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INTRODUCTION

Nitriles are a diverse group of organic compounds with –C≡N as functional group. Most nitriles
are slightly cytotoxic but some cause severe toxic effects. More than 120 naturally occurring
nitriles without considering cyanogenic glycosides are present in terrestrial and marine habitats,
especially in plant components such as almonds or other fruit pits. The most common group
of naturally occurring nitriles are cyanogenic glycosides, which can be found in more than 100
plant families as well as in fungi, bacteria, and animals. This group of molecules can be chemically
or enzymatically hydrolyzed, leading to the release of highly toxic hydrogen cyanide and thereby
act as natural defense compound (Fleming, 1999). For detoxification, two enzymatic pathways for
the degradation of nitriles are known. The first one involves nitrilases (EC 3.5.5.1), a subgroup of
the carbon-nitrogen hydrolase superfamily, which degrade nitriles directly to carboxylic acids and
ammonia. The second one is a bi-enzymatic pathway using nitrile hydratases (NHases; EC 4.2.1.84)
for the degradation of nitriles to amides and amidases (EC 3.5.1.4) for the subsequent degradation
to carboxylic acids and ammonia (Gong et al., 2012). The enzymatic hydrolysis of nitriles proceeds
under mild reaction conditions, whereas the chemical hydrolysis is dependent on acidic or alkaline
conditions and high temperatures. The latter also results in the production of large quantities
of byproducts and inorganic waste (Clouthier and Pelletier, 2012; Vergne-Vaxelaire et al., 2013).
Consequently, nitrile-converting enzymes are of increasing industrial importance with respect to
green chemistry. A constantly increasing number of nitrile-derived amides [e.g., acrylamides or
carboxylic acids (e.g., glycolic acid)] are produced with these enzymes (Schmid et al., 2001; Panova
et al., 2007). In addition, nitrilases can be used for the treatment of nitrile-polluted wastewater (Li
et al., 2016) and other environmentally-friendly bioremediation processes (Gong et al., 2012).

Here, we report data on the taxonomic composition of an enrichment culture with acetonitrile
as nitrogen source. In addition, we present eight individual bacterial draft genome sequences of
isolates obtained from this enrichment. The genome content of these isolates was analyzed with
respect to genes responsible for the nitrile-degrading phenotype. Genome and average nucleotide
identity analysis indicated that the isolated bacterial strains are affiliated to the species Rhodococcus
erythropolis, Flavobacterium sp., Variovorax boronicumulans, Pseudomonas sp., and Pseudomonas
kilonensis.

MATERIALS AND METHODS

Isolation of the Bacteria
Compost (100 g, pH 7.5) of the Experimental Botanical GardenGöttingen, Germany (51◦33′22.6′′N
9◦57′16.2′′E) was suspended in 500 ml H2O and filtered with a 2.7 µm GF/D glass fiber
filter (Whatman, Little Chalfont, UK). Enrichment and control cultures were each initiated
with 750 µl of the resulting filtrate. Enrichment cultures were grown in 40 ml M9 medium
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(Atlas, 2010) with ATCC trace mineral supplement (LGC
Standards, Teddington, UK), 10 mM glucose as carbon source
and 25 mM acetonitrile as sole nitrogen source at 25◦C for 4
days. Control cultures were grown in same medium but the
medium contained 18.7 mM NH4Cl instead of acetonitrile. The
enrichment culture was streaked on solid M9 medium with
25 mM acetonitrile as sole nitrogen source and incubated at
25◦C. The obtained 33 colonies showed four distinct colony
morphologies, and were picked and purified over five rounds of
incubation. Growth in the absence of an added nitrogen source
was not recorded.

16S rRNA Gene Sequencing
Genomic DNA of the liquid cultures and the specific isolates
was extracted using the MasterPure complete DNA and RNA
purification kit (Epicentre, Madison, WI, USA), while DNA
isolation of the compost sample was done with the PowerMax soil
DNA isolation kit (MO BIO Laboratories, Carlsbad, CA, USA).
The bacterial composition was determined by amplicon-based
analysis of the V3-V4 region of the 16S rRNA gene using the
bacterial primers S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-
21 (Klindworth et al., 2013) with adapters for Illumina MiSeq
sequencing (Illumina, San Diego, CA, USA). The PCR reaction
mixture (50 µl) contained 10 µl 5-fold Phusion GC buffer,
200µM of each of the four dNTPs, 2.5 µl DMSO, 0.2 µM of each
primer, 200 µM MgCl2, 1 U of Phusion polymerase (Thermo
Fisher Scientific, Waltham, MA, USA), and 25 ng of isolated
DNA as template. The following cycling scheme was used: initial
denaturation at 98◦C for 1 min and 25 cycles of denaturation
at 98◦C for 45 s, annealing at 60◦C for 45 s, and extension at
72◦C for 30 s, followed by a final extension at 72◦C for 5min.
PCR reactions were performed in triplicate for each sample.
The resulting PCR products were pooled in equal amounts
and purified using the NucleoMag 96 PCR kit (Macherey-
Nagel, Düren, Germany) as recommended by the manufacturer.
Quantification of the PCR products was performed using the
Quant-iT dsDNA HS assay kit and a Qubit fluorometer as
recommended by the manufacturer (Invitrogen, Carlsbad, CA,
USA). Indexing of the PCR products was performed with Nextera
XT DNA library prep kit as described by the supplier (Illumina).
Sequencing was performed with the Illumina MiSeq platform
using the dual index paired-end approach (2 × 300 bp) and v3
chemistry.

The 16S rRNA genes of specific isolates were amplified
with the primer pair 08f (5′-AGAGTTTGATCCTGGC-3′)
and 1504r (5′-TACCTTGTTACGACTT-3′). The previously
mentioned cycling scheme was modified to an annealing
temperature of 40◦C and an extension time of 45 s. Sanger
sequencing of the PCR products was done by Seqlab (Göttingen,
Germany).

16S rRNA Gene Amplicon Analysis
Demultiplexing and clipping of sequence adapters from raw
amplicon sequences were performed by employing CASAVA
data analysis software (Illumina). Paired-end sequences were
merged using PEAR v0.9.10 with default parameters (Zhang et al.,
2014). Subsequently, sequences with an average quality score

lower than 20 and containing unresolved bases were removed
with the split_libraries_fastq.py script of QIIME 1.9.1 (Caporaso
et al., 2010). Non-clipped reverse and forward primer sequences
were removed by employing cutadapt 1.12 with default settings
(Martin, 2011). USEARCH version 9.2.64 was used following the
UNOISE pipeline (Edgar, 2010). In detail, reads shorter than 380
bp were removed, dereplicated, and denoised with the UNOISE2
algorithm of USEARCH resulting in zero-radius operational
taxonomic units (zOTUs). Additionally, chimeric sequences
were removed using UCHIME2 in reference mode against the
SILVA SSU database release 128 (Yilmaz et al., 2014). All
quality-filtered sequences were mapped to chimera-free OTUs
and a zOTU table was created using USEARCH. Taxonomic
classification of the picked reference sequences (zOTUs) was
performed with parallel_assign_taxonomy_blast.py against the
same SILVA database. Extrinsic domain OTUs, chloroplasts, and
unclassified OTUs were removed from the dataset by employing
filter_otu_table.py. Sample comparisons were performed at same
surveying effort, utilizing the lowest number of sequences by
random subsampling (31,000 reads per sample).

Genome Sequencing and Analysis
Genome sequencing was performed using an Illumina MiSeq
system with the Nextera XT DNA library prep kit as
recommended by the manufacturer (Illumina). Paired-end reads
were quality-trimmed with Trimmomatic version 0.36 (Bolger
et al., 2014) and verified with FastQC version 0.11.5 (Andrews,
2010). Assembly and first coverage calculation was performed
with SPAdes version 3.9.0 (Bankevich et al., 2012). All contigs
>500 bp and with a coverage >5 were annotated using Prokka
version 1.11 (Seemann, 2014). Final coverage was calculated
with Bowtie 2 version 2.2.9 (Langmead and Salzberg, 2012). A
BLASTn search (Altschul et al., 1990) was performed against
the NCBI non-redundant database to verify assembled contigs.
For taxonomic assignment, the full-length 16S rRNA gene
sequences of all isolated organisms were searched against the
NCBI database. Combination of these data with an analysis of
the tetra-nucleotide signatures (Tetra) and the average nucleotide
identities (ANI) performed with JSpeciesWS (Richter et al., 2016)
as well as in silico DNA-DNA hybridization results calculated
with the online tool GGDC 2.1 (Meier-Kolthoff et al., 2013) were
employed for taxonomic classification of the isolates. Putative
nitrilases, NHases, and amidases were compared with the non-
redundant protein database of the NCBI using BLASTp (Altschul
et al., 1990). The hit with the highest score is given in Table 1.

RESULTS AND DISCUSSION

Enrichment of the compost sample with M9 minimal medium
containing acetonitrile as sole nitrogen source resulted in
microbial growth, indicating the presence of acetonitrile-
degrading organisms. The bacterial diversity and composition of
the compost sample and the enrichment culture were determined
via amplicon-based 16S rRNA gene analysis. The compost
sample used as starting material for enrichment comprised
520 zOTUs, which were reduced to 63 during enrichment
(Supplementary Table S1). The dominant bacterial genera after
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enrichment wereAeromonas (33%) and Pseudomonas (55%) with
similar abundances in the control sample (Figure 1A). In the
enrichment culture the relative abundances of Flavobacterium
and Bacillus were 5 and 2%, respectively, and in the control
culture 2 and 0.4%, respectively.Chryseobacterium, Paenibacillus,
Pedobacter, and Sphingobacterium varied between 1.1 and
1.3% in the control culture, but showed relative abundances
below 0.1% in the acetonitrile-containing enrichment. In
contrast, Variovorax (3%) was only detected in the acetonitrile
enrichment culture in significant amounts. We performed
isolation experiments from enrichment cultures on solid
media with acetonitrile as sole nitrogen source. A total
of 33 isolates (Figure 1B) were recovered of which eight
isolates (ACN1 to ACN8, Table 1) showed a different 16S
rRNA gene sequence. All isolates were able to grow with
acetonitrile as sole nitrogen source in axenic culture. No
growth was observed in the absence of an added nitrogen
source. The genomes of all eight isolates were sequenced
and analyzed with the focus on genes potentially involved
in nitrile-degradation (Table 1). Based on average nucleotide
identity, tetra-nucleotide signatures and in silico DNA-DNA
hybridization, the eight isolates were affiliated to the genera
Flavobacterium, Pseudomonas, Rhodococcus and Variovorax.
Besides Rhodococcus all isolated strains belonged to genera
detected during 16S rRNA gene analysis of the bacterial
community in the enrichment culture.

FIGURE 1 | (A) Community composition of acetonitrile-enrichment and

control culture and (B) 16S rRNA gene analysis of 33 acetonitrile-degrading

isolates; “Others” refers to genera with an abundance of <1%. M9, control;

ACN, acetonitril enrichment.

Rhodococcus (ACN1)
In contrast to all other isolates, only slight traces of Rhodococcus
could be found during 16S rRNA gene analysis. Nevertheless,
this isolate was obtained multiple times from the enrichment,
indicating its ability to degrade acetonitrile. The reason for the
discrepancy between 16S rRNA gene analysis of the community
and the isolation results may be due to non-optimal media
conditions for Rhodococcus in the enrichment culture, leading
to low abundance. Genome sequencing of R. erythropolis
ACN1 and quality-filtering resulted in 2,641,652 paired-end
reads resulting in a draft genome of 7.24 Mbp with a 93.9-
fold coverage. Similarity searches for putative genes involved
in nitrile-degradation revealed two genes (BKP42_65670 and
BKP42_65680), coding for one of the two putative NHase
subunits. These enzymes are known to be responsible for
nitrile degradation in various R. erythropolis strains (Kaufmann
et al., 1999; Brandão et al., 2003; Vejvoda et al., 2007; Kamble
et al., 2013). The deduced protein sequences showed highest
identity to the alpha subunit of Rhodococcus sp. N-774 (Ikehata
et al., 1989) and the beta subunit of R. erythropolis deep-
sea strain 122-AN065 (Brandão et al., 2003). The deduced
acetamidases (BKP42_40660 and BKP42_26750) aremost similar
to acetamidases of R. erythropolis and Rhodococcus sp. 311R
(Ehsani et al., 2015). The two aliphatic amidases of the isolated
strain (BKP42_54900 and BKP42_64640) most resemble an
acylamide amidohydrolase from Gordonia desulfuricans and an
amidase of Rhodococcus sp. R312 (Fournand et al., 1998). An
additional amidase (BKP42_65660) is most similar to an amidase
of Rhodococcus sp. N-774 (Table 1).

Variovorax (ACN3)
Members of the genus Variovorax were prime candidates
for active nitrile degradation, as the genus appeared only
in significant abundances in the bacterial community after
enrichment with acetonitrile. With the isolation of ACN3
identified as V. boronicumulans a member of this genus was
recovered. Sequencing and assembly of 3,471,160 paired-end
reads resulted in a draft genome of 7.14Mbp (131-fold coverage).
Although V. boronicumulans is a species described just recently
(Miwa et al., 2008), evidence for nitrile degradation by this
microorganism was reported before (Zhang et al., 2012; Liu
et al., 2013). A search for genes encoding putative nitrile-
degrading enzymes resulted in the identification of genes for
two possible degradation pathways, the first one via a nitrilase
(BKP43_17560) and the second one via an NHase (BKP43_58000
and BKP43_58010) and amidase (BKP43_28100). The most
similar enzymes to the nitrilase, alpha and beta subunits of
NHase, and the aliphatic amidase are an amidohydrolase,
NHase subunits and acylamide amidohydrolase of another V.
boronicumulans strain, respectively (Table 1).

Pseudomonas (ACN4, ACN5, ACN7, and
ACN8)
With a relative abundance of over 50%, Pseudomonas is the major
genus of the bacterial community in the acetonitrile enrichment
culture. Several Pseudomonas species such as P. chlorographis
and P. fluorescens are able to use nitriles as nitrogen source
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and harbor genes encoding nitrilases, or NHases and amidases
(Nagasawa et al., 1987; Kiziak et al., 2005; Howden et al., 2009).
The presence of these genes could be due to the plant habitat of
some Pseudomonas species, which is rich in different and unusual
nitriles like indole-3-carbonyl nitrile (Rajniak et al., 2015).

Isolates ACN4 and ACN7 were affiliated to P. kilonensis, a
species described in 2001 (Sikorski et al., 2001). Sequencing of
the ACN4 genome resulted in 2,239,346 paired-end reads, an
average coverage of 96.7-fold, and a draft genome of 6.55 Mbp.
Genes encoding a putative nitrilase (BSF43_29400) and amidase
(BSF43_35090) were detected, which showed highest identity to a
Pseudomonas nitrilase and a putative acylamide amidohydrolase
of P. sp. Root401 (Bai et al., 2015), respectively.

The genome assembly of isolate ACN7 was based on 2,049,404
paired-end reads and resulted in a draft genome of 6.49 Mbp
and a 74.9-fold coverage. The GC-content is 61.0%. The draft
genome encodes a nitrilase (BSG18_13010) and an amidase
(BSG18_29450) similar to a nitrilase of P. sp. Ep R1 (Chiellini
et al., 2014) and an acylamide amidohydrolase of P. sp. Root401,
respectively.

The two Pseudomonas isolates ACN5 and ACN8 could not be
assigned to a specific Pseudomonas species. The genome of ACN5
(6.69 Mbp, 61.3-fold coverage) was assembled from 1,350,588
paired-end reads. Potential genes for two nitrilases, one NHase
and two amidases were predicted in the ACN5 genome. The
aliphatic nitrilase (BSF40_48900) showed highest similarity to
a nitrilase of Pseudomonas sp. UW4 (Duan et al., 2013), while
the other nitrilase (BSF40_42250) most resembles a nitrilase of
Pseudomonas sp. GM48 (Brown et al., 2012). The NHase alpha
and beta subunits (BSF40_24660 and BSF40_24650) are related
to the corresponding ones of Pseudomonas and P. sp. UW4.
The predicted amidases (BSF40_24670 and BSF40_59650) are
similar to an amidase of P. sp. GM33 and GM49 (Brown et al.,
2012). For the assembly of the ACN8 genome, 1,505,826 paired-
end reads were used, resulting in a draft genome of 6.34 Mbp
and 66.0-fold coverage. Genes for two nitrilases (BSF44_34690
and BSF44_52950) were predicted, which resemble two different
nitrilases from P. fluorescens. Furthermore, two genes encoding
putative amidases (BSF44_36240 and BSF44_50390) similar to an
amidase of P. composti and P. sp. GM74 (Brown et al., 2012) were
detected.

Flavobacterium (ACN2 and ACN6)
The two isolates ACN2 and ACN6 from the acetonitrile
enrichment culture were affiliated to the Gram-negative genus
Flavobacterium. A total of 1,503,824 paired-end reads were
used for the assembly of the ACN2 genome, resulting in a
draft genome of 5.40 Mbp with an average coverage of 72.7-
fold. ACN6 genome assembly of 2,409,950 paired-end reads
yielded a draft genome of 5.13 Mbp with average coverage of
120.4-fold. Genes encoding putative nitrile-degrading enzymes
were not detected in both draft genomes. As the nitrile
degrading capacity of both strains was independently verified
multiple times by growth experiments with acetonitrile as sole
nitrogen source, the presence of so far unknown genes and
pathways for nitrile utilization is indicated. In addition, the
ability to overcome the nitrogen limitation via nitrogen fixation

from air was experimentally excluded as no growth could be
monitored in liquid M9 medium without any added nitrogen
source. Furthermore, typical genes for nitrogen fixation such as
dinitrogenases and dinitrogenase reductases were not identified
in the genome sequences. Thus, two explanations are possible
for the discrepancy between the observed phenotype of both
strains and the lack of putative genes for nitrile degradation. First,
genes responsible for nitrile degradation could not be annotated
as they are located in contig gaps, as both genomes are still
in the draft state. This is unlikely as most contig gaps are due
to repetitive regions longer than the read length of the used
sequencing technology (Whiteford et al., 2005; Chaisson et al.,
2015). Second, genes for new types of nitrile degradation enzymes
are present. The only other available study on nitrile degradation
by Flavobacteria reports weak degradation of 3-cyanopyridine by
F. aquatile IFO 3772, F. suaveolens IFO 3752 and F. rigense IAM
1238 (Kato et al., 2000), but genes responsible for the observed
phenotype were not reported and genomes of the three strains
are not available. Thus, further analyses are required to unravel
the basis of the nitrile-degrading phenotype of the flavobacterial
isolates.

CONCLUSION

The here presented data revealed the potential of specifically
designed enrichment experiments for the isolation of organisms
with a desired metabolic activity like nitrile degradation. Our
study provided new candidates to cover the industrial demand for
new nitrile-degrading biocatalysts as part of a green chemistry.
While for the isolates R. erythropolis ACN1, V. boronicumulans
ACN2, P. kilonensis ACN4 and ACN7 as well as P. sp. ACN5
and ACN8 nitrilases and/or NHases and amidases could be
annotated, the nitrile-degrading pathway of F. sp ACN2 and
ACN6 remains to be unraveled.

ACCESSION NUMBERS

The draft genome sequences of all eight organisms have
been deposited at GenBank with the following accession
numbers: R. erythropolis ACN1, MRCL00000000; F. sp.
ACN2, MRCM00000000; V. boronicumulans ACN3,
MRCN00000000; P. kilonensis ACN4, MRCO00000000; P.
sp. ACN5, MRCP00000000; F. sp. ACN6, MRCQ00000000; P.
kilonensisACN7,MRCR00000000; P. sp. ACN8,MRCS00000000.
Raw sequence data of all genomes are available at the NCBI SRA
archive and linked to the respective BioSamples. The sequences
of the 16S rRNA gene analysis are linked to the BioSamples
SAMN07278921 (inoculum), SAMN0278947 (control) and
SAMN07278950 (acetonitrile enrichment). Strains have been
submitted to the DSMZ German Collection of Microorganism
and Cell Cultures and are available on request.
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