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Abstract The e-caprolactam is the monomer of the syn-
thetic non-degradable nylon-6 and often found as nonre-
active component of nylon-6 manufacturing waste effluent.
Environmental consequences of its toxicity to natural hab-
itats and humans pose a global public concern. Soil samples
were collected from three designated solid waste dumpsites,
namely, Abule-Egba, Olusosun and Isheri-Igando in Lagos
State, Nigeria. Sixteen bacteria isolated from these samples
were found to utilize the e-caprolactam as a sole source of
carbon and nitrogen at concentration of <20 g 1~'. The
isolates were characterized using their 16S rRNA gene
sequence and showed similarity with Pseudomonas sp.,
Proteus sp., Providencia sp., Corynebacterium sp., Lysini-
bacillus sp., Leucobacter sp., Alcaligenes sp. and Borde-
tella sp. Their optimal growth conditions were found to be
at temperature range of 30 to 35 °C and pH range of
7.0-7.5. High Performance liquid chromatography analysis
of the e-caprolactam from supernatant of growth medium
revealed that these isolates have potential to remove
31.6-95.7 % of e-caprolactam. To the best of our knowl-
edge, this study is first to report the ability of Proteus sp.
and Bordetella sp. for e-caprolactam utilization.
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Introduction

e-caprolactam is an organic compound consisting of carbon,
Nitrogen, oxygen and hydrogen which is an exclusive raw
material for nylon-6, produced by hydrolytic polymerization
of e-caprolactam [16]. It is found as unreacted monomer in
waste water effluents of nylon-6 producing factories, con-
stituting significant pollution load with toxic effect on plants,
animals and humans [7]. Also, its solid oligomers and used
nylon-6 fibre constitute solid waste materials that end up in
dumpsites, eventually to uncontrolled open environment.
Reports have shown the ability of some bacteria to remove &-
caprolactam from waste water treatment sludge. Biochemi-
cal and genetic aspects of g-caprolactam biodegradation
have been described by Prijambada et al. [14] where Pseu-
domonas and Flavobacterium were found to degrade ¢-
caprolactam isolated from soil and effluent water released by
nylon-6 producing factories. Baxi and Shah [3] isolated
Alcaligenes faecalis, Arthrobacter citrus, Bacillus sphaeri-
cus and Rhodococcus rhodochrous from different soils of a
nylon-6 manufacturing site and these isolates were able to
degrade e-caprolactam in solution. In a recent study [16], e-
caprolactam denitrifying bacteria were isolated including
Hyphomicrobium species, Methylosinus pucelena and
Magnetospirillum species from the waste water treatment
system of a chemical manufacturing company.

Scarcity of information on potential caprolactam
degraders from solid waste dumpsites, which are the ultimate
repository of the sludge from the treatment plants as well as
the recalcitrant solid waste of the caprolactam products,
stimulated this research. The current study focused on iso-
lation and the characterization of e-caprolactam degrading
bacteria from different solid waste dumpsites in Nigeria with
the view of investigating their potential on nylon-6 fibre
degradation.
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Materials and Methods
Isolation of e-Caprolactam Utilising Bacteria

Soil samples were collected from the three major solid
waste dumpsites in Lagos State, South Western Nigeria,
namely Olusosun, Abule-Egba and Isheri-Igando dump.
1 g of soil sample was mixed in 10 ml phosphate buffer
saline (PBS; 8 g NaCl, 0.2 g KCl, 1.44 g NaH,PO,, 0.24 ¢
KH,PO,), serially diluted and plated on nutrient agar. Pure
cultures of bacterial isolates were obtained and screened
for their ability to utilize e-caprolactam on solid basal
medium containing 0.2 g KH,PO,, 0.6 g K,HPO,, 03 g
NaCl, 0.2 g MgSO, 7H,0, 0.1 g CaCl, 2H,0, 0.1 g FeCl;
with 10 g e-caprolactam per litre supplemented with 15 g
agar and varied pH and temparatures [4]. All chemicals and
reagents were obtained from Zayo-Sigma Chemicals
Limited, Nigeria. For each isolate, four test tubes con-
taining 5 ml phosphate buffer of pH 6.0, 6.4, 7.0, 7.4, 8.0
and 8.5 were prepared with suppliment of 1 % e-capro-
lactam. Each tube was then inoculated with 0.5 ml over-
night-grown culture and incubated separately at 27, 30, 35
and 40 °C respectively. Growth of the microorganisms was
measured spectrophotometrically at 600 nm at the zero
hour blank and at 24 h incubation. Isolates that were able
to grow on this agar medium in 24 h were selected to
possess the ability to utilise the substrate as sources of both
carbon and nitrogen.

Identification of Bacterial Isolates

Identification of bacterial isolates was performed using 16S
rRNA gene sequencing approach. Genomic DNA was
isolated as described previously [2]. The PCR assay was
performed using Applied Biosystems, model 9800 with
50 ng of DNA extract in a total volume of 25 pl. The PCR
master mix contained 2.5 pl of 10X PCR reaction buffer
(with 1.5 M MgCl,), 2.5 pl of 2 mM dNTPs, 1.25 pl of
10 pm pl~" of each oligonucleotide primer 8F (5'-AGA-
GTTTGATCCTGGCTCAG-3') and 1391R (5'-GAC-
GGGCGGTGTGTRCA-3'), 0.2 ul of 3 U/ul Taq DNA
polymerase and 15.76 pl of glass-distilled PCR water [13].
Initially denaturation accomplished at 94 °C for 3 min.
Thirty-two cycles of amplification consisted of denatur-
ation at 94 °C for 30 s, annealing at 55 °C for 30 s and
extension at 72 °C for 1.5 min. A final extension phase at
72 °C for 10 min was performed. The PCR product was
purified by PEG-NaCl method [13]. The thermocycling for
the sequencing reactions began with an initial denaturation
at 94 °C for 2 min, followed by 25 cycles of PCR con-
sisting of denaturation at 94 °C for 10 s, annealing at 50 °C
for 10 s, and extension at 60 °C for 4 min using primers
704 F (5-GTAGCGGTGAAATGCGTAGA-3') and 907 R
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(5-CCGTCAATTCMTTTGAGTTT-3') [5]. The samples
were purified using standard protocols described by
Applied Biosystems®, Foster City, USA. To this, 10 ul of
Hi-Di formamide was added and vortexed briefly. The
DNA was denatured by incubating at 95 °C for 3 min, kept
on ice for 5-10 min, and was sequenced in a 3,730 DNA
analyzer (Applied Biosystems) following the manufac-
turer’s instructions. Obtained sequences were analysed
using Sequence Scanner (Applied Biosystems) software.
The rRNA sequence contigs were analysed using EzTaxon
[8] and NCBI-BLAST [1] to find the closest match of the
contiguous sequence.

Phylogenetic Analyses

Obtained 16S rRNA gene sequences were aligned using
BioEdit® [6] and edited in DAMBE® [17]. The evolu-
tionary history was inferred using the neighbor-joining
method. The percentage of replicate trees in which the
associated taxa are clustered together in the bootstrap test
(1,000 replicates) is recorded next to the branches. The tree
is drawn to scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phy-
logenetic tree using Molecular Evolutionary Genetics
Analysis (MEGA, V. 5) software [15].

e-Caprolactam Utilization Experiment

Degradation experiment for e-caprolactam was conducted
in the basal medium fortified with e-caprolactam. The
minimum inhibatory concentration was determined on the
same medium at varied concentrations of 10, 15, 20, 25,
and 30 g 17" of e-caprolactam. Bacterial isolates that grew
on the solid basal medium at concentration of 10 g 17"
were selected and enriched in peptone broth for 24 h. 1 ml
of each cultured isolate was then inoculated into 100 ml of
the 1 % e-caprolactam basal medium in 150 ml conical
flasks and incubated at 35 °C on the G24 Environmental
incubator shaker (New Brunswick Scientific Co., Inc.,
Edison, NJ, USA) at 180 rpm. The experiments were
monitored at time interval of 24, 72 and 120 h. The cells
were harvested by centifugation at 10,000 rpm at 4 °C for
10 min and cell free supernatants were used for the High
Performance Liquid Chromatography (HPLC) analysis to
estimate unutilised e-caprolactam in the medium. A mix-
ture of e-caprolactam and 6-aminohaxanoic acid was used
as a standard (50:50 v/v). The mobile phase consisted of
methanol: water using concentration of 60:40 (v/v). The
analyses were performed on Cecil-Adept System 4 (Ana-
lytical); UV-Visible detector; CE 4900 Power stream
software at 200 nm and the flow rate of the mobile phase
was 1 mlmin~' in TSK-GEL ODS-80TM 4.6 mm x
7.5 cm column [17].
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Result and Discussion
Bacterial Identification and Phylogenetic Analysis

Sixty four different bacterial isolates were obtained from
the soil samples based on difference in colony morphology.
Identity of the isolates possessing the ability to utilize e-
caprolactam as a source of carbon and nitrogen were con-
firmed using 16S rRNA gene sequence approach (Table 1).
Result of phylogenetic study of the bacteria showed that the
isolates belong to three major taxonomic groups including
Proteobacteria, Actinobacteria and Firmicutes (Fig. 2). All
these bacterial groups have been reported in studies
involving solid waste dumpsites [9—12] except isolate
identified as Proteus sp. (strain NTS2). Figure 1 shows a
phylogenetic tree of the isolates constructed with Molecular
Evolution Genetics Analysis (MEGA) version 5. Phyloge-
netic analysis of the isolates using the neighbour-joining
method grouped the isolates in to four different clusters. In
this study, the diversity of the e-caprolactam degrading
bacteria isolates was presented in three phylogenetic divi-
sions, the Proteobacteria (y and P), Actinobacteria and
Firmicutes constituting 43.75 % vy-Proteobacteria, 25 %

E. coli (UO0006)

N

100 100

100 |

100 100~ Providencia sp. strain FBC1 (HE858278)
E Providencia vermicola OP 1(T)
Proteus sp. strain NTS2 (HE858285)
/| 5 100" Proteus mirabilis ATCC 29906(T)
Pseudomonas sp. strain ISC6 (HE858282) y-Proteobacteria
Pseudomonas aeruginosa LMG 1242(T)
Pseudomonas sp. strain ABC3 (HE858275)
Pseudomonas sp. strain ISC7 (HE858283)
Pseudomonas sp. strain NTS1 (HE858284)
Pseudomonas sp. strain NTS6 (HE858286)
100, Paenalcaligenes sp. strain 2ABA2 (HE858273)
Paenalcaligenes hominis CCUG 53761A(T)

p-Proteobacteria, 25 % Actinobacteria and 65 % Firmi-
cutes. However, this study revealed that the Proteobacteria
and the Actinobacteria are the dominant g-caprolactam
degrading groups in the studied dumpsites.

Isolation and e-Caprolactam Utilization Screening
of Bacteria

The minimum inhibitory concentration of the caprolactam
for all the sixteen bacterial isolates showed e-caprolactam
degrading ability was found to be 20 g 17!, Wang and Lee
(2007) reported Paracocus versutus MDC-3 growing at the
concentration of 1.6 g1™' isolated from wastewater.
Unlike previous report, isolates identified as Bordetella sp.
strain 2ABA4, Alcaligenes sp. strain 2ABA2, Pseudomo-
nas sp. strain ISC7 and Proteus sp. strain NTS2 from this
study showed an exceptional growth potential on media
containing e-caprolactam at the concentration of 25 g 17",
Efficient e-caprolactam degrading potential and high con-
centration tolerance capacity for caprolactam makes our
isolates as ideal candidate for clean-up of caprolactam
contaminated environment.

100, Bordetella sp. strain 2ABA4 (HE858274)
100| Bordetella petrii DSM 12804(T) B-Proteobacteria
7; Alcaligenes faecalis IAM 12369(T)
TD Alcaligenes sp. strain ORBS (HE858287)
99! Alcaligenes sp. strain ORC1 (HE858288)
100 Lysinibacillus sp. strain ISC1 (HE858281)
L Lysinibacillus sphaericus C3-41
93, Leucobacter sp. strain BO2 (HE858276)
] 10011 Leucobacter sp. strain BO3 (HE858277)
| Leucobacter aridicollis CIP 108388(T)
Corynebacterium sp. strain FBC2 (HE858279)
Corynebacterium sp. strain FBC3 (HE858279)

] Firmicutes

Actinobacteria

1 00| Corynebacterium ammoniagenes DSM 20306(T)

——
0.02

Fig. 1 Neighbour- joining inferred tree based on 16S rRNA gene
sequences showing the evolutionary relationship of bacterial isolates
found utilising e-caprolactam from solid waste dumpsites within
previously characterised species. E. coli was used as ‘outgroup’. Type
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strains are indicated by 7. Bar length represent the number of the base
substitution per site. Bootstrap values expressed as percentage of
1,000 re-samplings of the neighbour-joining dataset are showed at
nodes
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Fig. 2 Temperature and pH -
growth parameters of four 0.800 270 300 ezza35.0 400 0.450
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NTS2, Pseudomonas sp. strain 0.700 - 0.400
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Promising Isolates showing high e-caprolactam utilisation
Optimal growth conditions circumneutral pH and in mesophilic temperature range
facilitates maintenance and mass production for bioreme-
Optimum pH for the growth of the isolates was 7.5; how-  diation purpose under normal laboratory conditions in
ever, four isolates those showed good e-caprolactam util-  lesser cost and labour.

isation activity were found growing at pH 7.0 as shown in

Fig. 2. The optimal growth temperature range for these = Biodegradation Experiments

isolates found falling within the mesophilic temperature

range (30-35 °C). Optimum temperature for the growth of =~ Figure 3 shows percentage reduction in g-caprolactam
the isolates in e-caprolactam medium is given in Fig. 2.  concentration by each isolate was calculated using High
Our result indicates that 35 °C is the best temperature for ~ Performance Liquid Chromatography (HPLC). We repor-
all the isolates except for Proteus sp. strain NTS2 which  ted highest e-caprolactam reduction (95.7 %) by Proteus
shows its highest growth at 30 °C. Optimal growth at  sp. strain NTS2 followed by Bordetella sp. strain 2ABA4
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Bacterial isolate

Fig. 3 Percentage utilised caprolactam concentration by sixteen bacterial isolates after 120 h. Bar graph shows HPLC readings (OD at 600 nm)
taken at the time intervals of 24, 48 and 120 h of un-utilised e-caprolactam in the medium
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(89.1 %), Pseudomonas sp. strain NTS1 (86 %) and
Alcaligenes sp. strain 2ABA2 (74.2 %). The least reduction
of 31.6 % was recorded in Corynebacterium sp. strain
FBC3. Although, most of the bacteria isolated in this study
may have been found to be associated with environmental
samples, there is no earlier report of such degradation
ability showed by Proteus sp. strain NTS2. The expanded
metabolic range as observed in these bacterial genera may
be due to physiological adaptation as a result of alteration
in enzyme substrate specificity or mutation in plasmid
DNA harbouring genes coding e¢-caprolactam utilising
enzymes, which is focus of upcoming study on these iso-
lates. The percentage of the e-caprolactam utilized by the
isolates from this study ranges between 99 and 31 % in the
least performing bacteria isolates at 10 g 17! concentration
within 5 days. However, the bacteria strains isolated in this
study displayed a better e-caprolactam utilization potential
compared to those of earlier reports and will be expected to
play a better role in remediation of e-caprolactam polluted
water samples.

Conclusion

Phylogenetic studies of 16 e-caprolactam degrading bacteria
from solid waste indicated that these isolates belong to
3-different phyla. Screening for degradation potential using
HPLC indicates that our isolates have good potential for
degradation of e-caprolactam. Furthermore, we reported
Proteus and Bordetella for the first time as g-caprolactam
degraders. The findings of our study indicate that these
organisms can be a good tool for decontamination of
g-caprolactam contaminated site and will be valuable for
study of pathway and genetics of e-caprolactam degradation.
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