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Abstract The bacterial strain KDFS capable of growth in the
presence of diclofenac and codeine analgesics was obtained
after chemical mutagenesis of nature isolates from polluted
soils. The strain KDF8 was identified as Raoultella sp. based
on its morphology, biochemical properties, and 16S rRNA
gene sequence. It was deposited in the Czech Collection of
Microorganisms under the number CCM 8678. A growing
culture efficiently removed diclofenac (92% removal) and
partially also codeine (about 30% degradation) from culture
supernatants within 72 h at 28 °C. The degradation of six
analgesics by the whole cell catalyst was investigated in detail.
The maximum degradation of diclofenac (91%) by the cata-
lyst was achieved at pH™ of 7 (1 g/L diclofenac). The specific
removal rate at high concentrations of diclofenac and codeine
increased up to 16.5 mg/gcpw per h and 5.1 mg/gepw per h,
respectively. HPLC analysis identified 4'-hydroxydiclofenac
as a major metabolite of diclofenac transformation and 14-
hydroxycodeinone as codeine transformation product. The
analgesics ibuprofen and ketoprofen were also removed, albeit
to a lower extent of 3.2 and 2.0 mg/gcpw per h, respectively.
Naproxen and mefenamic acid were not degraded.
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Introduction

The accumulation of newly emerging pollutants such as active
pharmaceutical ingredients (APIs) and their metabolites in the
aquatic environment has recently become a serious problem.
Since APIs are only partially removed during wastewater
treatment (Zhang et al. 2008), they are detected in groundwa-
ter, surface water, and wastewater effluents, as well as in
drinking water at concentrations ranging from a few nano-
grams per liter (Jones et al. 2005) to 15 pg/L (Jux et al.
2002). The elimination of these pollutants is required because
of their toxicity to organisms (Gavrilescu et al. 2015). Chronic
toxicity in invertebrates (Ferrari et al. 2003) and hatching de-
lay of zebra fish embryos (Hallare et al. 2004) were reported
for concentrations in the milligram per liter range. Physico-
chemical techniques for the removal of APIs, based upon
ozonation and oxidation processes, have specific disadvan-
tages such as formation of toxic products (Guzzella et al.
2002; Tkehata et al. 2006; Richardson et al. 2007). Similarly,
conventional techniques for wastewater treatment such as fil-
tration or application of activated sludge do not efficiently
remove APIs, which results in finding APIs in environmental
samples including surface water, groundwater, and drinking
water (Gomez et al. 2007; Benotti et al. 2009; Behera et al.
2011; Vieno and Sillanpdd 2014). Based on a monitoring pro-
gram carried out in five municipal sewage treatment plants,
pharmaceutical pollutants were divided into several groups
according to their removal efficiency (Bueno et al. 2012).
Studies show that widely used analgesics are present in rele-
vant concentrations in all the groups. Naproxen (NAP) and
ibuprofen (IPF) are ranked among the nonsteroidal anti-
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inflammatory drugs (NSAIDs) with high removal efficiency
of 80%. In addition, most opioid and non-opioid analgesics
show acceptable removal efficiency, e.g., diclofenac (DCF)
and codeine (CD) around 60%. Low removal efficiency was
reported for ketoprofen (KTP, 40%) and mefenamic acid
(MA, 37%).

Despite the vast knowledge on the distribution of analge-
sics in the environment, very little is known about their fate
especially in terms of microbial co-metabolism or biotransfor-
mation (Liu et al. 2001). The bacterial removal of non-opioid
analgesics (e.g., diclofenac) was described during ongoing
manganese oxidation by Pseudomonas putida MnB6: the
degradation was markedly accelerated by the presence of
manganese-oxidizing bacterial biomass (Meerburg et al.
2012). Data on the diclofenac toxicity to bacterial strain
Raoultella sp. DD4 were described by Domaradzka et al.
(2016). This strain was reported to be resistant to high con-
centrations of diclofenac (up to 3.0 g/L) but this compound
was not a sufficient carbon and energy source for the strain. In
addition, Murdoch and Hay (2005, 2013, 2015) described the
metabolic pathways of ibuprofen utilization by Sphingomonas
Ibu-2 and Variovorax Ibu-1 isolated from a sewage treatment
plant. In general, ibuprofen is known for its easy biodegrad-
ability (removal efficiency of over 95%) in the lab-scale and in
wastewater treatment plants when compared to diclofenac
with removal efficiency of 28% in a pilot-scale membrane
bioreactor (Radjenovic et al. 2009).

So far, little is known about biodegradation or utilization
pathways of these pharmaceuticals in bacteria. Langenhoff
etal. (2013) described ibuprofen degradation below the detec-
tion limit (0.01 pg/L) in a pilot membrane bioreactor whereas
diclofenac was not removed. In shake flask cultures, the phar-
maceuticals were also aerobically degraded by the microbial
consortium of an activated sludge: ibuprofen was degraded
faster than diclofenac and the process was not enhanced by
the addition of primary substrates. Ibuprofen at a concentra-
tion of 250 mg/L was degraded below the detection limit
within 4 days and diclofenac concentration (300 mg/L) was
lowered by 75% within 3 weeks.

As regards opioid analgesics (e.g., codeine), bacterial utili-
zation was described with the strain P. putida M 10 which used
morphine and codeine as a sole carbon and energy source
(Bruce et al. 1990). Usually, most of the research has focused
on codeine biotransformation by bacterial strains
Arthrobacter sp. (Liras and Umbreit 1975a), Pseudomonas
testosteroni (Liras et al. 1975b), Bacillus sp. (Madyastha and
Reddy 1994), Mycobacterium neoaurum MTP650 (Zhang
et al. 2005), Streptomyces griseus NRRL B8090 (Harder
and Kunz 1989) and Rhizobium radiobacter R89-1
(Kyslikova et al. 2013).

In principle, biological techniques based on microorgan-
isms could be more robust and effective for removal of phar-
maceutical pollutants than currently used physico-chemical
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techniques. A whole cell catalyst is usually an option when
an enzyme or several enzymes are involved in a biocatalysis.
So far, only a limited number of whole cell catalysts have been
used in industry because of features such as slow growth of
microorganisms, strain sensitivity to the concentrations of re-
actants, nutrient requirements, and enzyme robustness and
performance (Carballeira et al. 2009).

Our study deals with the isolation of bacterial strains capa-
ble of degrading various analgesics. A selection pressure of
two selected analgesics (DCF, CD) was applied to
microbiomes to obtain a bacterial strain having high analgesic
degradation ability. The strain was identified, modified, and
biochemically characterized. Effects of initial concentrations
of DCF and CD, pH, and temperature were studied to obtain
the optimal conditions for bacterial growth and analgesic deg-
radation by whole cell catalyst. This is the first report on a
single bacterial degrader capable of laboratory degradation of
several different xenobiotics, active pharmaceutical com-
pounds, at high concentrations.

Materials and methods
Chemicals and microorganisms

Analgesics (DCF sodium salt, IPF, KTP, NAP sodium salt,
MA) and metabolite 4’-hydroxydiclofenac (4’-OH DCF) were
purchased from Sigma Chemicals (USA). Codeine (CD) and
14-hydroxycodeinone (14-OH CD) was provided by Zentiva
k.s., Czech Republic. Organic solvents were obtained from
Merck (Germany) and Millinckrodt Baker (USA). The media
components were purchased from Hi Media Laboratory
(India), Oxoid (UK), and Difco (USA). The microorganisms
under study were collected from soils polluted with chemical
waste (microbiome A, sewage disposal plant, central
Bohemia) and composted waste from a factory producing
poppy seeds (microbiome B, Agrobyskovice s.r.o.,
Neratovice, Czech Republic; 50° 25’ 85.65” N, 14° 48’
53.81" E).

Media and culture conditions

The cultures of bacteria were grown in a Luria-Bertani broth
(LB; 1% tryptone, 0.5% yeast extract, 1% NaCl, pH of 7.0).
Basal salts broth medium used in the study (BSB; in g/L): 0.1
NaCl, 1.03 K,HPO,, 0.75 KH,PO, and 1.0 NH,4Cl, pH 6.7)
was supplemented with trace elements (BSBTE; in mg/L):
MgS04.7H,0 200, CaCl,.2H,0 10, ZnSO4.7H,0 6.6,
MnS04.4H,0 0.17, FeSO4.7H,0 1.5, CoCl,.6H,0 0.48,
CuS0,4.5H,0 0.47, and Na,M00,4.2H,0 0.45. To prepare sol-
id media for screening or short-term strain maintenance, 22 g/L.
agar was added to the LB or BSB media. Stock ethanol solu-
tions (1 g of analgesic dissolved in 10 mL of pure ethanol) of
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DCEF, IPF, KTP, MA, and NAP and water solution of CD were
used to supplement a medium.

Standard cultures were grown in 20 or 100 mL of a given
medium (100- or 500-mL culture flask) on an orbital shaker
(200 rpm) at 28 °C. One percent inoculum was used to start
cultures.

Tolerance of microbiomes to analgesics DCF, IPF, KTP,
MA, NAP, and CD

The microbiome A or B was cultured in 100 mL of BSBTE
medium supplemented with an analgesic (1 g/L) and the cul-
tures grew at 28 °C up to 72 h. At the time of inoculation and
after cultivation, the cultures were adequately diluted and
spread onto LB plates for determination of the number of
colony-forming units (CFU).

Isolation of improved DCF- or CD-degrading mutants

Soil microbiomes A and B were cultured in LB medium (cul-
ture conditions: 28 °C, 24 h, 200 rpm), the final culture was
adequately diluted and spread onto solid medium BSB sup-
plemented with DCF or CD (1 g/L). Single colonies were
isolated and subjected to growth in 20 mL of BSBTE medium
supplemented with DCF or CD (1 g/L) at 28 °C for 72 h. The
cultures of isolates growing in the presence of analgesics were
analyzed by HPLC to determine the residual concentrations of
both compounds in culture supernatants. A mixed population
of four selected isolates growing in the liquid BSBTE medium
in the presence of analgesics and capable of degrading the
drugs was treated with N-methyl-N'"-nitro-N-nitrosoguanidine
(MNNGQG) as a mutagenic agent according to Foster (1991).
The mutants were analyzed for enhanced DCF or CD removal
efficiency by growth in the liquid BSBTE medium (20 mL)
supplemented with the analgesic (1 g/L) for 72 h at 28 °C.

Taxonomy of isolated microorganisms

Molecular identification was done by sequencing 16S rRNA
gene amplified by polymerase chain reaction (PCR) using 16S
rRNA gene primers Fwd27 and Rev1492 (Lane 1991). PCR
amplicons were purified using a High Pure PCR Product
Purification Kit (Roche, Switzerland) following the manufac-
turer’s protocol. The PCR amplicons were sequenced on an
ABI PRISM 3130x1 Genetic Analyzer (Applied Biosystems,
USA). The sequences so obtained were edited by Chromas
Lite software (Technelysium Pty Ltd., Australia) and assem-
bled using SeqMan (DNASTAR, Inc., USA). Searching for
16S rRNA gene sequence similarity was performed at the
GenBank data library using the BLASTN program (NCBI,
USA). The evolutionary history of aligned sequences with
the Clustal W program was inferred using the Neighbor-

Joining method and the Maximum Composite Likelihood
model integrated in the MEGA7 program (Kumar et al. 2016).

Effect of incubation temperature on analgesic removal

Flasks containing 100 mL of BSBTE medium supplemented
with 1.0 g/L of the analgesic (DCF or CD) were inoculated
with pelleted and washed (BSB medium) biomass from
precultures grown in LB medium (24 h at 28 °C). The cultures
were grown for 72 h at 20, 28 or 37 °C. At regular intervals,
culture aliquots were taken to determine a biomass cell dry
mass (CDW), culture density at 600 nm (Ag), the number of
CFU, pH, and residual concentration of an analgesic that was
determined in a culture supernatant by HPLC technique. All
experiments were conducted in triplicate.

Biotransformation of analgesics by whole cell catalyst

A biomass harvested from the exponential phase of growth of
the culture in LB medium was washed with BSB medium and
resuspended in BSBTE medium to obtain suspensions with a
final concentration of 10% wet mass (WW). Small-scale bio-
transformations were performed as follows: 3 mL aliquots of
the biomass suspension were transferred into the 6-well cell
culture plates. DCF and CD were supplemented at a final
concentration ranging from 1.0 to 5 g/L and 0.2 to 1.0 g/L,
respectively. For the IPF, KTP, NAP, or MA analgesics, the
reaction mixtures were supplemented with 1 g/L of the com-
pound. Reaction mixtures were incubated for 96 h on a shaker
(200 rpm) at 28 °C.

The effect of initial pH on removal of DCF by whole cell
catalyst

The initial pH (pH™") of the reaction mixture (BSBTE me-
dium supplemented with 1 g/L. of DCF, 10% WW of bio-
mass) ranged from 3 to 10. The mixtures (3 mL) were in-
cubated for 96 h on a shaker (200 rpm) at 28 °C without pH
maintenance. At 48-h intervals, aliquots were taken from
the reaction mixtures, CFU of the catalyst was assayed, and
the residual concentration of the analgesic was determined
by HPLC in the supernatant of the reaction mixture and in
pelleted and washed catalyst. The experiments were per-
formed in triplicate.

HPLC analyses of analgesics

Preparation of samples for HPLC analyses was performed as
follows: 1 mL samples (supernatant of a culture or reaction
mixture supernatant and the pelleted and washed biomass)
were extracted with 1 mL of zert-butyl methyl ether (TBME)
under vigorous shaking (10 mL vials, vortex mixer, 10 min).
Organic and water phases were separated by centrifugation
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(12,000g, 10 min) and concentrations of substrates/products
of biotransformation were determined in the organic phase by
HPLC using a Dionex apparatus equipped with a diode array
detector and a Lichroprep RPC18 column (250 mm X 4.6 mm)
working at room temperature under isocratic elution. The mo-
bile phase consisted of water and methanol (3:7 v/v, 0.2%
phosphoric acid) for DCF, 4'-OH DCF, KTP, IPF analyses
(flow rate of 0.8 mL/min, 28 °C), and water and methanol
(4:1 v/v, 0.1% trifluoroacetic acid) for CD and 14-OH CD
(flow rate of 1.0 mL/min, 40 °C). Detection of all compounds
was done at 220 and 275 nm. Elution times for reactants were
as follows: DCF 12.7 min, 4’-OH DCF 9.4 min, KTP 6.0 min,
IPF 9.8, CD 5.1 min, and 14-OH CD 6.3 min.

Results

Screening, isolation, and characterization of bacterial
degraders of analgesics

Tolerance studies of microbiomes A and B were performed in
BSBTE medium supplemented with single DCF, IPF, KTP,
MA, NAP, or CD analgesics in a concentration of 1 g/L.
Glycerol was used as a source of carbon and energy in a
control culture. In cultures with DCF and CD, the number of
CFU decreased markedly and reached the value ranging from
10° to 10° CFU/mL. Comparable numbers of CFU in
analgesic-free culture with glycerol (10° CFU/mL) and the
cultures supplemented with four other analgesics (10® CFU/
mL) were determined (Fig. 1). DCF and CD analgesics
exhibiting the strongest negative effects on viability of the
microbiomes were selected for further experiments.

350 and 50 isolates obtained in the screening study grew on
a solid medium supplemented with DCF and CD, respective-
ly. Among these 400 soil isolates, only four strains were ca-
pable of growth in liquid BSBTE medium supplemented with

10 1
9 = |
8 -
7 ol
6 =
5 -
4 -
3 .
2 -
1 -
0+ T T T T T T

Glycerol CD DCF IPF KTP MA NAP
O Microbiome A

log CFU/mL

M Microbiome B

Fig. 1 The tolerance of microbiome A (0) or B (m) grown in liquid
BSBTE medium (28 °C) supplemented with 1 g/L of the analgesics
DCEF, CD, IPF, KTP, MA and NAP and glycerol. The number of colony
forming units (CFU) was determined at 0 h and after 72 h. Values
represent the average of three independent experiments = SD
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the analgesics. Three isolates from microbiome A exhibiting
59% removal of DCF were identified as P. putida,
Pseudomonas jesenii, and Klebsiella sp. One isolate from
microbiome B (18% removal of CD) was identified as
Raoultella sp. The mixture of these four strains was subjected
to chemical mutagenesis by MNNG to improve at random
their removal abilities. The mutants were screened in
BSBTE medium supplemented with DCF or CD. Biomass
was separated, and extracted culture supernatants were ana-
lyzed by HPLC. Among 100 tested mutants, a single strain
showed greatly improved removal of DCF (92%) and exhib-
ited also 30% removal of CD. The isolate was designated as
KDF8 and used for further research. The phenotype of the
strain KDF8 was characterized and its biochemical and mor-
phological traits are shown in Table 1.

Molecular classification of the strain KDF8 and the
BLAST search showed that the strain belongs to the family
Enterobacteriaceae, namely to the genus Raoultella. The par-
tial nucleotide sequence of 16S rRNA gene region 1.35 kb in
length showed the maximum nucleotide identity (over 99%)
with the strains R. planticola, R. ornithinolytica and Klebsiella
sp. A phylogenetic tree (Fig. 2) shows the phylogenetic posi-
tion of strain KDF8. The strain Raoultella sp. KDF8 was
deposited in the Culture Collection of Microorganisms under

Table 1 Morphological and biochemical characteristics of the strain
KDF8

Test Results
Colony color/shape White, circular
Surface Smooth, glossy
Growth at 37 °C +

Motility -

Indole +

Ornithine decarboxylase -
Voges-Proskauer reaction

Catalase

Oxidase -
Urease +
Gelatinase -
Sugar utilization
Glucose
Sucrose
Mannitol
Cellobiose
Rhamnose
Sorbitol

Trehalose

+ o+ + o+ + o+ o+ o+

Raffinose
Dulcitol

+ positive characteristic; — negative characteristic



Folia Microbiol (2018) 63:273-282

271

Fig. 2 Phylogenetic tree of
Raoultella sp. KDF8 (highlighted
in bold) and related strains based
on 16S rRNA gene sequences.
Numbers at the nodes are
percentages of 1000 bootstrap
replicates. The scale bar
represents 0.5% nucleotide
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the number CCM 8678 and the sequence of the 16S rRNA
gene was filed in the GenBank database under the accession
number KY114614.

Growth of Raoultella sp. KDF8 in analgesic-supplemented
mineral medium

The effect of DCF or CD at a concentration of 1.0 g/L on
bacterial growth was tested in BSBTE medium. As a control
for DCF-containing cultures, the strain was grown in a medi-
um supplemented only with the solvent (ethanol, 1% v/v). The
effect of analgesics on growth in liquid media was determined
after 72 h. As shown in Table 2, the cultures reached biomass
concentrations of 1.0 gcpw/L for DCF or 0.15 gcpw/L for
CD. In the control culture, the maximum biomass concentra-
tion reached 0.5 gcpw/L.

The growth curves and the time courses of the analgesic
removals are shown in Fig. 3. The culture in the medium
supplemented with DCF reached the stationary phase after
approximately 48 h (Fig. 3a). DCF was being removed by
the exponentially growing culture (i of 0.09 1/h) as well as

Table 2  Effect of DCF and CD on the growth of the strain KDFS in
BSBTE medium

Diclofenac Codeine
Concentration (g/L) 0.0 1.0 1.0
Agoo 1.4+0.20 2.4+0.20 0.4 +0.20
CDW (g/L) 0.5+0.07 1.0£0.10 0.15+0.02
pHF 58 4.8 6.6

Cell dry mass (CDW) and culture density (Agoo) of the culture after 72 h
of growth. pH" stands for final pH value of a culture. Values represent the
average of three independent experiments + SD

Escherichia coli ATCC 117757 (X80725)

by the culture in the stationary phase of growth (culturing time
from 50th to 72nd h). The complete removal of DCF (92%)
within 72 h indicated that the culture was efficient in DCF
removal from the supernatant and the strain can grow at 1 g/
L of DCF.

The maximum biomass concentration of 0.15 gcpw/L was
reached in the culture in CD-supplemented medium BSBTE
after 72 h of growth. The very slow growth was accompanied
with only 30% removal of the CD (Fig. 3b).

The effect of a temperature (20, 28 and 37 °C) on cul-
ture growth was studied in a medium supplemented with
DCF at a concentration of 1 g/L (Table 3). The tempera-
ture of 28 °C was optimal for DCF removal. While the
lower temperature slowed down the growth rate as well
as the DCF removal (55%), the temperature of 37 °C re-
duced significantly the biomass concentration (CDW of
0.22 g/L).

Biotransformation of analgesics by whole cell catalyst
Raoultella sp. KDF8

The effect of pH™" on the efficiency of DCF removal was
studied for 96 h over a wide range of values from 3 to 10 in
BSBTE medium at 28 °C. To determine a total degradation
of DCF, the effect of pH™" on DCF sorption to cells was
also studied (Table 4). The optimal pH™" for DCF removal
ranges from 7 to 9, with biodegradation of DCF ranging
from 91.5 to 60%. The data show that the final pH of the
mixtures (pH") after 96 h reached a value ranging from 3.4
to 4.6.

The potential of the strain to biotransform the analgesic (con-
centration range of DCF 1.0-5.0 g/L; CD 0.2 and 1.0 g/L) was
studied for up to 96 h in a reaction mixture consisting of 10%
(WW) biomass suspension (7.6 gcpw/L) in BSBTE medium
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Fig. 3 Growth of a Raoultella sp. KDFS strain culture in shake flasks
(28 °C) with 100 mL of BSBTE medium supplemented with 1 g/L DCF
(a) or CD (b): culture density (Ao, m) and residual concentration of DCF
or CD in culture supernatant (o)

(pH™! 7) at 28 °C (Table 5). At the beginning and after 96 h, the
CDW of a reaction mixture with 1 g/L of DCF was determined:
the final value increased by 23%. Significant differences were
observed between the removal of these two analgesics from
mixture supernatant: 96% removal of DCF and 45% removal
of CD were assayed at a concentration of 1 and 0.2 g/L, respec-
tively. The percent removal decreased with increasing concen-
trations of both drugs. However, at the highest concentrations,
the specific removal rates of DCF and CD were maximal and
reached 16.5 and 5.1 mg/gcpw per h, respectively. The com-
parison of the number of CFU assayed at the beginning of the

Table 3  Effect of incubation temperature on culture growth and DCF
removal

Temperature (°C)  p (1/h) CDW (g/L)  DCF removal (%)
20 0.05+0.01 0.72+0.05 55+2.05
28 0.09 £0.01 1.00£0.12  92+2.05
37 0.03+0.005 022+0.03 82+1.63

Cultures of the strain KDF8 grew in 100 mL of BSBTE medium supple-
mented with 1 g/L DCF for 72 h. CDW and . stand for cell dry mass and
specific growth rate, respectively.Values represent the average of three
independent experiments = SD
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reaction with DCF (10" CFU/mL) and after 96 h (10'° CFU/
mL) confirmed the viability of cells.

Analogous experiments were performed with other analge-
sics, i.e., IPF, KTP, MA, and NAP, at an optimal concentration
of 1 g/L. The degradation ability of the catalyst was only
observed in reactions supplemented with IPF and KTP
(Table 6): 78% of the IPF and 60% of KTP were removed
with the specific removal rate of 3.2 and 2.0 mg/gcpw per h,
respectively.

Products of diclofenac or codeine biotransformation
by whole cell catalyst

At the concentration of 1 g/L DCF or 0.2 g/L CD in the
BSBTE medium, metabolites were detected by HPLC in su-
pernatants of reaction mixtures at 24-h intervals (Fig. 4).
During the first 24 h of biotransformation the concentration
of DCF was decreasing and the product of transformation
appeared: 4'-OH DCF reached the maximal concentration at
48 h of incubation, while DCF concentration dropped below
the level of quantification (Fig. 4a). After 72 h of incubation,
the concentration of 4’-OH DCF dropped also below the level
of quantification. Figure 4b shows the time course of the for-
mation of the compound 14-OH CD from CD, the concentra-
tion of which correspondingly decreased. After 72 h, the con-
centration of 14-OH CD was still detected in the reaction
mixture.

Discussion

Because of their high overall consumption, analgesics are
emerging as a new group of environmental contaminants.
Most popular non-opioid analgesics (e.g., DCF, IPF, KTP,
and others) are often detected in wastewaters, effluents, and
surface waters. Recently, DCF has been included on the
European Commission watch list of substances
(Commission implementing decision (EU) 2015/495) that re-
quire environmental monitoring in the member states. In many
cases, the effectiveness of sewage treatment plants for remov-
ing pharmaceuticals is limited (Gomez et al. 2007). To date,
only a few bacterial isolates capable of degradation of analge-
sics at low concentrations have been described and isolated
from the sludge of a sewage treatment plant: there is a report
on ibuprofen metabolism by the bacterial strains Variovorax
and Sphingomonas (Murdoch and Hay 2005, 2013, 2015).
Regarding morphine alkaloids (e.g., the CD), these com-
pounds were utilized as sole carbon and energy sources by
the strain of P. putida isolated from industrial waste liquors
(Bruce et al. 1990).

In this study, we described a new strain, Raoultella sp.
KDFS8, obtained by chemical mutagenesis of the nature



Folia Microbiol (2018) 63:273-282

279

Table 4  Effect of pH™ on DCF sorption to whole cell catalyst

pH™/pH" 3/3.4 4/3.8 5/3.9 6/3.8 7/4.1 8/4.4 9/4.3 10/4.6
DCF in pellet (%) 56.8 6.6 54455 69 + 6.0 66.6+5.5 8.5+0.6 21.6+25 40+3.0 96+2.5
Total degradation (%) 432 46 31 334 91.5 78.4 60 4

pH™ and pH" stand for the initial and final pH of the reaction mixture, respectively. Degradation was performed in BSBTE medium supplemented with
1 g/L DCF. Reaction time was 96 h. Total degradation represents the difference between initial and residual concentration (in pellet) of DCF. Values

represent the average of three independent experiments + SD

bacterium isolated from contaminated soil. As a whole cell
catalyst, the strain efficiently removes analgesics.

Studies of DCF toxicity (EC50 is 1.95 g/L) on the growth
of the strain Raoultella were performed by Domaradzka et al.
(2016). The strain DD4 grew in a medium supplemented with
high concentration of DCF (up to 3 g/L) but the strain was
capable of degrading only 10% of 6 mg/L of DCF over
28 days. Our work deals with the development of a new,
whole cell catalyst, a bacterial strain KDF8, capable of remov-
al of different analgesics at much higher concentrations and
with higher efficiency.

Sequencing and BLAST analysis of a 16S rRNA gene
fragment revealed that KDF8 was 99% identical to
Raoultella species and physiological and biochemical
characterization confirmed this classification. As a
consequence of the proposal of Drancourt et al. (2001) that,
e.g., Klebsiella planticola and K. ornithinolytica should be
reclassified into the genus Raoultella, we consider the strain
designation as Raoultella sp. to be valid.

Species of the genus Raoultella have recently been identi-
fied as biodegraders of diverse aromatic compounds such as
2,4,6-trinitrotoluene (Claus et al. 2007), dimethoate (Liang
et al. 2009), 2.4,5-trichlorophenoxyacetic acid (Zharikova
et al. 2006), atrazine (Swissa et al. 2014) and sex steroid hor-
mones (Ji et al. 2007). The strain Raoultella sp. KDF8 utilizes
codeine as a carbon and energy source for growth and effi-
ciently co-metabolizes DCF. We expect that IPF and KTP may
be analogously co-metabolized. These novel traits expand the
potential of the genus Raoultella as a whole cell catalyst for
removal of xenobiotics from the environment. Co-metabolism
of xenobiotics, especially by bacteria isolated from sites

contaminated with one or multiple pollutants, is a common
feature (Liu et al. 2001). However, we do not have at present
any experimental data confirming any metabolic reactions of
the analgesics in cultures of the strain KDFS although certain
intermediates were identified in the course of removal of DCF
and CD.

As regards the effect of pH, our results do not correspond
with literature data (Vieno and Sillanpai 2014) that the lower
pH enhances the DCF removal: when the pH™" is below the
value of 7, DCF is not removed and more than a half of its
concentration stays in the pellets. We hypothesize that in the
pH range from 7 to 9, the DCF is efficiently metabolized,
which correlates with its removal from the mixture superna-
tant and its low content in pellet.

Strain KDF8 removes also CD (about 30% under optimum
conditions at a concentration of 1 g/L). CD belongs to com-
pounds highly toxic for organisms and the toxicity of its me-
tabolites is also known (Jairaj et al. 2003). Simultaneously, the
strain KDF8 shows the ability to grow very slowly in the
presence of CD that is used as a source of carbon and energy.
Our finding may correlate with the results of morphine and
codeine utilization by P. putida M10 (Bruce et al. 1990).

As awhole cell catalyst, the biomass of the strain Raoultella
KDFS8 efficiently removes four analgesics (DCF, IPF, KTP and
CD) at pH™ 7 after 96 h. The specific removal rate of DCF or
CD was faster at higher concentrations whereas lower concen-
trations significantly increased the percentage of the degraded
analgesic. 4-OH DCF and 14-OH CD were the main products
identified in the transformation experiment of DCF and CD by
the whole cell catalyst. This is consistent with studies of trans-
formation of DCF, where 4-OH DCF and other oxidative

Table 5 Removal of DCF and CD from reaction mixture supernatant by whole cell catalyst: concentration effect of analgesics on specific removal

rates

Substrate Diclofenac Codeine

Concentration (g/L) 1.0 2.0 3.0 4.0 5.0 0.2 1.0
Degradation (%) 96 +1.95 88 +1.27 71+0.84 64+1.10 63 +0.75 45+28 27+2.0
SRR (mg/gcpw per h) 52403 50+03 10.0+04 13.5+0.6 16.5+04 0.6 +0.03 5.1+£0.1

Analgesic removal by 10% (WW) cell suspension of Raoultella sp. KDF8 was studied in BSBTE medium (volumes of 3 mL, pH™ 7) after 96 h at
28 °C. SRR stands for specific removal rate. Values represent the average of three independent experiments + SD
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Table 6 Removal and specific removal rates of IPF, KTP, NAP and
MA from reaction mixture supernatants by whole cell catalyst

Substrates CDW (g/L) Removal (%) SRR (mg/gcpw per h)
IPF 5.0+0.16 78 £2.43 32+0.20

KTP 55+0.17 60+ 1.76 20+0.10

NAP 52+£0.15 n.d. n.d.

MA 5.0+0.16 n.d. n.d.

Analgesic (1 g/L) removal by a cell suspension of Raoultella sp. KDF8
was studied in BSBTE medium (3 mL volumes) after 96 h at 28 °C. CDW
and SRR stand for biomass concentration of a suspension and specific
removal rate for an analgesic, respectively. Values represent the average
of three independent experiments = SD. n.d., not detected

metabolites, such as 5-hydroxydiclofenac (Groning et al.
2007), 4',5-dihydroxy and 3-hydroxy diclofenac were also
identified in fractions of microsomes (Kumar et al. 2002), hu-
man hepatocytes (Bort et al. 1999) and in fish bile (Kallio et al.
2010). While the concentration of the main product 14-OH CD
remains constant, 4'-OH DCF reaches the maximum in the
48th of the reaction, and then its concentration decreases
significantly. Bouju et al. (2016) show that the degradation

pathway during biological treatment of wastewater of
diclofenac is much slower and more limited (up to 40%
after 18 days) than the DCF removal via 4-OH DCF de-
scribed in this work. However, we did not study DCF re-
moval at low concentrations and we cannot exclude the
absence of induction of specific metabolic pathways under
these conditions. The use of a whole cell catalyst for CD
conversion by the strain Rhizobium radiobacter R89-1 has
been described by Kyslikova et al. (2013). Our results are in
agreement with their data that report increased conversion
of CD at higher concentrations of the drug. Moreover, the
biomass of the strain KDF8 was capable of removing other
analgesics such as IPF or KTP, although with lower effi-
ciency when compared with DCF.

In conclusion, the catalyst Raoultella sp. KDF8 has a
potential for the degradation of analgesics with very differ-
ent structures and may therefore have direct application in
sewage treatment plants. This unique ability of the strain
Raoultella sp. KDF8 suggests a high versatility of its met-
abolic pathways. Further investigation will be focused on
deciphering degradation pathways by proteomics and
metabolomics.

Fig. 4 Time-dependent profiles a
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