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Abstract

The increasingly rapid growth of both, population- and food demands has driven a research race

in food production efficiency through the last century, which has made the pesticide use seemingly

unavoidable. However, many pesticides are very persistent and tend to accumulate in the ecosystem,

often threatening biodiversity and public health. From the remediation technologies to reduce

pesticide pollution, and bioremediation approaches, such as bioaugmentation and biostimulation,

are the most cost effective and environmentally friendly.

This project, framed in the AAU-FMC corporation colaboration, aimed to reduce the persistance

of five given pesticides, with the development of an efficient bioaugmentation strategy. For this

matter, three potentially pesticide-degraders rich environmental samples were used as inoculum

in an eleven weeks enrichment with the five given pesticides. After the enrichment 42 strains

were isolated whith a potential ability to degrade pesticides, and 6 were screened in three of the

pesticides (along with 12 screened in a parallel project), to find one strain degrading the pesticide

dicamba. Different consortia were constructed with the efficient degraders found in this and the

parallel study, but no degradation was found. Degradation tests were performed with P. putida

and S. marcescens to find out that S. marcescens was only capable of degrading dicamba in the

presence of surfactants.

Basing on the results of the metagenomic studies, the HPLC tests, and the degradation experiments,

it was concluded that more experiments should be performed to validate the HPLC methods used

to further screen and study the strains isolated, and that some tests could be performed to optimize

the obtaining of efficient degraders from the enrichment. However, if the sequencing results of the

three potential pesticide degraders confirm these results, the enrichment strategy would be proven

to be effective to obtain pesticide degrading strains for pesticide bioremediation.
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1 Introduction

1.1 History and role of pesticides in the society

Pesticides have become an ineluctable component of modern society, as they are widely used in

different sectors, including agriculture, household and public health, which has determined their

extensive distribution throughout most ecosystems. A study conducted in 2008 in the city of New

York revealed detectable levels of organophosphate (OP) and organochlorines pesticides (OCPs)

in 100% and 47-78% of the pregnant women analyzed respectively [1]. OCP include some of the

most toxic compounds released to the environment, and among their effects on humans, we find

neurologic deficits, cancer, and developmental and reproductive impairment [2]. Not only humans,

but also the natural environments are seriously threatened by pesticides. Sprayed herbicides, for

example, evaporate into the air, damaging non-targeted plants; water soluble pesticides move

to groundwaters and streams; and fat-soluble pesticides bioaccumulate in organisms, leading to

elevated concentrations in the higher trophic levels. Pesticides are proven to reduce biodiversity,

both directly by contamination and bioaccumulation, and indirectly by reducing the population of

weeds and insect on which higher orders feed [3]. On the other hand, pesticides play an essential

role in pest control and cannot yet be replaced. Agriculture wouldn’t be able to feed the growing

world population without crop protection, which is estimated to prevent more than 400 billion

dollars losses each year [4]. Besides, pesticides help to reduce infectious diseases incidence, by

killing the disease vector. Table 1 shows the losses of food production, due to diseases, insects,

and weeds.

Table 1: Examples of losses in the food production, with and without pesticides. Extracted from

[4]

Pesticides have been used since ancient times by different cultures, using easy obtainable plants,

animals, or mineral products. Pyrethrum, extracted from dried Chrysanthemum cinerariaefolium

flowers (Fig. 1), from which modern pyrethroid pesticides derive, has been used as a pesticide

for over 2000 years. While pyrethrins are extracted from dried Crysanthemum flowers, pyrethroids

were sintetized for the first time in the 1950s [5].
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Figure 1: Chemical structure of some pyrethrins and pyrethroids.

With industrial revolution, synthetic chemicals such as nitrophenols and naphthalene started being

used to control pests, but they usually caused damage the crops, due to low selectivity.

In the 1940s, the pesticide market showed a great development with the discovery of OCPs, which

lowered food prices and insect-born diseases rates. It wasn’t until the 1960’s when the threat to

human health and the environment was discovered and less harmful pesticides as OP and pyretroids

replaced them. In 1974 the broad spectrum herbicide glyphosate was discovered, showing low

off-target toxicity and persistence. The appearance of genetic modified crops, resistant to herbicides

and insecticides, greatly increased the use of this chemicals, but recent studies have shown they

also constitute a threat to some chronically exposed species [6], [7].

The threat that pesticide accumulation posed, pushed the development of more sustainable pest

control strategies, such as Integrated Pest Management. This strategy aims to reduce pesticide

usage, not by trying to eradicate pests, which would rapidly yield resistant strains, but instead

looking for an equilibrium between the pesticide and the pests, thus keeping an economically

tolerable percentage of them [8]. In 2001, the Stockholm Convention banned the use and production

of some persistent organic pollutants, including several OCPs, but they are still being used in

Central America, China, India, and some African countries [9]. Despite the improvements in the

field, pesticides still hold an important threat to environment, because of the high persistence of

the now banned pesticides, which still contaminate fields and water systems [10]; and the overuse

of modern pesticides, which leads to bioaccumulation and thus increased persistence and toxicity

[11]. Figure 2 shows pesticide contamination risk of surface waters around the globe.
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Figure 2: World map of the pesticide contamination risk in surface waters, Modelled based on

environmental and anthropogenic factors of pesticide run-off. Extracted from [12]

1.2 Fate of pesticides in the environment

1.2.1 Factors affecting pesticide fate

Pesticide environmental fate is driven by three main factors: initial distribution, mobility and

persistence, which, in turn, are determined by several different properties of both, the pesticide

and the site of application (Fig. 3). Understanding how all these factors interact is crucial to

predict their fate in the environment, and therefore, being able to wisely choose the right pesticide

and the concentration for each case, in order to develop approaches to remediate their off-site

pollution.

Figure 3: Main factors affecting the fate of the pesticide. Adapted from [13]

The first factor to consider when studying a pesticide’s fate is its initial distribution, even though it

does not exclusively depend on its properties. This, in turn, will depend on the formulation, method

and rate of application, and on environmental and site characteristics such as soil composition,

topography, amount and type of vegetation, and weather conditions [13].

After application, pesticides can adsorb to soil, dissolve in water, or become airborne by volatilization

or erosion, before they are finally degraded. This further depends on their affinity to soil, water

solubility, and vapor pressure, as well as on environmental and site characteristics, and affects their

mobility (Fig. 4).

Pesticide degradability is measured by its persistence, which is expressed in half-life (time for 50%

of the pesticide to be broken down). The degradation could be mediated by light, abiotic chemicals,
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or microorganisms (or combination thereof); therefore, the rate depends on many factors, which

will be addressed later on in the chapter.

Figure 4: Different processes affecting mobility and persistence of pesticides. Adapted from [13]

Mobility, along with persistence, determines which portion of the pesticide will move off-site and

stop providing its crop protection effect, thus representing an economic loss and an environmental

threat. The potential to move and accumulate into aquifers is rated by the Groundwater Ubiquity

Score (GUS), taking into account the sorption coefficient (Koc) and half-life [14] (Tab. 2).

Table 2: GUS values help to estimate the pesticide potential to reach groundwaters.

GUS=log10(half-life)*[4-log10(Koc)]. Extracted from [14].

High sorption coefficients help pesticides to remain in the root zone, where they can be taken by

plants and degraded by microorganisms, but, at the same time, a strong bond makes them less

available for microbial degradation and plant uptake (Table 3). Weakly adsorbed pesticides, on the

other hand, easily move off-site and pollute groundwater [15]. Sorption coefficient is influenced

mostly by pH (which determines the pesticides charge;), the soil moisture, because water molecules

could compete for soil binding sites with pesticides, as well as organic matter content and texture

of the soil, which affect the amount of binding surface [16].

Water solubility is influenced by temperature, the presence of other chemicals, and pH. It increases
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the mobility and plant uptake, which prevents runoff and leaching. Lastly, volatilization from soil

(determined by vapor pressure, sorption coefficient, and water solubility) greatly increases mobility.

Nevertheless, airborne pesticides are often degraded rapidly in the atmosphere [17].

Table 3: Soil half-life, water solubility, and sorption coefficient of different pesticides, and the

subsequent pesticide movement rating. Adapted from [18], [19].

1.2.2 Pesticides degradation

Abiotic degradation

Abiotic degradation of pesticides comprises chemical and photochemical reactions, not catalyzed by

enzymes. They hold an important role in some specific environments, though generally, enzyme-mediated

degradation is the most important process and some degradation pathways can only be performed

by enzymes [20].

Photodegradation is a light-mediated, chemical degradation. It is divided in direct or indirect

photodegradation, depending on whether the photon is absorbed directly by the pesticide or by

other molecules, which then turn into reactive species that react with the pesticide (Fig. 5).

The overlap of electronic absorption spectrums of pesticides and sunlight spectrum is not common,

making indirect transformation the main photodegradation pathway [21]. This should be considered

mainly in surface waters, where light turns dissolved organic matter into reactive species, which
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can degrade pesticides [22].

Figure 5: Examples of direct and indirect photodegradation in surface waters. Extracted from [20].

Non-light mediated chemical degradation is usually a slow process, but it prevails over biodegradation

in specific conditions like high pH, low redox, or low nutrient environments like groundwater, where

the retention time is in the order of years (Fig 6). It also requires the presence of abiotic catalysts,

which many times come from microbial metabolism [23].

Figure 6: Non light-mediated chemical degradation of trifluralin in groundwater. Extracted from

[20].

Biodegradation

Many organisms can degrade pesticides. Eukaryotic organisms, like many plants, animals, or fungi,

use this ability to neutralize their harmful effects, while bacteria typically break down the pesticide

to assimilate its nutrients. Bacteria are accounted for most of the pesticide biodegradation. Their

ability to transfer genes horizontally, combined with a fast evolution rate, enables them to quickly

adapt and extend the biodegradation potential of a new mutant to a whole bacterial community

[24], while the focus of pesticides on eukaryotic organisms makes them often resistant to their

toxicity.

This biodegradation rate varies greatly from site to site, and it does not correlate with the total
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amount of culturable bacteria or the community diversity, since pesticide degraders often constitute

a minor fraction of the bacterial population and are not among the dominant groups. For that case,

the tools developed to predict the biodegradation of pesticides in the field based on the abundance

of specific communities, did also not yield successful results [25].

Depth, pH, temperature, soil moisture, and clay or organic matter content, have proven to be the

best predictors of microbial degradation. Biodegradation rates diminish with increasing soil depth

[26], correlating generally with the decline of nutrient levels, while pH and temperature determine

the microbial community, the enzyme efficiencies, and the adsorbed and dissolved pesticide ratio

[27], [28]. This explains why each pesticide shows its own optimal degrading conditions, depending

mostly on the combination of the above-mentioned parameters and the bacteria that degrade them.

Last but not least, soil moisture is important for the microbial physiology and, along with clay and

organic content, influences pesticide sorption [29].

Degrading a pesticide takes usually more than one enzymatic step and, along this process, transformation

products can also be obtained, either due to random degradation, or because of enzymes catalyzing

the first steps more efficiently than the last ones [30]. Even though the toxicity of such intermediates

is, in most cases, lowered through degradation, if the active moiety remains intact, they can keep

the same toxicity and show additive effects when combined with the parent compound, or might

even increase their toxicity [31].

So to summarize, the degradation of a recalcitrant compound such as pesticides, depends on several

factors, such as the induced synthesis of a specific degrading enzyme, the possibility to enter

the cell due to suitable permease, availability of the compound due to insolubility or adsorption,

excessive toxicity of the parent compound or its metabolic product, availability of the proper electron

acceptor, favorable environmental conditions (temperature, light, pH, O2, moisture, etc.) and the

availability of other nutrients and growth factors. Not surprisingly, their fate is difficult to predict,

and in some cases their toxic effects have been found only 20-30 years after the approval of the

parental compound [32], thus underlining the importance of a precautionary approach.

1.3 Pesticide classes

Pesticides can be divided into different categories, such as herbicides, insecticides, fungicides,

rodenticides, nematicides and plant growth regulators, depending on their target [3].

Some of the most commonly applied insecticides in modern agriculture belong to organo-phosphate,

organo-chlorinated pesticides and carbamate groups (Fig. 7). A typical example of organo-phospohate

is O-dimethyl O-(4-nitro-phenyl) phosphorothioate, known as Methyl parathion, which is used

to control insects such as aphids and mites in a wide variety of crops, including cereals, fruits,

vegetables, ornamental plants, cotton and field crops [33], [34]. It is a broad-spectrum non-systemic

pesticide that kills pests by stomach poisoning; an acaricide that has some fumigant action also

[33], [35].
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Figure 7: Chemical structures of typical organochlorinated and organophosphorus pesticides,

triazines, carbamate and pyrethroids pesticides, recently investigated for their biodegradability.

A moderately persistent organophospohrous pesticide is represented by Chlorpyrifos (0,0-diethyl

0-(3,5,5-trichloro-2-pyridyl) phosphorothioate), widely used for insect control in cereal, cotton,

fruit, nut and vegetable crops [35], [36]. Its half-life in soil ranges from less than 1 day to 240 days,

depending on the soil type, moisture, pH and initial concentrations [37]. Despite the moderate

persistency, its residues have been associated with decreased levels of the hormone thyroxine (T4)

and an increase in estradiol levels in sheep. A comparison of the persistence of different pesticides

is shown in Table 4.

A different example is represented by lindane (an isomer of hexachlorocyclohexane), a highly

chlorinated, recalcitrant pesticide belonging to the organochlorinated pesticides. It has been

extensively used as a general broad-spectrum insecticide for various purposes, including killing

of plant-eating insects, pest control on domestic animals, as well as mosquito control [38].

Carbofuran (2,3-dihydro-2–2-dimethyl-7-benzofuranyl-methylcarbamate) is a good example for a

widely-used carbamate. It is a very effective systemic and contact insecticide and nematicide,

which is often employed against a wide range of agricultural pests [39].
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Table 4: Persistence of pesticides/xenobiotics. Adapted from [40]

It is important to take into account, not only the persistence, which consequences were already

underlined, but the toxicity of the chemical compounds. This two parameters are not necessarily

correlated, and pesticides with high persistence might well have low toxicity or vice versa (see i.e.

Table 8). Moreover, the toxicity can obviously vary, depending on the target organism taken into

consideration.

Figure 8: Persistence and toxicity of pesticides/xenobiotics. Adapted from [40]

More and more studies are now investigating the possible degradation pathways of different pesticides,

such as parathion and methyl-parathion, endosulfan, lindane, carbofuran, glyphosate, etc. A

well-studied example is for instance endosulfan [41], [42]. There is a wide range of microorganisms,

mostly bacteria, fungi and cyanobacteria, capable of utilizing this organochlorinated pesticide as
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a sole source of carbon and/or sulfur [43]. An example of the pathways possibly involved in the

biotransformation of endosulfan by microorganisms and associated enzymes is shown below (Fig.

9).

Figure 9: Suggested pathways involved in the bioconversion of endosulfan. Adapted from [43]

1.4 Pesticide remediation

To reduce or eliminate pesticides residues, physical, chemical, or biological processes can be applied.

Physical methods, such as excavation and landfilling used to be the main solutions to remediate

highly polluted soil containing banned pesticides in the 1970s and 1980s, but they should be seen

as a provisional waste disposal solution, and not as a remediation technology, as these landfills still

constitute a problem in developing countries [44]. Chemical treatments are usually costly because

most of them have to be carried out ex-situ, and are not very environmentally friendly because of

their aggressiveness to soil and soil microbiota.

Biological treatment, or bioremediation, is a more eco-friendly and low-cost process, as it can be

applied in-situ and covers from traditional methods as composting (enriching the contaminated

soil microbiota by addition of organic wastes as manure to promote microbial degradation), to

the use of specific nutrients, microorganisms, plants, or even earthworms, to speed up the natural

degradation of pesticides [45].

The two most tested approaches for the bioremediation of polluted environments in the last years

have been biostimulation and bioaugmentation. Biostimulation is the addition of nutrients to
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contaminated areas to boost the growth of microorganisms capable of degrading the toxic molecule.

These are usually rate-limiting nutrients such as nitrogen, phosphorus, easily degradable carbon

source, or surfactants to help the uptake of the organic pollutant [46], [47]. Bioaugmentation, on

the other hand, implies the addition of single strains or consortia to the contaminated site, which

can be indigenous (enriched and adapted) or exogenous [48]. The use of either or both techniques

depends on the degrading potential of the indigenous communities, and on the type and extent of

contamination.

It is worth noting that in several cases, the bioremediation of soil is most likely to occur in

the presence of a mixture of pesticides, which can interact with each other, thus making the

reconstruction of the exact degradation pathways more challenging. A good example of the

complexity of this task can be found in the study by Krishna and Philip [33], who studied the

biodegradation mechanisms of mixed pesticides. The authors reported that traces of many intermediate

compounds were detected and that there was no significant accumulation of these compounds as

immediate degradation of intermediates occurred after their formation. This means that, despite

nowadays a significant amount of pesticide degradation studies as well as data from regulatory

testing are available, it still remains a challenging to precisely anticipate the pathways of pesticide

degradation (especially in field conditions). This poses a major drawback, since even though an

array of abiotic and biotic transformations may effectively remove pesticides from the environment,

on the other hand these processes may lead to the accumulation of potentially hazardous products

in secondary compartments [20].

1.4.1 Screening for pesticide degrading microorganisms

To develop effective tools for pesticide bioremediation, efficient degraders for each of the pesticides

used must be found. Taking samples from contaminated sites and screening them for pesticide

degraders is a classical approach to obtain a wide diversity of microorganisms, which can, subsequently,

be adapted, immobilized, combined with other bacteria, etc. to improve their degradation rate

[49]. In recent years, new technologies such as high throughput screening with automated robots

and microtiter plates have allowed to significantly speed-up the process of microbial discovery,

thanks to the possibility to rapidly test and process large numbers of experimental conditions

[20]. The identified microorganisms could then be introduced in the same site they were taken

from (autochthonous bioaugmentation), or in other sites contaminated with similar pesticides

(allochthonous bioaugmentation) used for the screening [50].

As mentioned above, inoculum samples are usually taken from contaminated sites, i.e. from

intensive farming fields, pesticide manufacture wastewater treatment plants or storage sites, or

polluted soil landfills [51], [52]. The enduring presence of pesticides in these places can lead to

an increase of adapted/selected bacteria able to tolerate and metabolize these compounds, thus

having an advantage over the other microorganisms. This can result in an increased tolerance

to higher pesticide concentrations and a higher degradation rate [45]. It is worth reminding that

many conditions, such as soil depth, pH, or clay content, influence the diversity of the microbial

community (as well as the persistence and availability of pesticides), and thus taking numerous
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samples from different areas is anticipated to increase the diversity of the community screened

[37].

These inoculum samples are then typically subjected to a selective enrichment process, to increase

the abundance of the pesticide degraders in the community. This is commonly done by inoculating

the sample in a liquid minimal medium containing the desired pesticide/s as the sole carbon source.

However, some studies have also identified bacteria that can use pesticides as the sole nitrogen [51]

sulphur [53], or phosphorus [54] source. Besides, Jing-liang reported that Rhodococcus jialiangiae

djl-6-2 degraded the fungicide carbendazim faster when it was used as the sole nitrogen source

than when it was used as the sole carbon source, or even when used as both, carbon and nitrogen

source [55].

Clearly, the duration of the enrichment depends on the biodegradability of the pesticide, the

concentration, and its toxicity, so a different enrichment strategy should be designed for each

pesticide (or mix of pesticides) investigated. Moreover, due to their high toxicity of many compounds,

the concentration of carbon source used is often too low to monitor the bacterial growth with

turbidity measurements, therefore other methods, such as colony forming units (CFU) count should

be performed [40]. To measure the biodegradation of the substrate, chromatographic methods such

as GC-MS or HPLC-UV are mostly used. The use of 14C labelled pesticides gives a more reliable

biodegradation measurement but involves the added risks of working with radioactivity [20].

Finally, the obtained enriched culture can be either tested directly for biodegradation efficiency,

or it can be used to obtain efficient pure strains, through classical isolation methods such as

streak plates (using i.e. minimal medium agar supplemented with the pesticide), agar rolls or

dilution-to-extinction techniques [40]. The pure strains can then be identified by methods such

as biochemical tests or 16S rDNA sequencing. The next steps would be studying the optimal

conditions of the bacterial degradation, both in liquid medium and in soil microcosm, to finally

obtain an efficient bioremediation tool.

1.4.2 Designing pesticide degrading consortia

With the focus on finding efficient solutions to remediate pesticide-polluted soils, the use of

microbial mixed consortia (MMC) shows several advantages when compared to pure cultures [56].

MMC usually exhibit higher growth rates on persistent/recalcitrant compounds, and metabolize

a wider range of substrates, since they combine catabolic pathways of different strains [57].

Consequently, MMC often present increased survival and pollutant degradation rates than pure

cultures. Moreover, co-evolved MMC have proven to have lower growth requirements (or stated

differently, a more efficient use of the resources) thanks to cross-feeding mechanisms, and are thus

more robust to external contamination from other microorganisms [58]. This allows operating more

efficiently in non-sterile conditions [59], a necessary pre-requisite for in-situ bioremediation. In fact,

the fate of the inoculum is a major challenge in the case of in-situ remediation, and becomes a

critical factor in the case of pure strains.

On the other hand, even though enriched MMC capable of effectively degrading target pesticides can

be achieved directly from contaminated sites, this method lacks reproducibility as the community
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obtained is affected by the specific conditions (i.e. the time and place, the variable biodiversity)

of the sampling site. In addition, the MMC would be subjected to changes over time, related

to different culture, operating or storage conditions. Therefore, the community diversity of the

enriched culture must be assessed, and methods to reproduce it developed, to guarantee the proper

and long-term implementation of MMCs as a bioremediation tool [60].

Taking this into account, a simple approach to obtain an efficient and reproducible pesticide-degrading

consortium is by mixing the isolated strains together, in different combinations, and choose the

most efficient degrader for the target pesticide [61].

The diversity of pesticide-degrading strains will be lowered allowing for a better control, but, on

the other hand, specific exogenous bacteria can be added to the defined mixed consortium [62] to

provide the culture with desired specific abilities, such as biosurfactant production, or plant growth

promotion. Biosurfactants are amphiphilic molecules produced by microorganisms, which increase

the bioavailability of hydrophobic molecules, improving the degradation rates of many pesticides

[63]. Plant growth promoting bacteria help the plant to acquire limiting nutrients such as nitrogen

or phosphorus and decreases the growth of some pathogens, thus decreasing the amount of fertilizer

and pesticide needed.

1.5 Aim and approaches

This project comes under a colaboration between Aalborg University and FMC corporation which

aim is to develop bioaugmentation strategies which lower the persistance of different given pesticides.

This framework constitutes two projects: the present master thesis, and a group bachelor thesis

(Fig. 10).

To achieve this, the steps of enrichment, screening, and consortia design, laid out before in the

introduction, will be followed. In total, three different environmental samples will be used as

inoculum for the selective enrichment, namely, soil from contaminated farming fields, soil from the

surroundings of a pesticide formulating facility, and activated sludge from the wastewater treatment

plant of a pesticide formulating facility. These will be enriched using five different pesticides,

separately, as the sole carbon source: malathion, dimethoate, dicamba, bifenthrin, and glyphosate,

of different pesticide classes. Then the strains isolated will be screened for pesticide degradation,

and the most efficient ones will be used to design efficient pesticide degrading consortias. In

parallel, P. putida and S. marcescens, well studied for their organophosphate pesticides degradation

potential, [64], [48],will be screened for malathion and dimethoate degradation, and used to study

the influence of surfactants in degradation, to further optimize the bioremediation approaches.

This study is complemented by a parallel bachelor thesis, where a glycerol fermenting (GF) culture,

will be used to obtain potential Klebsiella pesticide degrading species, deeply studied for pesticide

biodegradation [42], [65], by enriching it, separately, in the pesticides malathion, dimethoate and

dicamba, either as the sole carbon source, or with the supplement of citrate. It will also participate

in the screening of isolates from the environmental samples enrichment, to increase the number of

strains screened.
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Figure 10: AAU-FMC collaboration overview. The green boxes sum up the steps followed in the

bachelor thesis, while the blue boxes define the ones followed in the present master thesis. The

red box refers to a joint work in the screening of the isolates from the environmental samples

enrichment.
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2 Materials and Methods

All experiments were performed in Aalborg University, in the Sustainable Biotechnology section of

the Copenhagen Campus, except for the genomic analysis, which were performed in the Aalborg

Campus, in the Chemistry and Bioscience department.

2.1 Chemicals and solutions

The pesticides malathion, dimethoate, dicamba, and bifenthrin were provided in standard form by

FMC Corporation. The pesticide glyphosate was provided as the comercial product Envision by...

They were stored in a ventilated cupboard at room temperature. Along the project, in the labeling

of the different conditions, and the subsequent isolated strains, they are referred respectively as

Mal, Dim, Dic, Bif, and Gly.

In order to prepare the M9 medium used, different solutions were prepared. 10X salt solution

(pH=7.2) containing Na 2HPO4, 75.2 g/L; KH2PO4, 30 g/L; NaCl, 5 g/L; and NH4Cl, 5 g/L was

prepared. MgSO4, 1M; and CaCl2, 1M; solutions were also made, and the three solutions were

autoclaved separately, to avoid precipitation of salts. A 1000X trace elements solution containing

CuSO4, 0.04 g/L; KI, 0.1 g/L; ZnSO4, 0.4 g/L; Na2MoO4, 0.2 g/L; FeCl3, 0.2 g/L; and H3BO3,

0.5 g/L and filter sterilized was also used. To make the M9 medium, 100ml of 10X salts solution,

1ml of MgSO4 solution, 0.3ml of CaCl2 solution, and 1 ml of 1000X trace elements solution, were

added to 897.7ml of destiled water.

The LB medium used contained tryptone, 10 g/L; yeast extract, 5 g/L; and NaCl, 10 g/L. LB-agar

was made adding 15 g/L agar to LB medium.

2.2 Sample collection and processing

The soil samples were provided by FMC Corporation, coming from five different locations in the

surrounding aerea of the Cheminova pesticide formulating facility in Rønland; and by an Aalborg

University professor, from two sites (with higher and lower pesticide contamination) of a pesticide

contaminated agricultural field, in Hungary. The soil was taken from the first 10 cm depth to

ensure an aerobic bacteria population, which have often been found to degrade pesticides [25].

The different samples were merged into two main samples: the soil coming from FMC and the

soil coming from Hungary. Along the project, in the labeling of the different conditions, and the

subsequent isolated strains, they are referred respectively as FS (FMC Soil) and HS (Hungary Soil).

In this way we could analyze the whole biodiversity with fewer resources. The samples were then

stored at 4oC, til they were used as inoculum in the following days.

Prior to the enrichment, the soil was dissolved at 100 g/L in M9 medium and agitated for 5

minutes. The samples were continuously stirred with magnets to obtain the inoculum for the

enrichment.
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The activated sludge sample was also provided from FMC corporation, and is referred in the project

as Slu in the labeling of strains and conditions . It was obtained from the wastewater treatment

plant of the Cheminova pesticide formulating facility, and stored at -20oC.

Prior to the start of the enrichment, the frozen sludge sample was thawn at room temperature and

preactivated for two days in an M9 medium supplemented with glucose, 22 g/L; yeast extract, 5 g/L;

and NaCl, 15 g/L; following FMC indications, using a 10% inoculum. The growth was monitored

at 600nm with an spectrophotometre. The sample was transfered to the selective enrichment step

with a 0.568 O.D., while being continuously stirred with a magnet.

2.3 Selective Enrichment

2.3.1 Enrichment overview

The three environmental samples were enriched separately in each of the 5 pesticides, in duplicates,

to a total of 30 flasks, which underwent 6 enrichment steps with the same initial pesticide

concentration. The enrichment strategy lasted for 11 weeks, following 3 initial 1 week steps, a

4th 2 weeks step, and two last 3 weeks steps.

A 10% inoculum was used in M9 medium supplemented with the pesticide at the concentration

listed in the Table 5, in a total working volume of 20 ml. 100 ml flasks were used for this purpose.

The flasks were kept at 30oC, and shaking at 150rpm, along the enrichment strategy. The flasks

were sealed with cotton stoppers to avoid contamination but prevent anaerobic conditions.

Pesticide Concentration Bibliography

Malathion 0.3 g/L [66], [67], [68], [69]

Dimethoate 0.15 g/L [64], [66], [70]

Dicamba 0.75 g/L [71], [72]

Bifenthrin 0.25 g/L [73], [74], [75]

Glyphosate 1 g/L [76], [77]

Table 5: Concentration of the different pesticides in the selective enrichment. The concentration

used was chosen as a mean of the concentrations used in some of the latest articles studying these

pesticides biodegradation.

The pesticides were measured in a balance and dissolved directly in each of the flasks due to the low

solubility of some of the pesticides, which prevented the making of concentrated stock solutions.

The inocula and samples were taken while continuously stirring the culture with magnets. At the

end of the enrichment, three sets of samples were taken: 1ml samples to monitor the growth;

2ml samples to be used in the next step inocula (4ml in the alternative enrichment); and 5ml

to be analysed in a metagenomic study, frozen at -20oC until then. The rest of the culture was

temporarily frozen at -20oC.
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Alternative enrichment

From the third step of the enrichment, an alternative enrichment, was carried out in parallel, using

a 20% instead of a 10% inoculum. The two best growing cultures for each pesticide, according to

the O.D measurements, were chosen, and the conditions were exactly the same as the ones of the

main enrichment, except from the inoculum .

2.3.2 Monitoring the growth

1 ml samples were taking at the begining and end of each step, to measure the increase in the

absorbance and the extracelular proteins content. They were measured in triplicates in a microtiter

plate reader.

O.D. measurement

200µl triplicates were taken from each sample, to measure the O.D. at 600nm. The microplate

was shaked for ten seconds before measuring the O.D., and M9 medium was used as blank.

Extracelular protein measurement

The commercial kit: PierceTM BCA Protein Assay Kit by Thermo scientific, was used. 25µl

triplicates were taken from each sample, and mixed with 200µl of the A:B reagent mix (what is the

proportion) in the microtiter wells. M9 medium was used as blanks. The plate with the samples

was shaked for 30 seconds, incubated for 30 minutes at 37oC, and then cooled down for 15 minutes

at room temperature. Finally the O.D was read at 562nm.

To check if there are pesticide-BCA interactions causing false-positive results, 1mg of each pesticide

were mixed separately with the AB reagent in 1 ml of the reagent. The change of colour caused

by the reaction was be easily observed.

2.3.3 Plating cultures

From the end of the 4th step onwards, the cultures were plated at the end of the step in LB-Agar,

to check if there is still growth. For this purpose, 100µl of each culture was used as inoculum,

without any dilution, and spread in a plate with an L-shaped rod. They were incubated for 24

hours at 37oC before checking the presence of colonies.

Controls, using sterile M9 medium as inoculum and the same plates, LB-Agar, tips, and L-shaped

rods, were used to ensure that all the material was sterile and none of the colonies are contamination.
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2.4 Isolation of strains

At the end of the 6th step of the enrichment, the cultures were plated in LB-agar, taking 100µl

sample as inoculum. The plates were incubated 24h at 37oC, after which different colonies were

picked from each plate, based on morphology, and spread individually on LB plates. This step was

repeated 4 times, to finally obtain isolated strains.

The isolated strains were frozen at -80oC in glycerol, using 4mm glassbeads. For this, 500ul of 15%

glycerol was pipetted in each agar plate with the isolated bacteria. Then, around 15 glassbeads

were placed in the plate and it was shaked so the glassbeads were covered by the bacteria. Then

the glassbeads were transfered to criotubes with a sterilised spatula, and were frozen at a low rate

by placing them in an isopropanol-containing box in a -80o freezer.

Controls were done in all the isolation steps to ensure that none of the material used was contaminated.

The strains were labeled after the sample they were coming from, the pesticide they were adapted

to in the enrichment, and the duplicate number (1 or 2). The latter numbers refer to the different

strains isolated from a single enrichment flask.

2.5 Degradation experiments

Before the experiments, strains were pre-activated for 24h in LB medium. Their final pre-activation

O.D. was measured in a microplate reader at 600nm, so the inoculum used in the experiment leads

a 0.1 O.D. at time 0. The surfactants were used at their critical micellar concenctration, 15mg/L

for Tween80; and 1.5 mg/L for the biosurfactant, a mixture of mannosylerythritol lipids (MEL)

produced by Candida Antarctica PYCC5048. The degradation experiments were carried out in M9

medium supplemented with the selected pesticide to a total of 20ml working volume, in a 30oC and

150 rpm incubator. The flasks were sealed with cotton stoppers to avoid contamination but prevent

anaerobic conditions.Samples were taken periodically to measure the pesticide concentration in the

HPLC-UV, and the controls were plated in LB-Agar, (37oC, 24h incubation) at the end of the

experiments, to look for possible contamination.

2.5.1 Isolates screening

All the experiments were performed in triplicates, in 50 ml flasks, with the pesticide concentration

listed in Table 6. Two strains were taken from each of the isolates libraries of three of the pesticide

enrichments (malathion, dimethoate, and dicamba), along with P. putida and S. marcescens.

Each of the isolates were cultured with the pesticide they are adapted to, while P. putida and

S. marcescens were cultured with either malathion or dimethoate. Negative controls were made

for each of the pesticides, without a bacterial inoculum.
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Pesticide Concentration

Malathion 0.125 g/L

Dimethoate 0.1 g/L

Dicamba 0.5 g/L

Table 6: Concentration of the different pesticides in the isolates screening.

The experiment lasted for 14 days, and samples were taken at day 0, day 7, and day 14. At the

end, the total volume in each of the flasks was measured, to be used in the normalization of the

pesticide concentration.

2.5.2 Influence of surfactants in biodegradation

Two strains known to degrade several organophosphorus pesticides were used, Serratia marcescens

and Pseudomonas putida [64], [78]; two organophosphorus pesticides, malathion and dimethoate;

and two surfactants, Tween80 and the biosuractant. Each strain was tested with both pesticides

separately, and either or none of the surfactants. A negative control was made for each pesticide,

disolving it in M9 medium without a bacterial inoculum, and with Tween80 as surfactant. Therefore,

fourteen 100ml flasks were prepared, containing the selected bacteria, surfactant at their CMC

concentration, and 0.1 g/L dimethoate or 0. 125 g/L malathion in 20ml of working volume.

The volume was kept costant, in spite of evaporation, pouring the required M9 medium every

week.

The experiment lasted for 14 days, and samples were taken at day 0, day 2, day 5, day 8, day 11,

and day 14.

2.5.3 Consortia designing

All the experiments were done in triplicates with with dicamba as the carbon source, at the

concentration used in the enrichment, 0.75 mg/L. 5 different inocula were used, and each of

them was tried with and without surfactant (Tween80). The inocula were: the end stage of the

enriched sludge sample; the strain HS Dic 22, isolated in this study; a combination of the strains

HS Dic 22, HS Mal 22, and HS Dim 21, all isolated in this study; a combination of the sludge

and the single strain inocula; and a combination of the sludge and the consortia inocula. The

combinations were done so each of the individual cultures represented an even proportion of the

O.D in the inoculum.

The experiment lasted for 14 days, and samples were taken at day 0 and day 14. At the end, the

total volume in each of the flasks was measured, to be used in the normalization of the pesticide

concentration.
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2.6 Genomic analysis

2.6.1 DNA extraction

DNA was extracted from two sets of samples: the three isolated strains used in the consortia

designing experiment, to be sequenced for identification; and the original AS sample and the

six enrichment steps, to perform a metagenomic study by amplicon sequencing. The isolates were

pre-activated for 48 hours in LB medium before the DNA extraction, and 0.5ml were taken to extract

the DNA, centrifugated and resuspended in 0.5 sodium phosphate buffer (PBS). The sludge and

enrichment samples were not preactivated, and 4.5ml were centrifugated (except from the original

sludge sample, were only 0.5ml was used for DNA extraction) and resuspended in 0.5ml PBS to

extract their DNA . The FastDNA R© Spin Kit for Soil was used to extract the DNA of both sets of

samples.

Cells were broken by bead beating in a FastPrep-24 instrument, at 6 m/s, during four series of 40s,

cooling down the samples on ice for 2min in between series. The samples were then centrifugated

at 10.000g and 4oC for 10min to obtain a supernatant without the beads and cell debris. Proteins

were precipitated with a Protein Precipitation Solution at 14.000g for 5min, and the supernatant

was mixed with a DNA binding matrix. After letting it settle down, the supernatant was discarded

and the matrix was transfered to a SPINTM Filter. The filter was centrifuged at 14.000g for

1min and washed with ethanol-SEWS-M solution and a 14.000g, 1min centrifugation. Then it was

centifuged again for 2min, and the filter was allowed to dry for 5min, and finally the DNA was

eluted in 60µl of DES solution. The DNA was then stored at -20oC to process it in the following

days.

2.6.2 Evaluating DNA concentration and quality

DNA concentration was measured using a Qubit fluorescence assay kit. Initially, a Qubit dsDNA

HS assay kit was used, and the samples which concentration exceeded the measurable range were

analyzed using a Qubit dsDNA BR assay kit. The first one was used with 0 and 10ng/µl standards,

while the second one was used with 0 and 100ng/µl standards. 2µl of the samples were mixed with

198µl of the reagent, and the 2 standards were mixed at a 10:190 µl ratio with the reagent. The

standards and samples were then measured in a Qubit R© 2.0 Fluorometer, and the concentration of

the different samples was obtained through a regression line made with the standards.

DNA quality, after PCRs, was evaluated in a tapestation gel electrophoresis, with a Tapestation 2200

instrument and D1000 (for amplicon sequencing) or D5000 (for sanger sequencing) ScreenTapes.

Two PCR products are randomly chosen, along with a negative (nuclease free water) and a positive

control. 1µl of PCR product (or control) was mixed with 3µl of D1000 sample buffer and loaded

in the Tapestation 2200 instrument along with the ScreenTape. The results were then analyzed

with the TapeStation Analysis Software.
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2.6.3 Nextera amplicon sequencing

The nextera amplicon sequencing was performed in the sludge and the 6 enrichment step samples.

Library preparation

The protocol used was based on the Illumina Nextera library preparation approach, were two PCRs

are performed, the first one to amplify the target amplicon (amplicon PCR), and the second one

to supply it with the Illumina adaptors and barcodes for sequencing (library PCR).

Before the first PCR, the extracted DNA concentration was measured with Qubit, and the samples

were diluted to 5ng/µl in 60µl of nuclease free water.

The amplicon PCR was performed using a Platinum R© Taq DNA Polymerase High Fidelity, and

primers targeting the V4 region of the 16S rRNA (Table 7). All samples were run in duplicates to

avoid PCR drift, and for each sample, 25.8µl of amplicon buffermix (buffer, dNTP and MgSO4),

20µl of tailed primer mix (1 µM), 0.2µl of polymerase (5 U/µl), and 4µl of DNA, were taken.

The reaction comprised the following steps: initial denaturalization (95oC, 2min); 35 cycles of

denaturalization (95oC, 20s), annealing (50oC, 30s), and elongation (72oC, 60s); and final elongation

(72oC, 5min). The duplicates were then pooled together and a cleanup was performed using

Agencourt AMPure XP system, which uses magnetic beads that bind DNA, and two ethanol

washes were carried out in a magnetic rack, til the DNA was disolved in nuclease free water.

Region Primer name Primer sequence

V4
515F 5’-GTGCCAGCMGCCGCGGTAA

806R 5’-GGACTACHVHHHTWTCTAAT

Table 7: Primers used in the amplicon PCR.

Before the second PCR, the DNA concentration was measured and the samples were diluted to

5ng/µl, and the DNA quality was evaluated by a TapeStation gel electrophoresis.

The library PCR was performed using a PCRBIO Hifi Polymerase, and the provided adaptor primers,

a specific pair for each sample. For each sample, 7.75µl of nuclease water, 5µl of X5 PCRBIO

Reaction buffer (including Mg1
+ and dNTPs), 0.25µl of polymerase (2 U/µl), 10µl of nexamp

adaptor mixes (1 µM), and 2µl of PCR product. The reaction comprised the following steps: initial

denaturalization (95oC, 2min); 8 cycles of denaturalization (95oC, 20s), annealing (55oC, 30s), and

elongation (72oC, 60s); and final elongation (72oC, 5min). A cleanup was then performed in the

same way as the previous one and the DNA was dissolved in 20µl of nuclease free water.

The DNA concentration was measured and the quality of the DNA products evaluated. The PCR

products were then pooled together, taking the same amount of each of them, and reaching a total

of 100ng of DNA. Finally the concentration and quality of the DNA is measured again before the

Illumina sequencing.
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Amplicon sequencing

The raw sequencing reads quality was checked using trimmomatic (version 0.32) [79] and merged

using FLASH (version 1.2.7) [80]. The reads were then formatted for use with the UPARSE

pipeline [81], screened for chimeric sequences and clustered into Operational Taxonomic Units

(OTUs) at 97% sequence similarity using USEARCH7. Taxonomy was assigned using the RDP

algorithm implemented in QIIME [82] using SILVA database release S132 [83]. The microbial

community data was analyzed using R (version 3.5.2) (http://www.R-project.org/) and RStudio

(version 1.1.463) (http://www.rstudio.com) using the package ampvis2 (version 2.4.2) [84].

2.6.4 Sanger sequencing

PCR was performed using using a Taq PCR Core Kit (Qiagen); primers 27F: 5’AGAGTTTGATCMTGGCTCAG,

and 1492R: 5’GGYTACCTTGTTACGACTT [85]; and 10ng of DNA, in 50µl working volume.

The reaction comprised the following steps: initial denaturalization (94oC, 2min); 30 cycles of

denaturalization (94oC, 30s), annealing (50oC, 30s), and elongation (72oC, 90s); and a final

elongation (72oC, 10min). The PCR products were then purified using Qiaquick Gel Extraction Kit

(Qiagen) and quantified with a qubit assay. The PCR fragment size was confirmed by a Tapestation

gel electrophoresis, and sent for Sanger sequencing at Eurofins genomics, Germany.

2.7 HPLC-UV

ChromeleonTM Data System software was used on a Dionex Ultimate 3000 UHPLC system (Thermo

ScientificTM), with a P680 pump. An LC18 with 5µm packing in a 250x4.6mm Luna column

(Phenomenex R©) was also used.

For the HPLC measures, 1ml samples were taken from the different experiments, and frozen at

-20oC. Prior to HPLC analysis the samples were mixed with the chosen organic solvents, and filtered

through a 0.45µm filter. The injection volume was 10µl.

Each sample was measured in triplicates for the first time each protocol was tested, and without

replicates the following times.

Preparation of the standards

Three stock solutions were made, dissolving each pesticide in the respective HPLC organic solvent,

malathion, 1 g/L in acetonitrile; dimethoate, 1 g/L in methanol; and dicamba, 1 g/L in methanol.

The sets of standards in pure organic solvents were prepared mixing the pure organic solvent with

the respective stock solution to achieve the concentrations listed in Table 8. The sets of standard in

a water:organic solvent mixture had an extra step of adding water to the respective water:organic

solvent ratio. These were 50:50 water:acetonitrile (v/v), for malathion; 50:50 water:methanol

(v/v), for dimethoate; and 60:40 water:methanol (v/v), for dicamba. Tables 8 and 9 show the
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concentration in the organic solvent, before adding the water. All the standards were filtered

before injecting them in the HPLC column

Malathion Acetonitrile Water-Acetonitrile

1 9.59 mg/L 12.5 mg/L

2 19.19 mg/L 25 mg/L

3 38.38 mg/L 50 mg/L

4 76.75 mg/L 100 mg/L

5 153.5 mg/L 200 mg/L

6 307 mg/L 400 mg/L

Dimethoate Methanol Water-Methanol

1 12.5 mg/L 12.5 mg/L

2 25 mg/L 25 mg/L

3 50 mg/L 50 mg/L

4 100 mg/L 100 mg/L

5 200 mg/L 200 mg/L

6 400 mg/L 400 mg/L

Table 8: Concentration of malathion and dimethoate in the organic fraction of the standards.

Dicamba Water-Methanol

1 31.25 mg/L

2 62.5 mg/L

3 125 mg/L

4 250 mg/L

5 500 mg/L

6 1000 mg/L

Table 9: Concentration of dicamba in the organic fraction of the standards.

Solubility test

For the solubility test, three 1/4 serial dilutions were made for each pesticide. Starting from 0.3 g/L

malathion, 0.3 g/L dimethoate, and 800 mg/L, dicamba, in 20ml of total working volume. Five

500µl samples from each malathion and dimethoate solution flask, and 600µl from each dicamba

solution flask, were taken and mixed with the correspondent organic solvent at the ratios mentioned

in the preparation of the standards paragraph, filtered, and injected into the HPLC.

Recovery factor

To calculate the recovery factor, a 200 mg/L malathion, a 200 mg/L dimethoate, and a 666

mg/L dicamba solutions in 20ml water were made. Six samples were taken from each flask (500µl

malathion and dimethoate, and 600µl dicamba), of which three of them were mixed with the

correspondent pure organic solvent, and three with the correspondent 1 g/L pesticide stock solution.

The recovery factor was calculated with the following formula:

Rf =
Cw + Cs

Cw+s

Where Cw accounts for the pesticide concentration in the water sample, Cs accounts for the

pesticide concentration in the stock solution, and Cw+s for the pesticide concentration of the
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water sample spiked with the stock solution.

2.7.1 Malathion determination

Samples were mixed with acetonitrile at a 50:50(v/v) ratio, filtered, and injected in the HPLC

column. The mobile phase used was a water (adjusted to pH=3.50 using 1N acetic acid):

acetonitrile gradient, starting from 45% acetonitrile until 9 min, increased to 90% acetonitrile

by 10 min, then returned to 45% acetonitrile at 13 min, and kept under this condition for 2 min

to re-equilibrate. The flow rate was programmed at 0.5 ml/min from zero-9 min, increased to 2

ml/min by 10 min, and then returned to 0.5 ml/min at 13 min. The UV detector was set at 230nm

[86].

2.7.2 Dimethoate determination

Samples were mixed with methanol at a 50:50(v/v) ratio, filtered, and injected in the HPLC

column. The mobile phase used was acetonitrile:water in the ratio of 60:40(v/v). The flow rate

was 1ml/min, and the detector wavelength used was 205nm. The temperature of the column was

set to 30oC [87].

2.7.3 Dicamba

The samples were mixed with methanol at a 60:40(v/v) ratio, filtered, and injected in the HPLC

column. The mobile phase used was a gradient of A: methanol–acetonitrile (82:18, v/v) and

B: water acidified with TFA (0.17%, v/v). The gradient started from A:B (50:50) and linearly

increased to 88% A in 35 min, held for 5 min, decreased to 50% A in 5min, and held for 12 min

[88].
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3 Results and Discussion

3.1 Enrichment

3.1.1 Growth monitoring

Two measurements were performed to monitor the growth along the enrichment steps: O.D., and

extracellular proteins concentration. Due to the high soil and sludge concentrations in the first

two steps of the enrichment, the measurements started to be taken from the third step of the

enrichment.

Absorbance

Not much growth was detected during the third step of the enrichment (Fig 11), which lasted one

week. The maximum values reached just 0.1 units of difference between the final and initial O.D.

and there was a high variability within the duplicates. Therefore, it was decided to extend the

fourth step to a 2 weeks period.

Figure 11: Increase in absorbance along the third step of the enrichment.

The fourth step of the enrichment, despite being longer than the third one, yielded a lower growth,

with some of the flasks having even decreasing O.D (Fig 12). There was still a lot of variability

within the duplicates, but also the most growing cultures were different ones in the third and in the

fourth step. In response to this, the two best growers (in the third step) for each pesticide were

unfrozen from the end of the second step of the enrichment, and the third step was repeated with

a double inoculum concentration (20%), while the normal enrichment carried on.
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Figure 12: Increase in absorbance along the fourth step of the enrichment.

The alternative enrichment showed the lowest growth rates of the steps measured so far (13, so it

was decided to stop performing O.D measurements, and check at the end of the step 5 of the main

enrichment whether there were still bacterial communities growing in the enrichment, inoculating

the different cultures in LB-plates.

Figure 13: Increase in absorbance along the third step of the alternative enrichment (Alt).

Extracelular proteins

In parallel to the O.D. measurements, the BCA Protein Assay Kit was tested to monitor the bacterial

growth in the pesticide enrichments, but due to the big difference in the signal between the different

pesticides (Fig. 14), a qualitative test was made to see if any of the pesticides were interacting

with reagent. The pesticides were mixed with the reagent at 1 g/L, and all but glyphosate showed

a positive reaction. Not being the extractelular protein measurement reliable, it was not taken as

a growth monitoring approach.
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Figure 14: BCA signal at the start of Step 3 of the enrichment. The blank signal is substracted to

all values before plotting.

Presence of colonies

After 5 steps of enrichment, all the cultures from the main and the alternative enrichment were

checked for colonies (Fig. 15), which were found in all the cultures.

Figure 15: LB-plates inoculated at the end of the fifth step of the enrichment. The left plate

was inoculated with one of the cultures of the alternative enrichment, while the right plate was

inoculated with sterile M9 medium. The inculum used was 100µl, without dilutions.

3.1.2 Biodiversity assessment

It is important to remark that, though listed here in the enrichment subsection, the metagenomic

data was obtained at the end of the project, and therefore, the conclusions extracted from it could

be only applied in future projects.

Taking into account the enrichment and degradation assays, Slu Dic 1 culture was chosen to be

used for the metagenomic study. This is because dicamba was the most promising pesticide in the

Page 32 of 59



degradation studies, and therefore used in the last consortia desgining experiment. From dicamba

enrichments, Slu Dic 1 was the culture showing a wider biodiversity in the isolation process.

Library preparation

DNA was extracted from 4.5ml of the samples taken at the end of each step, and from 0.5ml of

the initial activated sludge. The DNA concentration, measured with Qubit after DNA extraction,

and after the differet PCRs, can be seen in the appendix section. After each of the PCRs, a

tapestation electrophoresis was also performed to ensure the quality of the DNA. For the first

electrophoresis, a sample with an originally (before dilution) high concentration of DNA (first step

of the enrichment), and a sample with an originally low concentration of DNA (third step) were

randomly chosen.

Figure 16: Tapestation electrophoresis of the first PCR products. A: Tapestation electrophoresis

gel. The marker is shown on the left (A0), and the negative (C1) and positive (D1) controls on

the right. The first and third step of the enrichment samples are respectively A1 and B1 lanes. B:

Electropherogram of the B1 lane of the electrophoresis gel, with labeled lower and upper marker,

and the 373 base pairs amplicon.

Figure 16 confirms that the first PCR amplified the 515F/806R part of the V4 region (around

300-350bp) properly. After the second PCR, the tapestation electrophoresis showed a slightly

higher band, result of adding the illumina barcodes and adaptors to the amplicon (Fig. 17). In

this second electrophoresis, the positive control has a different band size because it was amplified

with different primers in the first electrophoresis (the same as D1 lane sample), but the rest of the

conditions were the same and they were run in the same PCR plate in both electrophoresis. Having

ensured that both PCR were succesful, the DNA was pooled, according to the Qubit results and

sent to sequencing.
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Figure 17: Tapestation electrophoresis of the second PCR products. A: Tapestation electrophoresis

gel. The marker is shown on the left (A0), followed by the negative (A1) and positive (B1) controls.

C1 lane represent our step 2 sample, while D1 represents a sample from a parallel project of the

laboratory. B: Electropherogram of the C1 lane of the electrophoresis gel, with labeled lower and

upper marker, and the 439 base pairs amplicon with the adaptors.

Sequencing

After the external sequencing and processing of the raw reads, 63,195 sequences, from the seven

samples sent, were analyzed, and identified as 229 different OTUs. They represented 16 different

bacterium phyla, but only 6 had an overall abundance greater than 1% of the sequences in any

of the samples (Fig. 18, A). Proteobacteria alone accounted for a 82.79% of the reads, including

gammaproteobacteria (44.88%) and alphaproteobacteria (37.81%). The next most abundant phyla

were firmicutes (9.159%), actinobacteria (3.17%), and chloroflexi (1.146%).

The abundance of alphaproteobacteria is higher in the unenriched sludge (UnS) and in the last steps

of the enrichment, while gammaproteobacteria is more abundant in Steps 1-5 of the enrichment,

and sharply decreases in the last step (Fig. 18, B). Firmicutes phylum, represented mainly by the

Lactobacillales family, was enriched only in the first half (steps 1-3); and actinobacteria, represented

mainly by Nocardiaceae and Nocardioidaceae, appeared in the step 5, and mainly step 6 of the

enrichment.
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Figure 18: Composition of the bacterial communitiy at Phylum (A) and Class (B) level, and the

family diversity within the gamma (C) and alphaproteobacteria (D) classes.

The composition of alpha and gammaproteobacteria also varies along the different stages (Fig.

18, C and D). Methyloligellaceae accounts for 51.41% of the Unenriched Sludge reads, but

is almost extincted in the enrichment steps. Families like Devosiaceae, Beijerinkiaceae, and

Caulobacteraceae, are present only in the first half of the enrichment, while Hyphomicrobiaceae

appears in the second half, and xanthobacteraceae only in the last step of the enrichment. There

is also, in the last step, a decrease of Rhizobiaceae and Sphingomonadaceae, which were relatively

constant along the enrichment. Within gammaproteobacteria the community is also changed with

the start of the enrichment, which is mainly represented by pseudomonadaceae family until the

sixth step, when is suddenly colonized by Xanthomonadaceae.

In every sample, more than 50% of the reads come from just one or two genus (Fig. 10). In

the sludge sample, Methyloceanibacter represent half of the bacterial community, and another 8%

stands for an unidentified gammaproteobacteria. Pseudomonas is the most abundant genus in the

steps 1-5, where tends to a slight decrease, but it suddenly disappears in the sixth step, where there

is a drastic change in the community. Xanthobacteraceae raises from a 1.33% in the previous step

to a 31.61% abundance in the sixth, Hyphomicrobiaceae reaches a 31.06%, and Rhodopseudomonas

increases from a 0.27% to a 6.31%.
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Table 10: List of the 15 most abundant genus, and their abundance (%), in each of the samples.

3.1.3 Discussion

Two parameters were analyzed to monitor the growth, cell density, and extracellular proteins

concentration, but none of them showed to be effective. In the end, the cultures were plated

at the end of the last two steps of the enrichment, as a qualitative check, to ensure that there is

still some growth in the cultures.

Two approaches were tried out to increase the bacterial growth: increasing the duration of the

enrichment step (Fig. 12), and repeating the steps with a double amount of inoculum (Fig. 13).

The aim of these measures, were, respectively, to allow the pesticide degraders to consume the

pollutant along the step, if the problem was a slow degradation; and increase the inoculum size,

if the problem was that the pesticide degraders were being washed out in the transfers. However,

both approaches yielded a lower growth than the one in the third step of the main enrichment, and

the difference in the growths in different pesticides do not match with the expected longer half-life

of bifenthrin [89], in respect to the rest of the pesticides [67], [90], [91], [92].

Taking into account that the initial inoculum (sludge and soil samples) is higher in nutrients

than the M9 medium supplemented with the pesticide, it would make sense that the growth

is greater in the first steps of the enrichments, until this organic matter is totally washed out.

Moreover, the inoculum for the rerun of the third step in the alternative enrichment went through

a freezing and unfreezing process, withouth pre-activation (which would have counteracted the

ongoing enrichment) that could have affected the viability of the community.

Nevertheless, the concentration of pesticide used add much less carbon source to the medium than

what is usual in nutrient mediums such as LB. Therefore, the growth cannot be expected to be as

high as those with high carbon concentration. Another method, reliable for low density cultures,

should have been applied before changing the conditions of the enrichment. One of this methods

could have been colony count in the plated cultures (Fig. 15), with serial dilutions, at the begining
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and at the end of the experiment, to change from a qualitative to a quantitative assessment [93].

However, the size of the enrichment (number of samples) should have been reduced to a large

extent to implement this approach, due to the time consumption this method entails.

The extracellular protein concentration was not a good parameter either, for the evaluation of

the growth in the cultures, due to the unspecific interaction between the reagent and four of the

pesticides (Fig. 14. Even if the reagent was tested with different concentrations of the pesticide to

elaborate a calibration of the interference, we would not be able to differ, from the signal, between

the pesticides and proteins concentration in the culture, as both concentrations should be changing

along the enrichment step.

The significance of monitoring the growth lies in the fact that, if the pesticide degrading bacteria

does not grow enough before transferring it to the next step, even the enriched species, which can

grow on the pollutant, will be eventually washed out. However, what growth monitoring shows

is the overall biomass present, and therefore, a stable O.D. along the enrichment step could also

be due to a change in the community, where the pesticide degraders grow and the rest of the

organisms perish (As showed in Fig. 18 and Tab. 10).

The metagenomic study shows a great change in biodiversity, at the family and genus level, at two

points of the enrichment, the first step (because of the shift from the sludge to the enrichment

conditions), and the last step of the enrichment. The first change could be smoothed, to avoid

a possible loss of biodiversity, by a previous adaptation to the pesticide before the enrichment, in

the original medium [94]; and by a step-wise change from the sludge to the enrichment conditions.

The second big change in biodiversity could be caused by a change in the conditions along the

last step, like an oxygen deprivation, which killed the strict aerobes pseudomonas and enriched

the anaerobic, like some Hyphomicrobiaceae [95] and Rhodopseudomonas; and microaerophilic,

like some Xanthobacteraceae [96], bacteria. This second big change in biodiversity suggests that,

in order to obtain the maximum biodiversity for the screening process, the isolation should be

performed not only at the end, but at different steps of the enrichment.

It is important to note that the samples analyzed came all from the same environmental sample,

activated sludge from the wastewater treatment plant of a pesticide formulating facility. This

is also a very restrictive environment, and that is seen in the fact that, in the same way as in

the enrichmennt steps, in the sludge more than 50% of the reads come from a single genus,

Methyloceanibacter, a family composed of methylotrophs and methanotrophs. The biodiversity

dynamics of the enrichments coming from the contaminated, and not contaminated soils, could be

different from the ones showed in this study, and it would be interesting to evaluate and compare

them in following studies.

In spite of this restrictive environment, just after one week of enrichment, the diversity is replaced

by bacteria known to be resistant to and/or degrade several pesticides, like Pseudomonas [97],

[98], and several Lactobacillales genus such as Streptococcus, Vagococcus, and Lactococcus [99],

[100]. The fact that these genus are replaced by others along the enrichment does not necessarily

mean that the latter are more efficient pesticide degraders, though it is true that in the first steps

several genus could be resistant to the pesticide, but feeding on other residual carbon sources

Page 37 of 59



from the original sample. Many Hyphomicrobiaceae strains, which appears from the fourth step of

the enrichment, are known to be oligocarbophilic, unable to live in rich carbon source media [95].

This raises two issues: another kind of pesticide degraders could be isolated when supplying an

additional carbon source to the media, and low organic carbon medium should be used to isolate

this oligotrophs.

Therefore, by enriching in low carbon source medium, and isolating in rich carbon source agar

plates, we are only selecting, not only bacteria which can grow on the pesticide, but that also can

live in a broad range of carbon concentrations, needlessly narrowing down the isolated bacteria

diversity.

3.2 Isolation

At the end of the sixth step of the enrichment, all the cultures were plated in LB-Agar to isolate

the bacteria present (Fig. 19). After four isolation steps, picking and spreading different individual

colonies, 42 isolates were frozen in glycerol at -80oC, using glassbeads.

Figure 19: Isolation of bacteria from two malathion (A) and dimethoate (B) cultures. The plated

mixed culture is placed on the left-hand side of each picture, and the bacteria isolated from them

on the right-hand side.

3.3 HPLC tests

Before quantifying the pesticide degradation in the different degradation experiments, different

tests were performed to validate the protocols and elaborate standard regression lines.

Is important to remark, that due to budget shortening, not all the tests performed were in the end

measured in the HPLC, and thus no results are showed here in those cases.
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3.3.1 Malathion

Standards

Two standards sets were elaborated, and measured in the HPLC (Fig. 20). The first one, as

reported by Abu-Qare et. al. [86], in acetonitrile, and the second one in a water:acetonitrile

50:50 (v/v) mixture. As both types of standards showed a measurable linear regression, with a

good R-squared, it was decided to use water:acetonitrile as the HPLC sample solvent for malathion

determination and do not perform any extraction procedure.

Figure 20: Regression lines of malathion standards in acetonitrile, and water:acetonitrile 50:50

(v/v), with their regression lines equation and R-square.

3.3.2 Dimethoate

Standards

In the same way it was done for malathion, two sets of dimethoate standards were prepared, in

methanol, as reported by Kumar et.al [87]; and in water:methanol 50:50 (v/v). Both standards

presented a measurable regression line with a good R-square (Fig. 21), so it was decided to use

water:methanol as the HPLC sample solvent to avoid performing an extra extraction procedure.
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Figure 21: Regression lines of dimethoate standards in methanol, and water:methanol 50:50 (v/v),

with their regression lines equation and R-square.

Solubility test

A test was performed to check if a single sample is representative of the pesticide concentration

in the culture, at different concentrations. Three serial dilutions of dimethoate were made in 20ml

working volume, and five samples were taken from each of them, from which two were measured

in the HPLC. Figure 11 shows the expected concentration, which accounts for the theoretical

concentration we would achieve with a perfect weighing of the pesticide and the following calculated

dilutions; and the measured concentration by the HPLC. The coefficient of variation (CV) shows

the standard deviation of the duplicates divided by their average, while the last calculation ilustrates

how much of the expected concentration was achieved in the dilutions.

Table 11: Dimethoate solubility test.
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3.3.3 Dicamba

Standards

Only one set of standards was prepared in water:methanol 60:40 (v/v) [88]. The plotted graph

showed a reliable regression line (Fig. 22.

Figure 22: Regression line of dicamba standards in water:methanol 60:40 (v/v), with its regression

line equation and R-square.

Solubility test and recovery factor

Three serial dilutions of dicamba in water were made, and five samples were taken from each of

the dilutions, to check if a single sample is representative of the culture concentration, at different

concentrations. Figure 12 lists the expected and measured concentration obtained, and summarize

the CV of the replicates and the percentage of the expected concentration that the measured one

represents.
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Table 12: Dicamba solubility test.

To obtain the recovery factor, dicamba was dissolved in water at 666 mg/L, and each of the

samples taken were mixed either with dicamba stock solution (1 g/L) in methanol or with pure

methanol.

Rf =
Cw + Cs

Cw+s
=

726.02mg/L+ 666.66mg/L

1198.52mg/L
= 1.16

3.3.4 Discussion

Only three of the five initial pesticides were chosen to be analysed in the HPLC. This was because of

the complications derived from the low water solubility of bifenthrin, which make it difficult to take

representative samples of the whole culture; and the lack of a pure standard of glyphosate, only the

comercial product, with low purity, was obtained. The different tests performed aimed to ensure

that the HPLC data given was representative of the pesticide concentration in the culture.

For that matter, the chosen protocol from the literature was first proven with standards, to check if

there was a linear regression between the signal and the known concentration of the standards (Fig.

20, 21, and 22). Once that was achieved, with an R-square above 0.99 for the three pesticides, a

change in the HPLC sample solvent was tested, for malathion and dimethoate, to a water:organic

solvent mixture (Fig. 20, and 21), having checked that the mixture is compatible with the column,

of weaker elution strength than the mobile phase, and compatible with the solubility requirements

of the pesticide [101]. This was also achieved with R-squares above 0.99. Having water as part of

the HPLC sample solvent would allow to mix directly the samples taken from the culture with the
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organic solvent, and inject them into the column just after filtering them.

In pesticide degradation studies, the samples undergo generally an extraction protocol before being

injected in the HPLC column, so the target compound is up-concentrated (in the cases where just

trace concentrations are expected) [102]; and we get rid of compounds that could get stucked

in the column and shorten its lifespan, or overlap with the target compound elution time, and

thus interfere with its signal. In this study, however, the way above the detection limit pesticide

concentration, the little bacterial growth seen, and the absence of similar compounds present

(no pesticide mixture was used), made it possible to save both money and time in an additional

extraction protocol.

The solubility tests solved two uncertainties: first, that a single measurement can be taken to find

out the pesticide concentration in the culture, as the CV was below 2% in all cases measured;

and second, that no solubility restraints are found within the concentrations tested, and thus the

concentration tested is similar to the expected concentration. This last part was more accurate for

dicamba, for which the highest deviation from the expected concentration was a 5% deviation, but

for dimethoate it reached up to a 19% of deviation. For dimethoate, the starting sample (the most

concentrated) concentration, is 15% below the expected one, and as the concentration decreases,

it reaches a 19% concentration above the expected. This could be due to a wrong linear regression

slope, which was only calculated once at the beginning of HPLC the experiments, to minimize

solvents used, instead of every time a new HPLC set of samples was run.

In addition, the recovery factor was calculated to obtain a more reliable data of the real concentration

in the culture. It did not affect the degradation percentages, because the same factor is applied

to all the concentrations measured, but it confirmed our methodology to achieve the desired initial

pesticide concentrations.

3.4 Degradation experiments

3.4.1 Isolates screening

Six isolates were selected from the malathion, dimethoate, and dicamba enrichments (two from

each), and incubated for two weeks with the pesticide they were adapted to. S. marcescens and

P. putida were also incubated with malathion and dimethoate.

From each triplicate made, two replicates were measure in the HPLC.

Malathion

The chromatograms, shown in Figure 23, showed a really low concentration in all the conditions

from the experiment, and a different chromatogram than the ones seen before in the standards.

Time 0 measurements were below the expected concentration (125 mg/L), and the duplicates

measured were not similar to each other, so no degradation rates could be measured.

Page 43 of 59



Figure 23: Malathion determination chromatograms, and the subsequent malathion concentration.

A: Chromatogram and malathion concentration of two standard duplicates. B: Chromatogram and

malathion concentration of the time 0 duplicates of one of the screened strains.

Dimethoate

As shown in Table 13, dimethoate is degraded faster in the controls than in the rest of the conditions.

All the conditions, except from S. marcescens and the control, exhibit similar results in both

replicates.
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Table 13: Dimethoate degradation along the isolate screening, with an initial pesticide

concentration of 100 mg/L.

Dicamba

Table 14 shows an strain, HS Dic 22, which degrades 25% of dicamba in two weeks, while the

degradation present in the control is of 16%. The duplicates present similar degradations both in

the control and in the degrading strain, and the degradation present in the strain Slu Dic 11 is

similar to the one in the control.

Table 14: Dicamba degradation along the isolate screening, with an initial pesticide concentration

of 500 mg/L.

3.4.2 Influence of surfactants in biodegradation

From the malathion and dimethoate experiments, only dimethoate was measured. Fig. 24 show the

degradation percentage at day two, five, and eight, of the experiment, substracting the degradation

in the negative control. The data of the following days is not shown because the control starts

to get degraded by day 11, and there are no positive degradations percentages after substracting

the control degradation. At day 5 and day 8, dimethoate is degraded more efficiently in the flasks

inoculated with S. marcescens and a surfactant, specially with the surfactant Tween80.
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Figure 24: Dimethoate biodegradation along the experiment, with an initial concentration of 150

mg/L. BS accounts for the biosurfactant, while T80 for Tween 80. The columns marked with an

asterisk do not represent the real value, which is probably an experimental or analytical error. The

real data is listed in the appendix, table 16

3.4.3 Consortia design

A final experiment is performed to try to maximize the degradation of dicamba (Table 15), with

a higher concentration of dicamba (750 (mg/L). The maximum dicamba degradation is found in

the negative controls triplicates. The use of Tween 80 does not make a significant different at the

concentration it was used (CMC= 15mg/L).

Table 15: Dicamba degradation along the experiment, with an initial concentration of 750 mg/L.

Each of the conditions is tested with and without the surfactant Tween80
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3.4.4 Discussion

The aim of the degradation experiments was to first obtain efficient pesticide degraders, and

then optimize the degradation performed, building consortia with the most efficient degraders or

supplying inducers such as surfactants. However, the screening yielded only one pesticide degrader,

HS Dic 22, which was not able to degrade dicamba at higher concentrations; and another one, S.

marcescens which could only degrade dimethoate with the aid of surfactants.

The screening of malathion degraders could not be satisfactory achieved, due an experimental error,

which spoilt the malathion determination. More experiments should be performed to assess if this

was an isolated error or an error in the methodology.

It should be taken into account that only 8 strains were screened in this study. Blaszak et. al., after

a selective enrichment with the pesticide simazine, of simazine-resistant rich biotopes, isolated 12

bacteria, of which only one, identified as Arthrobacter, was able to degrade the pesticide [93]; and

Shinde et. al. identified four efficient dimethoate and parathion degraders, out of the 96 bacterial

and fungal strains isolated from soil in a mineral medium supplemented with the pestide [103]. As

laid out in the introduction, the screening was complemented by a parallel project, which screened

12 more isolates from this project, and 16 Klesbsiella strains from a GF culture. No Klebsiella

strain strain or consortia was found to perform a significant degradation, but, even though the

study did not use replicates, and no time 0 was measured, two strains (HS Mal 22, and HS Dim

21) could be identified as potential efficient degraders, as they were able to grow (CFU counts)

and degrade the three mentioned pesticides. These two strains, and the degrader found in this

study, were sent to sequencing to be identified. If the strains are confirmed to be efficient pesticide

degraders, by the sequencing data and subsequent degradation studies, the enrichment strategy

performed would be proven to be an effective protocol for obtaining novel pesticide degraders for

pesticide bioremediation studies.

P. putida and S. marcescens have been found to degrade several organophosphate pesticides.

Nazarian et. al. used a P. putida strain isolated from contaminated soil to efficiently degrade

dimethoate, 0.8 g/L, in a mineral solution [64]; and Cycon et. al. studied the ability of S.

marcescens to degrade three organophosphorus pesticides, chlorpyrifos, fenitrothion, and parathion,

50 mg/L, in mineral media, and 58.9%, 70.5%, and 82.5% of the initial concentration was degraded

after 14 days of incubation [78]. However in this study, the P. putida strain used was not able to

degrade dimethoate, and S. marcescens was able to degrade it only in the presence of surfactants.

The lack of replicates in the ’Influence of surfactants’ experiment, and the several wrong data

extracted make this result only semi-quantitative, an indication that more experiments should be

performed in this direction, to assess the importance of surfactants in the pesticides degradation.

In this experiment, the biosurfactant was less efficient than Tween 80 as a degradation enhancer,

but it was extracted by colleagues from the yeast Candida antarctica, and a consortia featuring the

tested S. marcescens strain, and C. antarctica or another biosurfactant producer, could be studied

to efficiently degrade organophosporus pesticides.

Two different concentrations of dicamba were used along the enrichments, 750 mg/L, in the

enrichment and in the consortia designing assay; and 500 mg/L in the screening, to be comparable
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with the data obtained in a parallel ongoing screening. Both were within the range of concentrations

used in degradation studies [71], [104], but in this study, 750 mg/L of dicamba seemed to be an

inhibiting concentration for the strains used, which were already proven to degrade dicamba at

500 mg/L concentration. It could be discussed that a pre-activation in LB medium, prior to the

incubation with the pesticide in a mineral medium, could be counterproductive for the bacterial

medium, and that again we would only be selecting bacteria with a broad range of tolerance to

carbon source concentration. For that matter, the pre-activated cultures were transfered to the

pesticide-mineral medium without washing out the LB, so that we minimize the difference in the

conditions, in the same way it was done in the screening.

Along the degradation experiments, a need to further optimize and validate the protocols used is

evidenced in the fact that the negative controls show, in the dimethoate screening, a 25% CV;

and in the dicamba consortia designing experiment, a two times higher degradation than the rest

of the conditions. There is, therefore, a significant difference in the mean and standard deviation,

between the negative controls and the conditions, and more tests should be done to understand its

cause.

4 Conclusion and Future perspectives

After eleven weeks of enrichment, with 5 different pesticides as the sole carbon source, 42 potential

pesticide degrading strains were obtained. O.D. measurements were proven not to be an effective

method to monitor the growth in low carbon source mediums, and neither are BSA assays. The

metagenomic study showed, that to optimize the enrichment protocol, to find the most efficient

pesticide degraders, isolation and screening from different steps of the enrichment, or from higher

carbon source enrichments, should be performed. All things considered, however, the enrichment

strategy will be proven to be effective if the three potential degraders, sent to sequencing, are

confirmed to be interesting for pesticide remediation.

HPLC protocols were developed and tested, for the determination of malathion, dimethoate, and

dicamba. However, they should be further validated, until similar degradation results are obtained

in the negative controls and in the non pesticide degrading strains.

The HPLC results suggest that biosurfactants could play a role in the degradation of dimethoate,

and the screening should be repeated with the addition of biosurfactants and biosurfactant producing

strains, to study the development of efficient dimethoate degrading consortia. Higher concentrations

of dicamba were inhibiting the dicamba degrading strains found, and the experiments should be

repeated at lower concentrations to confirm the degrading ability of the strains and study the

development of the different consortia designing approaches.
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Polti, and Maŕıa Julia Amoroso. Actinobacteria: Current research and perspectives for

bioremediation of pesticides and heavy metals, 2017.
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6 Appendix

Table 16: Complete values of the surfactant experiment. The values edited in the figure 24 are

marked in red
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