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Abstract Extensive research and increasing number of

potential industrial applications made ionic liquids (ILs)

important materials in design of new, cleaner technologies.

Together with the technological applicability, the envi-

ronmental fate of these chemicals is considered and sig-

nificant efforts are being made in designing strategies to

mitigate their potential negative impacts. Many ILs are

proven to be poorly biodegradable and relatively toxic.

Bioaugmentation is known as one of the ways of enhancing

the microbial capacity to degrade xenobiotics by addition

of specialized strains. The aim of current work was to

select microbial species that could be used for bioaug-

mentation in order to enhance biodegradation of ILs in the

environment. We subjected activated sewage sludge to the

selective pressure of 1-methyl-3-octylimidazolium chloride

([OMIM][Cl]) and isolated nine strains of bacteria which

were able to prevail in these conditions. Subsequently, we

utilized axenic cultures (pure cultures) of these bacteria as

well as mixed consortium to degrade this IL. In addition,

we performed growth inhibition tests and found that bac-

teria were able to grow in 2 mM, but not in 20 mM

solutions of [OMIM][Cl]. The biodegradation conducted

by the isolated consortium was higher than conducted by

the activated sewage sludge when normalized by the cell

density, which indicates that the isolated strains seem

specifically suited to degrade the IL.

Keywords Biodegradation � Growth inhibition � Ionic

liquid � Axenic culture � Bioaugmentation � Ecotoxicity �
Hormesis

Introduction

Ionic liquids (ILs) are chemicals usually composed of large

asymmetric, organic cation and organic or inorganic anion.

Physical and chemical properties of this group of com-

pounds can vary significantly what allows them to be

designed for a particular purpose (Krossing et al. 2006).

The last decade has shown a growing interest in the

application of ILs in gas storage and separation, catalysis,

electrodeposition of metals, waste and biomass reprocess-

ing, energy production, etc. (Kragl et al. 2002; Jiang et al.

2006; Plechkova and Seddon 2008). When applied in such

industrial processes, ILs will inevitably emerge in waste-

waters and might end up in natural soils or water bodies by

breaking through treatment systems or due to the accidental

release during transport and storage. Although, the low

volatility of ILs can be an advantage in reducing air

emissions and thereby decreasing the risk of human

exposure, the relatively high toxicity and resistance to

biotic and abiotic degradation that could be observed for

some of the ILs structures is a concern (Romero et al.

2008).

Biodegradation of substituted imidazolium cation was

examined in detail by a number of research groups
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80-233 Gdańsk, Poland

e-mail: martam@chem.pg.gda.pl

A. Brillowska-Dąbrowska
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(Gathergood et al. 2006; Romero et al. 2008; Stolte et al.

2008; Markiewicz et al. 2009; Abrusci et al. 2010; Coleman

and Gathergood 2010). Stolte et al. conducted a compre-

hensive study of biodegradation of 1-methyl-3-alkylimi-

dazolium chlorides. No primary biodegradation was

observed for methyl- to butyl-substituted compounds, even

those containing oxygen atoms introduced into the alkyl

chain (as ethers or terminal hydroxyl groups) which are

known to increase biodegradability. Better biodegradability

was observed for higher homologs with 1-methyl-3-octy-

limidazolium chloride reaching 100 % biodegradation after

24 day of the test (Stolte et al. 2008). In most IL biodeg-

radation tests, activated sewage sludge is used as an inocu-

lum as it is composed of multiple species with a wide

taxonomic diversity and is therefore more likely to contain

specie or species capable of degrading ILs (Gathergood et al.

2006; Romero et al. 2008; Stolte et al. 2008; Markiewicz

et al. 2009). In the previously mentioned work, Stolte et al.

examined the ability of commercially available freeze-dried

bacteria mixture to biodegrade ILs and concluded that it was

unable to degrade any of tested compounds. Modelli et al.

used inoculum derived from top soil for biodegradation of

ILs under ASTM D 5988-96 test conditions and found it

capable of degrading 1-butyl-3-methylimidazolium chloride

(Modelli et al. 2008). Abrusci et al. used a strain of

Sphingomonas paucimobilis isolated from cinematographic

film for biodegradation of some common ILs and found it

predisposed to degrade many tested compounds including

those previously reported to be non-biodegradable. How-

ever, a somehow surprising trend was observed by Abrusci

et al. for imidazolium chlorides showing highest biodegra-

dation for ethyl- and lowest for octyl- and decyl-substituted

compounds (Abrusci et al. 2010).

Some bacterial species are capable of tolerating or even

growing in the presence of xenobiotics (Isken and deBont

1998; Takenaka et al. 2007). In pursuit of understanding

the mechanisms of bacterial resistance and adaptation to

xenobiotics, it was revealed that resistance is either a nat-

ural property of a species or is acquired by genetic changes

(Weber and deBont 1996; Pham et al. 2009). The ability to

degrade xenobiotics is not simply a function of the amount

of biomass of inoculum, although very often a correlation

between the two exists. Activated sewage sludge commu-

nity is often used in biodegradation tests as it is expected

that degraders of xenobiotics will be encountered among

the multitude of species. Assuring this by adding special-

ized species is known as (bio)augmentation and was pre-

viously suggested as a promising strategy to enhance the

degradative capacity of soils and sewage sludge (Limber-

gen et al. 1998; Pieper and Reineke 2000). For this reason,

an attempt to identify the exact microbial strains which

might be partaking in the process of biological degradation

of ILs was undertaken here in order to uncover specie or

species especially predisposed to degrade ILs. Would the

attempt be successful, it might present a very useful tool in

enhancing biodegradation of ILs by augmenting indigenous

microbial communities. As activated sewage sludge was

clearly proven to be the most potent in biodegrading ILs, it

was chosen as a starting point. For the current test,

1-methyl-3-octylimidazolium chloride was selected since it

was previously shown to be biodegradable in activated

sewage sludge, and therefore, it will allow for comparative

statements to be drawn. A nearly 30-fold increase in

maximum biodegradable concentration and growing rates

of degradation resulting from pre-exposition of activated

sewage sludge community to this IL were reported before.

Moreover, a break-down of the imidazolium ring was

observed (Markiewicz et al. 2011). In the course of the

current work, nine strains of bacteria from adapted acti-

vated sewage sludge were isolated, and the influence of

1-methyl-3-octylimidazolium chloride on their growth was

tested. The performance of consortium of all isolated

strains and of each strain individually was verified in

‘Manometric respirometry’ biodegradation test using the

same IL. Results of these tests are presented hereby.

Materials and methods

Chemicals

The investigated ionic liquid 1-methyl-3-octylimidazolium

chloride was purchased from Merck KGaA (Germany)

with a purity of C98 %. The molecular weight, chemical

formula and molecular structure are shown in Table 1.

Selection of resistant isolates

The experiments were carried out at the Department of

Chemical Technology, Gdańsk University of Technology

and at the Center for Environmental Research and Sus-

tainable Technology, University of Bremen. The sewage

was sampled in June 2009, and the measurements were

carried out in the subsequent 10 months. Activated sewage

sludge was obtained from aeration tank of municipal

wastewater treatment plant (WWTP) ‘Wschód’ in Gdańsk,

Poland, and used for biodegradation experiment during

which it was subjected to selective pressure of [OMIM][Cl]

as described in Markiewicz et al. (2009). Subsequently,

microbial strains were isolated and identified as described

below.

Bacterial species identification

Activated sewage sludge, obtained from the last phase of

biodegradation test, was diluted with saline (0.85 % NaCl)
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solution. Samples diluted from 1 to 5 times were then

inoculated into Petri dishes containing Luria Agar (LA)

using spread-plate method and incubated in 16 �C for 48 h.

To obtain pure cultures, single colonies were chosen and

inoculated to Petri dishes with LA agar, using streak plate

method and incubated. Single colonies were inoculated to

test tubes with 2 mL of Luria Broth (LB) and cultivated.

After 48 h, 100 lL of each liquid culture was inoculated

into Petri dishes containing LA agar by spread-plate

method and cultured for 48 h at 16 �C. Bacterial isolates

from activated sewage sludge were subjected to Gram

staining and observed under optical microscope.

Molecular identification of bacterial isolates

DNA was purified by mean of Genomic Mini Kit (A&A

Biotechnology, Poland). PCR with universal 16S rDNA

primers: 16S-for 50GGACTACCAGGGTATCTAATC 30

and 16S-rev 50 GATCCTGGCTCAGGATGAAC 30 and

REDTaq� ReadyMix PCR Reaction Mix (Sigma-Aldrich�)

were performed with isolated DNA of nine bacterial strains

in a volume of 20 lL. The time–temperature profile for

PCR was 35 cycles of 30 s at 94 �C, 30 s at 55 �C and 45 s

at 72 �C, preceded by initial denaturation for 10 min at

95 �C. The presence of specific PCR products of approxi-

mately 800 bp was examined using electrophoresis on a

1 % agarose gel and staining with ethidium bromide.

The PCR products were purified with High Pure PCR

Product Purification Kit (Roche) and sequenced (Genomed,

Poland). The identification of isolates was performed by

comparison of obtained sequences against the sequences

from GenBank (http://blast.ncbi.nlm.nih.gov)

Growth inhibition test

Fresh bacterial cultures of the nine isolates were grown in

LB broth (cell density 4 � 108 cells/L). IL ([OMIM][Cl])

was used in four concentrations: 0.2; 2; 20 and 200 mM.

Positive control samples, containing LB, inoculum and

sodium glutamate with the same carbon content as respec-

tive samples with IL—one for each microorganism—were

prepared. Additionally, the sample with LB and IL only

served as a negative control. All prepared samples were

then incubated in 16 �C for 48 h. After incubation, in order

to determine the growth rate in each sample, 200 lL of each

solution was transferred to the disposable microplate, and

the quantity of bacterial cells was determined spectropho-

tometrically using a multilabel plate reader Wallac 1420

VICTOR3-V (k = 595 nm wavelength).

Biodegradation tests

Ready biodegradability tests of 1-methyl-3-octylimidazo-

lium chloride in concentration of 0.2 mM using 1 mL of

axenic cultures (resulting in cell density of 8 � 104 cells/L

in each culture) of nine isolates were performed according

to OECD 301 F ‘Manometric respirometry’ procedure

(OECD 1992). In this test, biodegradation is measured as a

decrease in pressure in gas-tight test vessel caused by

depletion of oxygen used for aerobic degradation of IL

reduced by the blank sample value (sample showing only

endogenous respiration of bacteria, without addition of test

compound) with respect to the theoretical amount of oxy-

gen necessary to completely oxidize the compound tested.

Since almost no biodegradation was observed, the same

test was repeated for a consortium composed of all nine

isolates (cell density 8 � 105 cells/L of all strains in total) in

a concentration of IL previously reported to be low enough

for biodegradation with activated sewage sludge to occur

(0.25 mM) (Stolte et al. 2008). Samples containing acti-

vated sewage sludge (cell density 10 � 107 cells/L) derived

from ‘Wschód’ in Gdańsk, were also employed in the test

for the sake of comparison.

Results and discussion

Isolation and identification of sewage sludge bacteria

Nine different isolates of microorganisms were cultivated

from original biodegradation test utilizing activated sewage

sludge. After DNA isolation, followed by 16S rDNA PCR

and product purification, the DNA sequencing was con-

ducted. The obtained sequences were compared with

GenBank data (NCBI 2011), and microbial species were

identified.

Table 2 summarizes the results of identification and

Gram staining. Figure 1 presents the phylogenetic tree of

identified species. The sequence alignment and bootstrap

values were calculated using CLUSTALW2.012.

Table 1 Ionic liquid

investigated
Name Chemical formula Molecular structure Molecular mass

(g/mol)

1-Methyl-3-octylimidazolium

chloride

C12H23ClN2 230.78
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Growth inhibition

The inhibition of growth of nine isolated bacterial strains

by 1-methyl-3-octylimidazolium chloride [OMIM][Cl] in

four concentrations covering four orders of magnitude was

examined. Therefore, the strains were incubated in the

presence of IL for 48 h, and afterward, the cell density was

determined spectrophotometrically. The results were

expressed as a percent of growth in relation to a positive

control with sodium glutamate (Fig. 2).

Concentration-dependent decrease in growth was found.

In 0.2 mM [OMIM][Cl], most of strains showed a similar

decrease in growth (10–20 %) except strains 4 and 5 where

growth reached approximately 150 and 120 % of positive

control, respectively. This might suggest that those two

species are especially predisposed to utilizing [OMIM][Cl]

as carbon source or, more probably, might have been a

result of hormesis. It is believed that when exposed to low

doses of toxin, organisms exhibit increased growth by

investing larger amounts of energy in reproduction in order

to assure survival (Calabrese 2005). It is possible that for

Flavobacterium sp. FB5 and Microbacterium keratanolyt-

icum, this concentration of IL triggered the hormetic effect.

Increasing IL concentration to 2 mM caused 50–60 %

inhibition of growth for most of strains. Microbacterium

keratanolyticum proved to be particularly sensitive (75 %

inhibition) supporting hypothesis of hormesis. No

Table 2 Microbial isolates identified by sequencing of 16S rDNA

sequences comparison with GenBank data (NCBI 2011)

No. Organism Gram

1 Flavobacterium sp. WB3.2-27 –

2 Shewanella putrefaciens CN-32 –

3 Moraxellaceae Bacterium MAG –

4 Flavobacterium sp. FB7 –

5 Microbacterium keratanolyticum AO17b ?

6 Flavobacterium sp. WB 4.4-116 –

7 Arthrobacter sp. SPC 26 ?

8 Rhodococcus sp. PN8 ?

9 Arthrobacter protophormiae strain DSM 20168 ?

Fig. 1 Phylogenetic tree of

identified species (visualized

using iTOL Letunic and Bork

2007)
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inhibition of growth of Arthrobacter sp. SPC 26 and only

minor inhibition of Rhodococcus sp. PN8 were found.

Enhanced growth of Arthrobacter sp. as compared 2 mM

sample can again be explained by hormesis. Rhodococcus

exhibited steady growth in both 0.2 and 2 mM samples,

making this strain the most tolerant for IL.

Most of isolated strains proved to be slightly more

resistant to IL than previously reported by Łuczak et al.

(2010), where at least 80 % growth inhibition was

observed in 4 mM [OMIM][Cl] for Gram-negative Esch-

erichia coli and in 2 mM [OMIM][Cl] for three other

Gram-positive bacterial strains. The growth observed for

samples containing 20 mM IL solution was almost negli-

gible and completely inhibited in 200 mM solutions

(results not shown).

A variety of negative effects of chemicals on function

of bacterial cells are known. For example, membrane

permeabilization is caused by adsorption of molecules,

resulting in leakage of cytoplasm and micromolecules or

simply inability to maintain cell integrity. Other effects

include the decrease in the cell energy status caused by

passive flux of ions through the membrane, the disturbance

of functions of other (not involved in energy transduction)

proteins present in the membrane as well as the distortions

in fluidity and the hydration of the membrane surface

(Isken and deBont 1998). Bacterial cells might counteract

these effects by adaptation at the level of cytoplasmic

membrane, including changes in level of saturation of

fatty acids which changes the fluidity of membrane in

order to compensate the negative effect of chemicals

(known as homeoviscosic adaptation Heipieper and de-

Bont 1994); reduction in cell hydrophobicity by altering

the content of lipopolysaccharide (LPS) and modification

of porines which was proven to increase the solvent tol-

erance of microorganism; solvents degradation into less-

or nontoxic substances and the solvent active excretion

from the cell (Isken and deBont 1998). It would be

expected that bacteria able to survive in unfavorable

conditions created by the presence of ionic liquids would

employ one of these mechanisms in order to survive, yet

not necessarily will be able to break them down. The

difference in cell wall construction of Gram-positive and

Gram-negative bacteria might be responsible for their

slightly different resistance toward chemicals. Even

though Gram-negative cell wall is much thinner, it is

covered with an additional lipid membrane acting as a

barrier for many biocides, and thus, Gram-negative

microorganisms show lower sensitivity to organic chemi-

cals including surfactants (Blazevic 1976; Volkering et al.

1995). The same regularity, though only slightly pro-

nounced, was observed by Łuczak et al. for ILs (Luczak

et al. 2010). Nevertheless, no obvious differences in

growth inhibition between Gram-positive and Gram-neg-

ative bacteria were observed within this work.

Fig. 2 Growth of the selected bacterial strains in solution containing various concentrations of [OMIM][Cl] is displayed as a percent of positive

control. Strains were numbered in accordance to Table 2
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Biodegradation tests

All isolated stains from previous experiment (Markiewicz

et al. 2009) were tested in biodegradation tests according to

OECD 301 F (Manometric respirometry) in order to

determine the mineralization of [OMIM][Cl]. None of the

isolates exhibited any significant levels of biodegradation

of 1-methyl-3-octylimidazolium chloride when applied as

an axenic culture. A maximum value of 8 % was observed

for Microbacterium keratanolyticum (results not shown)

which was expected as this strain showed the highest

growth rate in growth inhibition test in 0.2 mM sample. It

is probable that not an axenic culture but a consortium of

two or more strains is necessary to conduct full biodegra-

dation of IL. Numerous examples of such situations can be

found in literature. Consortia of bacteria were found to

degrade azo-dyes, crude oil hydrocarbons, atrazine, etc.,

more efficiently than individual strains (Zwieten and

Kennedy 1995; Khehra et al. 2005; Adebusoye et al. 2007).

There are a number of interactions within a consortium that

lead to degradation of a xenobiotic and that cannot occur in

axenic culture. These are unfortunately very difficult to

uncover. It may be that the first step is conducted by one

organism resulting in an intermediate that is then trans-

formed further by another organism, and this cascade

proceeds to full mineralization. At some point, more than

one organism can be involved in the degradation of inter-

mediates leading to different products and consequent

ramification of the metabolic pathway. It is also possible

that some members of the consortia do not take part in the

degradation of the xenobiotic, but support the primary

degraders providing them with essential nutrients, e.g.,

vitamins, amino acids or creating appropriate environ-

mental conditions such as removing toxins and adjusting

oxygen levels. It is therefore far more likely that enhanced

degradation can be achieved by augmentation with a con-

sortium rather that an axenic culture (Grady 1985; Schink

2002).

The results of the biodegradation test with the consor-

tium formed by mixing all nine isolates are shown in

Fig. 3a. Biodegradation of sodium glutamate was also

conducted to examine the viability of the inoculum.

Additionally, biodegradation of both [OMIM][Cl] and

sodium glutamate conducted by activated sewage sludge is

displayed for comparison

It is clear that both microbial communities were viable

as sodium glutamate was completely degraded in both

cases—degradation in activated sewage sludge was com-

pleted within 4 days and in the mixed strain consortium in

16 days. [OMIM][Cl] was degraded by activated sewage

sludge at almost 60 % by the end of the test which corre-

sponds theoretically to a degradation of the octyl side chain

without degradation of the imidazolium ring. Nevertheless,

[OMIM][Cl] could not be classified as readily biodegrad-

able on the basis of this result. Biodegradation of

[OMIM][Cl] by the mixed strain consortium occurred

slower and reached slightly above 30 % on the twenty-

eighth day of the test, most probably this also involved the

biodegradation of the side chain. The differences in the

degradation rates are possibly due to the different cell

densities in the consortium and activated sewage sludge as

well as different microbial composition. The dry mass

cannot be used as a direct comparison, as the dry mass of

sewage is partially comprised of a mineral fraction,

extracellular polymeric substance as well as other organ-

isms like fungi and protozoa. Therefore, to obtain a com-

parison of the various cultures, the cell density was

determined by counting the colony-forming units. When

normalized for cell density (Fig. 3b), the rate of biodeg-

radation is much higher in case of mixed strain consortium.

Fig. 3 Biodegradation (a) and biodegradation normalized for cell

density (b) of [OMIM][Cl] (closed symbols) and sodium glutamate

(open symbols) by activated sewage sludge (diamonds) and consor-

tium of nine isolated strains (squares)
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This difference in rates is of course only an indicative

result, since the cell density of sewage is several orders of

magnitude higher (and therefore, the % degradation/CFU

will always be lower). However, it highlights the potential

that such mixed strain consortia might have.

Conclusion

Docherty et al. previously reported on changes in microbial

genetic patterns of organisms cultivated in media con-

taining ILs, suggesting that enrichment of certain species

occurred (Docherty et al. 2007). We decided to follow this

lead and isolated bacterial strains from activated sewage

sludge subjected to selective pressure of 1-methyl-3-octy-

limidazolium chloride.

Nine bacterial isolates were identified. Three of them

belonged to Flavobacteriaceae family, two to family

Micrococcaceae and the remaining strains to the fami-

lies: Shewanellacae, Moraxellaceae, Microbacteriaceae,

Nocardiaceae. All strains grew well in 0.2 mM [OMIM][Cl]

and were inhibited in 40 % on average in 2 mM solutions.

Any higher concentrations inhibited growth almost

completely.

Axenic cultures of single isolates were proven to be

rather inefficient in degrading [OMIM][Cl] and application

of a consortium composed of all mixed strains resulted in

30 % ultimate degradation. In the same conditions, acti-

vated sewage sludge organisms degraded almost 60 % of

the tested compound which corresponds to full degradation

of alkyl substituents. The lower result obtained for the

mixed strain consortium might have been a result of lower

cell density in these samples. A higher degradation rate

was observed in case of mixed strains when results were

normalized for cell density in consortium. It is possible that

not all of isolates involved in ILs metabolism were selected

or that isolated microorganisms were a part of more com-

plex consortium connected by symbiotic relations with

other organisms and that, in their presence, even higher

metabolic capacities could have been achieved.

We have recently shown that adapted microbial com-

munities can degrade [OMIM][Cl] faster and can withstand

higher concentrations of that IL without an inhibitory effect

compared with non-adapted communities (Markiewicz

et al. 2011). Therefore, more research is needed in order to

uncover species involved in [OMIM][Cl] degradation and

to examine the feasibility of using adapted single strains or

consortia in enhancing degradative abilities of indigenous

microorganisms. Obtaining high cell density inocula of

strains isolated here and comparing them with activated

sludge of the same cell density would unequivocally con-

firm their better performance. Additionally, simulation

tests in high biomass content systems (e.g., OECD tests

303 OECD 2001) in combination with augmentation of

freshly sampled activated sludge with nine isolates could

help to prove the technological viability of this approach.
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