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Halogenated compounds are environmental pollutants toxic to humans and wildlife.
Certain microorganisms degrade these halogenated compounds. However, little is
known about the potential of microorganisms in bioremediation under extreme
conditions, specifically in arid and semi-arid soils frequently exposed to high
temperatures and desiccation periods. Arid and semi-arid environments and deserts
make up vast areas of Earth’s landmass. To investigate the degradation of 2-chlorophenol
(2-CP) in soils as a function of temperature and water availability, three bacterial
species were tested, two soil mesophiles of the genus Rhodococcus, R. opacus and
R. erythropolis, and a soil thermophilic isolate, Parageobacillus thermoglucosidasius.
Degradation trials in soil samples with these species were performed over a range of
water activity from 1 to 0.4. At their optimum growth temperature, R. opacus showed
maximum 2-CP degradation at water activity 0.9 sharply decreasing when lowering
water activity. Nevertheless, the Parageobacillus isolate (optimum growth temperature
60°C) showed maximum 2-CP degradation rates at water activity 0.5 which represented
highly desiccating conditions. Parageobacillus degradation of 2-CP was very low at water
activity above 0.9. Thus, biodegradation of 2-CP in soils is possible even under arid
conditions although different microbial species might be involved in this task depending
on the interactions of abiotic factors and the diversity of microbial communities in
soils. These results contribute to understand the potential biodegradation of specific
halogenated compounds in the environment which is of great relevance to comprehend
the fate of halogenated pollutants (i.e., 2-CP) in deserts, arid and semi-arid soils.

Keywords: 2-chlorophenol, temperature, water availability, desiccation, soil, biodegradation Rhodococcus,
Parageobacillus, bioremediation

INTRODUCTION

Halogenated compounds, such as chlorophenols, represent important environmental pollutants.
Chlorophenols are released into the environment through anthropogenic activities, for instance by
their use in pesticides, herbicides, their presence in industrial wastes (Arora and Bae, 2014) and
also as a result of organic matter combustion and biological chlorination (Ahling and Lindskog,
1982). Chlorophenols can adhere onto particulate organic matter persisting in the environments for
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extended periods of time and leading to accumulation
in the organisms through different trophic levels.
Understanding the fate of chlorophenols in nature is complex
and it is certainly the result of an interplay of biotic and
abiotic processes.

The biological degradation of chlorophenols has been
studied (Arora and Bae, 2014) and several microorganisms
have been reported to be able to mineralize chlorophenols
(Arora and Bae, 2014). The extent to what these microorganisms
could perform chlorophenol degradation in the natural
environment remains to be fully understood. In addition, the
influence and effect of multiple abiotic factors needs to be
added to our comprehension of chlorophenol degradation
to be able to provide a knowledgeable management of
bioremediation procedures and models on the environmental
fate of chlorophenol.

Soils are highly heterogeneous environments (Or et al,
2007) holding a huge microbial diversity (Curtis et al,
2002). As a consequence, following the fate of chlorophenols
in these environments is a complex task. Environmental
factors, such as temperature and water content, are important
contributors to soil heterogeneity and changes in microbial
activity (Manzoni et al., 2012) which must directly influence
soil biodegradation of chlorophenols. Nevertheless, the influence
of these factors and their interplay with specific chlorophenol-
degrading microorganisms remains to be understood.

Meteorological factors can influence the functioning and
mechanisms occurring at upper soil layers. For instance, high
temperature and sun exposure can result in elevated temperature
measurements at upper soil layers (Portillo et al., 2012), which
implies the activation of soil thermophilic bacteria (Portillo et al.,
2012), and, consequently, cause a switch on the functionally
dominant bacteria and metabolic processes (Portillo et al., 2012;
Santana and Gonzalez, 2015). This scenario can have important
consequences both at local and global scales (Santana and
Gonzalez, 2015). In addition, high temperature events imply
increased evaporation leading to soils with low water availability,
desiccation and aridity. Temperature and water content are
intimately related at upper soil layers and could be implicated
in important consequences on the behavior of soil microbial
communities (Manzoni et al., 2012; Biederman et al., 2016),
including their potential for biodehalogenation. There is a
current gap in our knowledge on the influence of these factors
(temperature and water availability) on the microbial potential to
decompose chlorophenols.

The extension of landmass assigned to deserts, arid and semi-
arid ecosystems represents a major area of terrestrial Earth
surface located mostly at medium and low latitudes (Portillo
et al., 2012; Santana and Gonzalez, 2015). Many of the arid-
classified sites are potential targets for halogenated compound
disposal in the field because these lands frequently belong to
under-developed countries or present relatively low inhabiting
human population. In this scenario, understanding the fate of
chlorophenols in dry terrestrial environments is an important
concern to envision if these pollutants are to be decomposed or
will long persist in these environments.

This study will focus on 2-chlorophenol (2-CP) as a case
study of biodehalogenation to better understand the fate

of this pollutant in soils. We directed special attention to
the effect of temperature and desiccating conditions on the
fate of 2-CP in the environment. The aim of this study is
to assess the influence of high temperature and low water
content on the differential removal of 2-CP by distinct soil
bacteria as a first approach to understand the potential
bioremediation of halogenated pollutants, above all, in arid and
dry soils.

MATERIALS AND METHODS

Bacterial Strains and Soil Samples

Two mesophilic (optimum growth temperature 28°C), 2-
CP-degrading strains of the genus Rhodococcus, R. opacus
IG (DSM 43205) (Klatte et al, 1994) and R. erythropolis
DSM 43066 (Goodfellow and Anderson, 1977), were used
in this study as soil isolates previously evaluated for their
ability to degrade 2-CP (Bondar et al,, 1999; Goswami et al.,
2002; Arora and Bae, 2014). These strains were grown in
medium 535 (Klatte et al, 1994) as recommended by
the DSMZ (German Collection of Microorganisms and
Cell Cultures) which composition (per liter) included:
pancreatic digest of casein (17.0g), enzymatic digest of soy
bean (3.0g), sodium chloride (5.0g), dipotasium hydrogen
phosphate (2.5g), and glucose (2.5g). Medium 535 was
adjusted to pH 7.3. In addition, a soil thermophilic isolate
(optimum growth temperature 60°C), P. thermoglucosidasius
strain 23.6 (previous Geobacillus) (Aliyu et al, 2016) was
a representative of the ubiquitous thermophilic bacterial
community detected in soils (Marchant et al, 2002; Portillo
et al, 2012) and grown in Nutrient Broth which contains
(per liter): beef extract (5.0g), peptone (10.0g), and sodium
chloride (5.0g). Nutrient Broth was adjusted to pH 7.2 at
60°C. Strain 23.6 was confirmed to decompose 2-CP in
liquid medium.

Soil samples were collected at Coria del Rio (Sevilla, Spain)
at the experimental agricultural area “La Hampa” (IRNAS-
CSIC) which soil characteristics have been previously reported
(Cardoso de Barros, 1996).

Biodegradation of 2-Chlorophenol

Most studies have performed estimates of dehalogenation in
aqueous solution. Unlike them, herein, we present a more
realistic analysis by quantifying decomposition of a halogenated
compound (i.e., 2-CP) in soils considering its high physical
and chemical heterogeneity. The procedure allows to evaluate
decomposition of 2-CP (and similarly other halogenated
pollutants) at different water availabilities (i.e., water activity).
To evaluate the decomposition of 2-CP over time by the studied
strains under realistic soil conditions, 400 mg of autoclaved soil
(3 consecutive days each at 121°C for 20 min) were supplemented
with 2-CP (50 pl, 0.5 g/1) and 70 pl of a culture at its exponential
phase of growth. Controls lack the addition of cells which were
replaced by the same volume of sterile distilled water. The soil
plus cell mixtures were desiccated in a vacuum concentrator
(Micro-Cenvac, N-Biotek, Gyeonggi-do, South Korea) to obtain
the desired water activity (ay,). Once the desired a,, was obtained,
the samples (in triplicates) were placed in an incubator to the
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FIGURE 1 | Examples of the decay curves of 2-CP decomposition over time by Rhodococcus opacus (A; at ay 0.93) and Parageobacillus thermoglucosidasius (B; at
aw 0.96) in soil samples.

required growth temperature (either 20 or 60°C for mesophiles
or thermophiles, respectively). Over time, samples were collected
at 0, 4, 8, 24, and 72 h incubation to determine the concentration
of 2-CP in the soil mixtures.

Water activity represents the water available for
microorganisms and it is defined as the partial vapor pressure
of water in a sample divided by the partial vapor pressure of
pure water, and it ranges from 0 (no water) to 1 (water). The
ay was determined using a water activity probe (Rotronic AG,
Bassersdorf, Switzerland). The soil sample to be determined
was placed in the temperature controlled probe chamber
to perform the measurement following the manufacturers
recommendations. As a reference, the minimum a,, that allows
the growth of a microorganism (the fungus Xeromyces bisporus)
is >0.63 (Stevenson et al., 2015).

Quantification of 2-CP was carried out by HPLC (Agilent
Infinity 1260; Agilent, Santa Clara, California, USA) using a
mobile phase consisting on Acetonitrile:Water (70:30), and
an injection volume of 10 pl through a column Agilent
Zorbax Eclipse Plus C18 (Agilent, USA) at 35°C. Soil aliquots
collected over time were supplemented with 1ml acetonitrile
to dissolve 2-CP, sonicated at 40°C for 15min and vortex at
room temperature for additional 15min. The suspension was
centrifuged at 8,000 x g for 4 min. The supernatant was collected
and filtered through a 0.2 wm-pore-diameter filter. The extracted
solution was injected in the described HPLC system and 2-CP
quantified by peak integration after absorbance measurement
at 273nm (Goswami et al, 2002). 2-CP quantifications over
time were used to estimate the decomposition rate (per hour)
through the linear portion of the decay curve (Figure1).
These decomposition rates were estimated by linear regression
(Sokal and Rohlf, 1995). All experiments were carried out in
independent triplicates and the averages and standard deviations
are presented.

RESULTS AND DISCUSSION

Understanding the functioning of soil ecosystems under a
variety of environmental conditions is a requirement for a
proper management of soils. Soils can be used as a source for
economical benefit and food products as well as a potential site
for the biodecomposition of human activity pollutants. Soils,
and specifically, semi-arid and arid soils, are potential targets
for dumping halogenated pollutants. Their environmental risks
are high and it is of most importance to understand when and
how the biodecomposition of 2-CP (as well as other halogenated
pollutants) occurs in these soils.

Environmental conditions, such as high temperature and
dry periods, affect soil upper layers. Besides, these upper layers
are the most influenced by pollutants. However, the range
of environmental conditions allowing bacteria to biodegrade
halogenated compounds remains to be studied. Herein, we
approach the biodegradation of 2-CP in a soil by different soil
bacteria under a variety of temperature and water availability
conditions commonly observed in natural soils.

The analysis of the capability of Rhodococcus species to
decompose 2-CP in natural soils revealed that these soil
mesophiles are only able to carry out efficient biodegradation
of 2-CP under soggy and temperate conditions (Figure 2).
Nevertheless, soil upper layers frequently reach high
temperatures (e.g., up to 75°C during summer in Southern
Spain and over 90°C at desserts) (McCalley and Sparks, 2009;
Portillo et al., 2012) and consequently, their water availability
is highly reduced, reaching highly desiccating values. Under
these frequently encountered soil conditions, it is unknown
if bacteria can carry out the process of decomposition of
halogenated pollutants in soils and which bacteria and under
which conditions this could be processed. Common 2-CP
decomposing soil bacteria, such as R. opacus and R. erythropolis,
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FIGURE 2 | Biodegradation of 2-CP in soil as a function of water activity for
three bacterial species: a thermophilic Parageobacillus thermoglucosidasius
(black continuous line and squares), and two mesophiles, Rhodococcus
opacus (black discontinuous line and triangles) and R. erythropolis (gray
discontinuous line and triangles). Note that the optimum 2-CP decomposition
rate for the thermophilic species, P thermoglucosidasius, was observed at
water activity 0.5 (corresponding to a quite dry soil). For Rhodococcus, the
optimum 2-CP decomposition rate occurred under soggy conditions, at water
activity >0.9. Error bars represent one standard deviation.

are unable to carry out efficient decomposition of 2-CP in dry
soils and at high soil temperatures (Figure 2).

Nevertheless, our results have shown that common soil
thermophilic bacteria (i.e., Parageobacillus) (Portillo et al., 2012;
Santana and Gonzalez, 2015; Aliyu et al., 2016) are capable of
efficiently biodecompose 2-CP under high temperature and dry
conditions commonly observed at upper soil layers (Figure 2).
This suggests that thermophilic bacteria could replace mesophiles
during hot soil periods. In fact, soils can get frequently hot at
medium and low latitudes which is coincident with those land
areas on Earth most exposed to high temperatures (Gonzalez
et al., 2015; Santana and Gonzalez, 2015). These results confirm
that under arid conditions, some soil bacteria can continue the
biodegradation process of halogenated pollutants (i.e., 2-CP) and
so these polluted soils can be bioremediated even under extreme
temperature and water scarcity conditions.

Previous reports have indicated that thermophilic bacteria
are ubiquous in soils (Marchant et al., 2002; Portillo et al,
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