial 
growth curves, two growth peaks are ob-
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adaptation to the medium with Cr, dissimi-
lar growth rates and inequality in the meta-
bolic efficiency against Cr(VI) (Figure 2).

Figure 2. Prediction behavior of  conformed culture by B. thuringiensis and Paenibacillus sp. (Bt + Ps), (left)  
Reduction of  Cr(VI), (right) Bacterial growth.

Figure 3 represents the postulated reduc-
tion curve for the mixed culture made up 
of B. thuringiensis and B. amyloliquefaciens. 
(Bt + Ba), which indicates that the reduc-
tion percentage for this crop is likely to be 
28%. When introducing the values of the 
bacteria parameters in the equations of 
the proposed mathematical model, right 

served, they can be caused by differences 
in the metabolism of the bacteria, which 
is ref lected in variations in the phases of 

side graph was obtained, in which a lower 
growth was observed for B. thuringiensis, 
almost parallel to the growth of B. amyloli-
quefaciens, with dissimilarities in the phase 
of cell death, since rate of cell elimination 
by the action of Cr seems to be lower in the 
case of B. thuringiensis.

Figure 3. Prediction behavior of  conformed culture by B. thuringiensis and B. amyloliquefaciens.  
(Bt + Ba), (left) Cr(VI) reduction, (right) Bacterial growth.
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The reduction percentage for the culture 
composed of B. amyloliquefaciens and Pae-
nibacillus sp., was 32% in the period of 156 
hours. Unlike the two previous models, in 
this case a simile of the stationary phase 
of the theoretical growth curves is obser-
ved, most of the reduction could be carried 

out by the bacterium B. amyloliquefaciens; 
since, up to 60 hours, the percentage of re-
duction is around 6%, later the Paenibaci-
llus bacterium begins its death phase and 
B. amyloliquefaciens increases its growth, 
which overlaps with the increase in the me-
tal reduction process (see figure 4).

Figure 4. Prediction behavior of  conformed culture by B. amyloliquefaciens and Paenibacillus sp. (Ba + Ps),  
(left) Cr(VI) reduction, (right) Bacterial growth.

Figure 5 indicates the result of the simu-
lation of the mathematical modeling for 
the culture made up of the three bacteria 
B.thuringiensis, B. amyloliquefaciens and 
Paenibacillus sp., this consortium reached a 
reduction percentage of 30%. The greatest 
reduction activity occurred in the interval 
from 60 to 120 hours, a period in which 
the bacteria B. thuringiensis and B. amylo-
liquefaciens seem to reach the exponential 
and stationary phases. On the other hand, 
the bacterium Paenibacillus sp., presented a 

similar growth curve in each of the predic-
tions, this is probably due to the fact that, 
according to the data used in the estima-
tion of the model parameters, this bacte-
rium presented a good growth in different 
concentrations. of Cr (data not supplied). A 
similar phenomenon occurred with the bac-
terium Pseudomonas putida APRRJVITS11, 
which despite indicating a high tolerance 
to Cr (1250 ppm) showed better growth at 
concentrations of 100 ppm Cr(VI) (24).
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Figure 5. Prediction behavior of  conformed culture by B. thuringiensis, B. amyloliquefaciens and Paenibacillus sp.  
(Bt + Ba + Ps), (left) Reduction of  Cr(VI), (right) Bacterial growth. 

When observing the predictions in more 
detail, it is possible to notice that Paeniba-
cillus first develops its growth on the other 
two bacteria involved in the models, which 
would corroborate the hypothesis that the 
theoretically evaluated Cr concentration 
affects its growth to a lesser extent. The 
results observed in the simulations indica-
te that there is no major difference in the 
percentages of Cr(VI) reduction (24, 28, 32 
and 30%) when using any of the proposed 
cultures, since all reached concentrations 
close to 35 mg L-1 at the end of the evalua-
tion period.

Under the conditions of the experiment, it 
was possible to evaluate the effect of Cr(-
VI) concentration on bacterial growth and, 
at the same time, how it relates to Cr(VI) 
reduction; however, the interaction of the 
bacteria with another type of substrate, 
such as the residual water of the Pasto Ri-
ver, could present different perspectives to 
that observed in the models; therefore, it is 

pertinent to carry out the selection process 
with the four proposed treatments.

Selection of the mixed bacterial culture 
with the greatest reduction potential

The growth and Cr reduction curves of the 
cultures made up of Bacillus thuringiensis 
(Bt), B. amyloliquefaciens (Ba) and Paeni-
bacillus sp. (Ps); cultured in sterile muni-
cipal wastewater in the presence of Cr(VI) 
at a concentration of 50 mg L-1 are shown 
in figures 6A to 6D, in general there was 
no adaptation or latency phase in the first 
hours of the trial, for In this phase, bacte-
rial growth was not significantly inf luenced 
by Cr(VI), while two peaks of exponential 
growth were observed, the first from 0 to 
36 hours and the second during 84 to 96 
hours of fermentation.

The results of the statistical analysis allowed 
us to observe that there is a highly signifi-
cant relationship between growth and the 



Pinta-Melo et al. Contrast between a mathematical model and the bioreduction process of 
Cr(VI) by consortia of bacteria isolated from wastewater of the Pasto River

155

factors, treatment (bacterial culture) and 
time (p-value 0,0000). The general linear 
model (GLM) was significant and explained 
80,4% of the variability in the data (p-value 
0,0000), consequently, there is 19,6% of va-
riation in the data that is attributed to other 

factors that modify the dependent variable 
(growth). Using Fisher’s multiple compari-
son test (LSD), the existence of significant 
differences with respect to growth and the 
comparison between pairs of means was 
graphically verified (see figure 7).

Figure 6. Evaluation of  the joint action of  crops and their effect on the reduction of  Cr(VI) in sterile municipal wastewater. a) 
Growh and reduction of  Cr by B. thuringiensis and Paenibacillus sp. (Bt+Ps.), b) Growh and reduction of  Cr by B. thuringiensis 

and B. amyloliquefaciens (Bt+Ba), c) Growh and reduction of  Cr by B. amyloliquefaciens and Paenibacillus sp. (Ba+Ps) and d) 
Growh and reduction of  Cr by B. thuringiensis, B. amyloliquefaciens and Paenibacillus sp. (Bt+Ba+Ps).

Figure 7. Fisher’s multiple comparison procedure – growth phase 1, graphs that do not exceed  
indicate significant differences between pairs of  means.
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When evaluating the percentage of Cr(VI) 
reduction by the four mixed cultures, it was 
found that in sterile municipal wastewater 
(SMWW) supplemented with approximate-
ly 50 mg L-1 of Cr(VI), the isolates presen-
ted percentages of reduction of 26, 31, 36 
and 40% for Bt+Ba, Bt+Ps, Bt+Ba+Ps and 
Ba+Ps, correspondingly, since it was deter-
mined that there are statistically significant 
differences in the reduction percentages of 
three of the four treatments (P value 0,030 
α 0,05) and considering that the other cul-
tures are less effective in percentage in 
metal reduction, the Ba+Ps culture was 
selected to further expand the study of Cr 
reduction in municipal wastewater without 
sterilizing MWW (Phase 2) for presenting 
a higher reduction percentage after a fer-
mentation period of 156 hours.

Cr reduction test in unsterilized 
municipal wastewater

The action of the selected culture (Ba+Ps) 
linked to the reduction of Cr(VI) in unste-
rilized municipal wastewater (UMWW) was 
evaluated, considering that it presented a 
greater potential for Cr(VI) reduction. The 
consortium showed a reduction of 91,5% 
of Cr(VI) after 156 hours with a reduction 
rate of 0,30 mg h-1 in a medium consisting 
of UMWW and approximately 50 mg L-1 of 
Cr(VI); Bacterial growth in the assay conti-
nued to increase until 72 hours, when it rea-
ched the maximum value of CFU mL-1 (see 
figure 8). In contrast, the assay that contai-
ned SMWW without inoculum presented 

an almost null reduction (3%), which indi-
cates that possibly there are some elements 
in the medium that induce the reduction of 
Cr in a very small fraction; Studies related 
to Cr(VI) reduction processes mention that 
Fe ions present in the treated solutions can 
reduce Cr(VI) to Cr(III) under alkaline 
conditions (25).

For this study, the results of the par-
tial physicochemical and microbiological 
analyzes contracted with the laboratories of 
the University of Nariño (report No: LAQ-
R-99A-19), indicated Fe concentrations 
lower than 0,26 mg Fe+3 L-1 in treatments, 
showing that this is possibly responsible for 
the reduction in the treatment without ino-
culation. Additionally, the COD and BOD 
ratios (>0.4) in the treatments indicate that 
the collected wastewater can be treated by 
biological processes. Otherwise, values less 
than 0,2 indicate that most of the load pre-
sent in the water is not biodegradable, for 
this reason the chemical treatment would 
be adequate for its purification (26).
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Figure 8. Evaluation of  the joint action of  B. amyloliquefaciens and Paenibacillus sp. (Ba+PS), in the reduction of  Cr (VI) in 
municipal wastewater. a) Control sterile municipal wastewater (SMWW), b) Control unsterilized municipal wastewater (UMWW) 

and c) Municipal wastewater inoculated with Ba+Ps. Source: This study

The MLG was highly significant and exp-
lained 83% of the variability in the growth 
data (p-value: 0,0000); In addition, it was 
determined that there is a statistically sig-
nificant relationship between the dependent 
variable (growth) and the independent varia-
bles (treatment and time). Using Fisher’s least 
significant difference (LSD) procedure, it 
was verified that there are significant diffe-
rences in the growth kinetics of the inocu-
lated treatment and the controls with sterile 
and non-sterile residual water (see figure 9).

In the same way, it was found that there 
is a highly significant interaction between 
the reduction of Cr(VI) and the variables 

treatment and time (p-value 0,0000), these 
two factors explained 96,7% of the varia-
bility of the data of the metal reduction. 
It was determined that there are statistica-
lly significant differences in the percenta-
ge reduction of the inoculated treatment 
compared to the controls (P value 0,0000 α 
0,05); on the contrary, no differences were 
found regarding the reduction percentage 
of the control with UMWW and the con-
trol with SMWW and without inoculation 
(UMWW) (3 %); which indicates that the 
addition of the selected mixed culture was 
responsible for the increase in the reduc-
tion percentage.
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Figure 9. Fisher’s multiple comparison procedure – growth phase 2, graphs that do not exceed indicate significant differences 
between pairs of  means. Ba+Ps Municipal wastewater inoculated with Ba+Ps., SMWW Control-sterile municipal wastewater 

and UMWW Control-unsterilized municipal wastewater.

Discussion

Conformation of mixed cultures and 
their tolerance to hexavalent chromium

In accordance with the tolerance to Cr, 
what was reported by Banerjee, Misra, 
Chaudhury, & Dam, (2019), is similar to 
what was found in this study, they reported 
the isolation of Bacillus obtained from soil 
samples from an abandoned mine, which 
presented a high tolerance to heavy metals 
such as nickel, cadmium, and Cr(VI), for 
the latter a minimum inhibitory concentra-
tion (MIC) of 2000 mg L-1 is reported (27). 
However, as described by Castro & Marín 
(2018), metal tolerance depends on several 
factors, from the genus to which it belongs 
to the conditions of the site from which it 
was isolated. Castro and Marin reported 
three bacteria, one of the Bacillus genus 

that presented a MIC of 200 mg L-1, Pseudo-
monas MIC of 2000 Cr(VI) and Halomonas 
>5000 mg L-1 of MIC (28).

Similarly, Kafilzadeh & Saberifard (2016) 
isolated bacteria from river sediments, be-
longing to the species Pseudomonas aerugi-
nosa and Bacillus cereus that, despite being 
isolated from the same source, differ in 
their resistance to Cr(VI), MIC of 200 and 
100 mg L-1 Cr(VI), respectively. Likewi-
se, Kalsoom et al. (2021), mention that of 
46 bacteria isolated from the rhizosphere 
soil, 100% were resistant to Ni, Pb and Zn; 
while only 53% showed tolerance to Cr at 
concentrations of 100 mg L-1. Therefore, it 
is believed that, compared to other bacte-
ria isolated from ecosystems contaminated 
with heavy metals, the bacterial isolates 
used in the current study have a greater re-
sistance capacity to high concentrations of 
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Cr(VI) ≤2000 mg L -1. Therefore, these can 
be effective in remediation strategies for 
ecosystems contaminated with Cr(VI).

Regarding the cross-streak method is a re-
liable and effective technique, used in de-
tection programs for microorganisms with 
antagonistic activity of possible antibiotic 
producers, it is also used to evaluate the 
compatibility of bacterial strains used for 
the composition of consortia used as star-
ter cultures of antibiotics. different proces-
ses. (29,2). Certainly, since there is no an-
tagonism between these bacteria, there are 
other types of interactions that are possibly 
related to commensalism, synergism, mu-
tualism and even a certain degree of com-
petition. However, as can be seen later in 
the description of the growth of the con-
sortia, a commensal relationship is possible 
where, in the early stages of the process, 
one of the bacteria initiates the process of 
transforming the medium, adapting it to 
the needs of the bacteria (30,31).

Evaluation of the growth and reduction 
of chromium by the conformed cultures 
in sterilized municipal wastewater

As mentioned in section 4.5, in the growth 
curves of the different crops, two growth 
peaks were observed. This phenomenon 
was also observed by Roestorff & Chirwa 
(2018), when implementing a second 
self-sustaining carbon source to the Cr(VI) 
bioremediation process with bacteria. In 
their study, they reported that after the cell 

content is expelled into the medium due to 
lysis caused by Cr(VI) toxicity, the persis-
tent bacteria are capable of generating new 
biomass from the metabolites released (32). 
On the other hand, according to Mbonam-
bi & Chirwa (2019), the absence of the la-
tency period in this kinetics could be as-
sociated with the environment from which 
the bacteria used in the present study were 
isolated; since to survive under conditions 
in which they receive periodic loads of the 
contaminant, they must have the ability 
to tolerate high concentrations of Cr(VI). 
Considering that untreated discharge sites 
are common in small tanning industries 
and therefore these bacteria are adapted to 
the presence of Cr (33,9).

In the four treatments between 48 and 120 
hours, time in which the exponential and 
stationary growth phases are observed in 
the simulations, there are oscillations in 
the bacterial growth kinetics of the expe-
riment; which according to Ontañon, Fer-
nández, Agostini, & González (34) may 
be caused by the accumulation of Cr(III) 
inside the cell leading to lysis, a response 
that translates into the decline of bacterial 
density, as a response to the effect of Cr(I-
II) into the cell, since during this time the 
scarcity of nutrients does not greatly limit 
growth. Therefore, the bacteria that have 
not yet been (34)affected by Cr concentra-
tions continue with the process of cell di-
vision and transformation of the medium 
(35,34). Additionally, the variations in the 
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growth patterns in the kinetics of the four 
treatments also depend on the metabolic 
efficiency of each microorganism to assi-
milate the nutrients present in the medium 
(36,37).

Ontañon, Fernández, Agostini, & Gon-
zález (2018) reported reduction percenta-
ges close to those observed in the present 
study, when submitting a strain of the Ba-
cillus genus isolated from the SFC 500-1 
consortium, which came from a tannery 
eff luent (34). When evaluating this isolate 
at a concentration of 50 mg L-1 of Cr(VI) in 
a synthetic medium, they observed that, af-
ter more than 72 hours, the treatment rea-
ched a reduction percentage of 43%, this 
suggests that the treatments evaluated in 
this study are close to efficiencies repor-
ted by other authors; even, by not presen-
ting optimal nutritional requirements such 
as those available in synthetic media. The 
foregoing makes these cultures and espe-
cially Ba+Ps a potential alternative for the 
biotreatment of eff luents/wastewater, con-
sidering the ecological advantages of using 
wild bacteria for bioremediation.

Initially, the results of this first phase show 
that the bioassay with two or three of the 
bacterial isolates is less efficient than the 
individual action of these, since, as mentio-
ned by Guerrero et al. (15), the isolates se-
parately present percentages of 82 %; 80% 
and 79% for B. thuringiensis, B. amylolique-
faciens, and Paenibacillus sp, respectively. 
This coincides with the data obtained by 

Mora Collazos (8), who determined that 
the test with two and three additional bac-
teria decreases the reduction percentages 
and increases the process time compared 
to individual reduction. However, when 
performing an additional test with the A. 
hydrophila CrMFC5 strain and its study 
microorganism Bacillus sp. G3 found an 
improvement in the Cr(VI) reduction effi-
ciency, which was ref lected in the reduction 
percentage and time (100% at 32 hours); 
therefore, the hypothesis of obtaining be-
tter reduction percentages with the asso-
ciation of other microorganisms present in 
the wastewater cannot be ruled out.

Evaluation of the growth and reduction 
of chromium by B. amyloliquefaciens y 
Paenibacillus in unsterilized municipal 
wastewater

In accordance with the results of section 
4.6, it is suggested that the Ba + Ps crop 
supplement in the treatment could be a 
suitable biological system to improve the 
biotreatment of eff luents/wastewater con-
taminated with Cr(VI), because in gene-
ral, most of the methods traditional reme-
diation are unfeasible at concentrations 
below 100 mg L-1 Cr(VI) (38,37). Current-
ly, different microorganisms are reported, 
especially “indigenous” bacterial species, 
with high resistance and reduction of Cr(-
VI); however, most evaluate these per-
centages under optimal conditions, pH, 
temperature, carbon source, agitation, ae-
ration, etc. (39,40,3), implying to increa-
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se in a certain way additional costs to the 
treatment processes.

In the present study, the process of Cr(VI) 
reduction was evaluated by simulating en-
vironmental conditions, considering that 
the mechanism of resistance and reduction 
of Cr(VI) is dependent on these factors 
and therefore, the strains used in biore-
mediation processes on a larger scale, they 
should be able to reach high percentages of 
reduction under unfavorable conditions for 
their growth. In this sense, as can be seen 
in figure 8C, the initial reducing activity is 
lower in the interval from 0 to 72 hours, 
and subsequently rises until Cr(VI) is redu-
ced by 91%. This phenomenon may possi-
bly be due to the different distributions of 
growth among the bacteria and even due to 
the action of other types of contaminants 
present in the water that could interfere in 
the reduction processes, causing the biore-
mediation of Cr to be limited in the first 
hours (41,8,11).

In figures 8A and 8B, f luctuations in the 
amount of Cr(VI) are observed during the 
evaluated time, this can be attributed to the 
portion of Cr adsorbed by the cells due to 
biosorption or the formation of precipita-
ted organometallic complexes with Cr(VI ). 
It is important to highlight that the presen-
ce of these Cr(VI) complexes in the media 
does not contribute to the spectrophotome-
tric readings [Cr(VI)], since these measu-
rement techniques involve the analysis of 
supernatants that quantify only soluble Cr 

(38). On the other hand, despite the genera-
tion of contamination in the final stages of 
the process in the abiotic control (SMW), 
no reducing activity was observed by the-
se microorganisms, the concentration of Cr 
did not decrease from 49,6 mg L-1, which 
implies and reiterates that the tolerance to 
Cr(VI) is independent of the reduction ca-
pacity (11,27,42).

Conclusions

The predictive mathematical models execu-
ted in the first phase of the study allowed 
an assertive approach to the dynamics of 
Cr(VI) reduction due to the joint action of 
the three bacterial isolates used in the study, 
which in addition to the results of the se-
cond phase is confirmed for this study, that 
the joint action of several microorganisms 
does not necessarily grant greater efficien-
cies in the reduction process.

The consortium formed by the bacteria B. 
amyloliquefaciens and Paenibacillus sp., is 
capable of carrying out the effective reduc-
tion of Cr(VI) in bioreactors with wastewa-
ter from the sterile Pasto River, therefore, 
it can be used as a potential agent for effec-
tive bioremediation from sites contamina-
ted with heavy metals.

Under unfavorable fermentation conditions 
for its growth, the Ba + Ps culture made 
up of B. amyloliquefaciens and Paenibacillus 
sp., was able to reduce 91% of Cr(VI) from 
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an initial concentration of 50 mg L-1 in a 
treatment with unsterilized municipal was-
tewater from the Pasto River.

In order to continue scaling up the biore-
mediation process, it is necessary to inves-
tigate the possibility of designing biopro-
ducts from these isolates that allow their 
application in water treatment technologies 
that contribute to mitigating the effect of 
contaminated eff luents on the ecosystems.

Consequently, it is recommended to inves-
tigate what genetic determinants bacteria 
B, thuringiensis, B. amyloliquefaciens and 
Paenibacillus sp. present, which allow them 
to tolerate or reduce the concentration of 
Cr(VI) in the medium.
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