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Introduction
During a routine search in the Genbank database for 
proteins involved in allantoin (a purine derivative) 
catabolism, a significant similarity of a  typical 
bacterial enzyme to a protein sequence from 
 Caenorhabditis remanei (XP_003087095; hypo-
thetical protein CRE_29417) was detected. In the 
corresponding genomic scaffold (NW_003316202), 
another open reading frame (ORF) was present 
(XP_003087094; hypothetical protein CRE_29416) 
coding for another typical bacterial enzyme of allan-
toin catabolism. The genomic scaffold had as a best 
hit a whole genome shotgun (wgs) sequence from 
Caenorhabditis angaria (AEHI01035490). Other 
genes involved in purine catabolism and similar 
to bacterial genes were found in C. angaria and 
C. remanei wgs sequences,  suggesting the presence 
in these two species of a whole metabolic pathway 
absent in other Caenorhabditis.

Our first hypothesis was the horizontal transfer of 
bacterial genes to a common ancestor of C. angaria 
and C. remanei. The acquisition of genes involved in 
the recycling of nitrogen from purines1,2 made sense 
in light of the ecological niches of some Caenorhab-
ditis: ureidic purine derivatives allantoin and allan-
toic acid can be the primary, if not the only nitrogen 
source3 of certain decomposed vegetables on which 
these species normally feed.4 This situation was remi-
niscent of the recently reported adaptive acquisition 
in the coffee beetle of a bacterial gene allowing the 
utilization of the coffee berry galactomannan.5

However, this initial hypothesis was called into 
question by further evidence suggesting the presence 
of a bacterial contamination in the genomic sequences. 
Firstly, C. angaria and C. remanei are not sister spe-
cies in the Caenorhabditis  phylogeny—C. remanei 
belongs to the elegans super-group and C. angaria to 
the drosophilae super-group4— implying independent 
events of horizontal transfer or the loss of the trans-
ferred gene in many other Caenorhabditis species. In 
the latter scenario, however, the genes identified in 
Caenorhabditis. angaria and C. remanei appeared too 
similar to each other (.95% identity) in relation to the 
phylogenetic distance of the two species. Secondly, 
no significant similarity was found in any part of the 
genomic scaffolds containing the purported horizon-
tally transferred genes with eukaryotic genomes other 
than C. angaria and C. remanei.

Here we describe the analyses that allowed us 
to establish the presence of exogenous DNA in the 
Caenorhabditis wgs sequences, and to identify the 
contaminant DNA in both Caenorhabditis species as 
belonging to a novel species of the genus Leucobacter. 
By taking advantage of metagenomic techniques, the 
contaminant sequences have been segregated from 
the bulk assembly and brought together in a draft 
genome of 3.2 Mb. This information allowed the 
identification of the sequences erroneously attributed 
to C. remanei and C. angaria in the public database, 
while the functionally annotated gene catalog deriv-
ing from the draft genome made it possible to predict 
biological properties of the novel microbial species 
and the nature of its association with  Caenorhabditis. 
Based on the evidence presented here, we propose 
that certain metagenomic analyses could be routinely 
applied to conventional genomics in order to improve 
accuracy and quality of the genomic information.

Methods
Identification of exogenous DNA
A reference set of E. coli ribosomal protein was 
obtained from GenBank and searched using tblastn 
against the wgs contigs of Caenorhabditis species. 
Sequences with significant similarity (E , 10–2) were 
searched using blastx to identify the best hits in the 
Refseq database. The MGTAXA Galaxy server (http://
mgtaxa.jcvi.org/) was used for the taxonomic predic-
tion8 of Caenorhabditis wgs contigs, and to obtain 
charts of taxonomic assignments for wgs contigs of 
different Caenorhabditis. species. The GC content of 
Caenorhabditis wgs contigs was determined with the 
bp_gccalc.pl script of the Bioperl package. For GC con-
tent comparison, artificial 1 Kb contigs were extracted 
from the complete genomes of C. elegans and L. xyli 
using the splitter program of the EMBOSS package. 
The analysis of sequence similarity between wgs 
contigs of different Caenorhabditis species was con-
ducted with a local version of blast (Ver. 2.2.26) using 
blastn with r (reward for a match) and q (penalty for 
a mismatch) parameters set to 5 and -4,  respectively. 
Species determination was based on phylogenetic 
reconstruction of 16S rRNA genes. Sequences were 
aligned with ClustalW,33 and the alignment manu-
ally edited using GeneDoc (http://www.nrbsc.org/
gfx/genedoc/).  Maximum-likelihood phylogeny34 
was obtained with the dnaml program of the PHYLIP 
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 package.  Bootstrap analysis (n = 100) was conducted 
with Mega 5.1 (http://www.megasoftware.net). The 
tree was rooted by midpoint and visualized using 
 FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

genome assembly
Sanger reads, quality values, and ancillary informa-
tion of C. remanei were downloaded from the NCBI 
Trace Archive FTP site (ftp://ftp.ncbi.nih.gov/pub/
TraceDB). Reads were trimmed with the Figaro_
trim_seqs utility of the Figaro package35 using the 
vector clipping information provided by the Trace 
Archive. Illumina reads of C. angaria were down-
loaded from the NCBI Sequence Read Archive FTP 
site (ftp://ftptrace.ncbi.nlm.nih.gov/sra) using the 
Axel download accelerator (http://freecode.com/
projects/axel) and extracted in FASTA format using 
the fastqdump utility of the SRA Toolkit. C. angaria 
Illumina reads of individual sequencing runs were 
assembled with Velvet9 (ver. 1.2.03) using a k-mer 
value of 41. The contigs assembled with automatic 
cutoff values (-exp_cov = auto) were blasted against 
the high-CG fraction (GC . 0.55) of C. remanei 
contigs to reveal the presence of Leucobacter reads. 
The run revealing the presence of Leucobacter reads 
(SRR065714) was used for further analyses. Optimal 
cutoffs for the bacterial assembly were established 
through metagenomic analysis of the contig cov-
erage distribution. The R package ggplot2 (http://
had.co.nz/ggplot2/) was used to graph the length-
weighted frequency of contig coverage based on 
Velvet statistics, and the density distribution of the 
per sample taxonomic predictions of the MGTAXA 
server. The contigs obtained with optimized cutoffs 
were selected based on MGTAXA predictions and 
blastn similarity with draft genome of Leucobacter 
chromiiresistens. To provide mate pair informa-
tion C. remanei Sanger reads with GC . 0.55 were 
mapped to the selected contigs using the  minimus2 
program of the Amos package (ver. 3.1). Other 
contig links were established through gene syn-
theny with L. chromiiresistens inferred by compar-
ing the encoded proteins using the promer program 
of the MUMer package.36 Contigs were scaffolded 
with the Bambus program (Ver. 2.3)35 giving higher 
priority to the 167 mate pair links and lower priority 
to the 442 syntheny links. All the assembly and scaf-
folding procedures were carried out with a cluster 

of six-core AMD Opteron 8425 HE processors (24 
CPUs and 132 GB RAM) running Scientific Linux.

genome annotation
The draft genome of L. sp. AEAR was annotated with 
the Rapid Annotation using Subsystem Technology 
(RAST) server.12 tRNA sequences were identified in 
short contigs not included in the draft genome using a 
local version of tRNAscan-SE,37 and assigned to L. sp. 
AEAR or to C. angaria through homology searches. 
Functional distinction of tRNA genes with CAT anti-
codon were determined with a standalone version of 
the TFAM 1.3 program.38 Codon usage was tabulated 
from the complete set of protein coding sequences 
using the codcopy program of the EMBOSS package. 
To map genes into the purine degradation pathway, 
candidate proteins were first selected by blasting pro-
teins representative of the known families of the path-
way against the complete collection of L. sp. AEAR 
proteins. Candidate proteins were then blasted against 
a set of proteins involved in the pathway (“in-pathway” 
set), and a set of homologous proteins not involved 
in the pathway (“out-pathway” set). Sequences were 
assigned a particular reaction of the pathway if the 
best in-pathway score was significant (E , 10–6) and 
higher than the best out-pathway score.

Results
Identification of exogenous DNA  
in Caenorhabditis genomic sequences
To test the hypothesis of a bacterial contamination, 
we searched the Caenorhabditis wgs sequences with 
a collection of 23 Escherichia coli ribosomal proteins, 
a class of proteins in which only exceptional cases of 
horizontal transmission have been documented.6,7 The 
E. coli ribosomal proteins found matches in C. angaria 
(and sometimes in C. remanei) with a much higher 
significance than in other  Caenorhabditis species 
(Table S1). When searched against the Refseq data-
base, those anomalous hits found the best matches 
with ribosomal genes from bacteria (particularly 
Actinobacteria), whereas the other hits found the best 
matches with ribosomal genes from metazoa.

To gain further insight on the presence of exogenous 
DNA, wgs contigs of the six  Caenorhabditis species 
present in Genbank were submitted to MGTAXA, a 
software for the taxonomic assignment of metage-
nomic sequences.8 The fraction of wgs sequences from 
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C. brenneri, C. japonica, C. sp. 11, and also C. remanei 
assigned to the bacterial domain was equal or less than 
1%, whereas a much higher proportion of putative 
bacterial sequences (12%) was detected in C. angaria 
(Fig. S1); the relative majority (38%) of the C. angaria 
contigs of putative bacterial origin were assigned to 
 Actinobacteria, a class of high GC Gram+ bacteria.

Homology results obtained with the ribosomal 
proteins and the genome-wide taxonomic predic-
tion suggested a phylogenetic relationship with GC-
rich Actinobacteria for some Caenorhabditis wgs 
sequences. As the Caenorhabditis genomes have typ-
ically a low GC content (,40% GC), a distinct nucle-
otide composition can be anticipated for sequences 
deriving from both sources. Indeed, the analysis of 
nucleotide composition revealed the presence of 
an atypical GC content in some Caenorhabditis 
wgs sequences (Fig. 1). The plots of the GC con-
tent of individual contigs showed in C. angaria and 
C. remanei (and to a lesser extent in C. sp. 11) a wider 
variation than other Caenorhabditis, with a range that 

would be expected from a combination of sequences 
from nematodes and high CG bacteria (Fig. 1A). The 
frequency of distribution of the GC content in the 
contigs of C. angaria and C. remanei clearly showed 
the presence of two distinct populations: one with a 
content (around 38% GC) typical of nematodes, and 
another with a content (around 70% GC) typical of 
GC-rich Actinobacteria (Fig. 1B).

We used the 16S ribosomal RNA (16S rRNA) of 
a representative of these bacteria (Leifsonia xyli) to 
search the Caenorhabditis wgs sequences, and found 
highly similar sequences in C. angaria, C. remanei, 
and C. sp. 11. These sequences where only distantly 
related to authentic nematode rRNAs (∼50% identity), 
but had high similarity (.95% identity) in the refer-
ence RNA sequence database with the 16S rRNAs of 
various species belonging to the genus Leucobacter 
(class: Actinobacteria, family: Microbacteriaceae). The 
phylogenetic reconstruction of the 16S rRNA allowed 
the identification of the bacterial DNA at the species 
level (Fig. 2). The sequence found in C. sp. 11 was 
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Figure 1. gc content of Caenorhabditis wgs sequences. (A) horizontal plot comparing the gc content of individual wgs contigs 1 Kbp. from  
C. brenneri (11,925), C. japonica (34,475), C. sp.11 (6,678), C. remanei (11,919), and C. angaria (19,618) with the GC content of artificial non-overlapping 
1 Kbp. contigs extracted from the complete genomes of C. elegans (100,264) and the high gc gram+ bacterium Leifsonia xyli (2,584). (B) Frequency 
distribution of C. remanei and C. angaria wgs contigs showing the presence of two separated populations with different gc content.
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Figure 2. Species identification of the actinobacterial DNA found in Caenorhabditis wgs sequences.
notes: Shown is the midpoint-rooted maximum likelihood tree of 16S rRNA sequences of selected Actinobacteria together with the 16S rRNA sequences 
identified in C. angaria, C. remanei, and C. sp. 11. The scale bar represents a 1% difference in nucleotide sequence. Tree leaves are denoted by species 
names followed by the accession numbers of the genbank entries (in parenthesis) used for the phylogenetic reconstruction. Bootstrap support higher than 
50% is indicated at respective nodes. The leaf corresponding to the newly identified Leucobacter sp. AeAr is indicated by an arrow. The complete 16S 
rrnA sequence from C. angaria wgs sequences was obtained by joining two overlapping contigs.

found to be identical to L. iarius, while the sequences 
of C. angaria and C. remanei, though identical to each 
other, were not attributable to any of the known 16S 
rRNAs, also when partial sequences of uncultured L. sp. 
were included in the comparison (Fig. S2). The perfect 
i dentity of the 16S rRNAs found in the wgs sequences 
of the two Caenorhabditis species (1514/1514 bp) 
rules out the possibility that the differences observed 
with other 16S rRNAs derive from sequencing errors 
or the chimeric assembly of DNA from different 
sources, and supports the assignment of the bacterial 
DNA to a novel Leucobacter species closely related 
to L. iarius (1492/1508 bp). We tentatively name this 
species  Leucobacter sp. AEAR. As evident from an all 
versus all comparison of wgs sequences (Fig. S3), the 
similarity between the bacterial DNA fraction found 
in C. angaria and C. remanei extends outside the 16S 
rRNA. However, the two DNA are not perfectly iden-
tical in other genomic regions (statistical mode: 99% 
similarity), suggesting that they derive from different 
strains of the same species.

Assembly of the Leucobacter sp. AeAr 
genome
To gain insights into the association between the iden-
tified microbe and Caenorhabditis species, and to 
 segregate  contigs of bacterial and eukaryotic origin, we 
decided to obtain a draft genome of the Leucobacter 
sp. AEAR using available data. Although most of the 
information on the bacterial genome was present in the 
C. angaria sequences, as could be judged from the anal-
ysis of the ribosomal proteins and the size of the contig 
fraction with high GC content (Table 1), this information 
was spread in many short contigs (N50 = 1344). We thus 
recurred to the original reads with the aim to improve 
the assembly of the bacterial fraction. We performed 
separated Velvet assemblies9 of the different sequenc-
ing runs, and found the presence of the Leucobacter 
DNA in a single experiment (SRR065714), consist-
ing of 8,887,206 single reads of 76 bp. (over a total of 
157,491,568 single/paired reads).

The presence of the exogenous DNA in this sequenc-
ing run was evident from the near sequence identity 
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of a number of contigs with the high-GC fraction of 
C. remanei and also from the analysis of k-mer cov-
erage distribution (Fig. 3). This analysis revealed a 
bimodal distribution with frequency peaks around 
3× and 18× coverage (Fig. 3A). Because the genome 
size of the bacterium is expected to be much smaller 
than that of Caenorhabditis, the DNA fraction with 
greater coverage was suspected to be of bacterial ori-
gin. Consistent with this supposition, the plotting of the 
cumulative GC content over the coverage distribution 
evidenced an unusually high GC content for the contig 
fraction with greater coverage (Fig. 3B), and the con-
tigs assigned by MGTAXA to Actinobacteria showed 
a density peak in correspondence with the fraction with 
high coverage (Fig. 3C). These figures served for the 
choice of the optimal parameters for the assembly of 
the bacterial fraction. Using the same k-mer length (41) 
of the C. angaria wgs assembly10 and the N50 of high-
GC contigs as a proxy measure of the quality of the bac-
terial assembly, an improved assembly was obtained 
(N50 = 2852) with coverage cutoff  values  corresponding 
to the peak of the bacterial density  distribution. A fur-
ther  improvement (N50 = 3354) was obtained by using 
the Sanger sequences of C. remanei as long reads to 
help the solving of repetitive regions (see Table 1).

Not surprisingly, the vast majority (91%) of the 
contigs obtained with the optimized assembly were 
assigned to bacteria, with 95% of the bacterial frac-
tion assigned to Actinobacteria (Fig. S4). We selected 
1368 contigs assigned to Actinobacteria, plus an 
additional 53 contigs having highly significant 
 similarity at the nucleotide level (E , 1e-20) with the 
draft genome of the congeneric L. chromiiresistens,11 

Table 1. Statistics of the high-gc contigs in different 
assemblies.

Assembly  
(Gc . 0.55)a

size num.  
contigs

n50

Wgs 3,435,010 4157 1344
Srr065714 +  
automatic cutoffsb

3,634,456 3651 2283

Srr065714 +  
optimized cutoffsc

3,419,437 2052 2852

Srr065714 +  
optimized cutoffsc +  
long readsd

3,376,200 1960 3354

notes: acontigs with cg content . 0.55 obtained by Velvet with k-mer = 41;  
bexp_cov = 3.2, cov_cutoff = 2; cexp_cov=18, cov_cutoff = 9; dSanger 
reads of C. remanei.
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Figure 3. Features of the k-mer coverage distribution in C. angaria 
genomic reads (Srr065714). (A) Length-weighted count of the k-mer 
(k = 41) coverage of contigs assembled by Velvet with automatic cut-off 
values. (B) cumulative gc content of the contigs grouped by their k-mer 
coverage using a bin width of 1. (c) Density distribution over the k-mer 
coverage of the contigs assigned by MgTAXA to nematoda (n = 2900) or 
Actinobacteria (n = 1810).

obtaining a total of 3,227,180 bp. These con-
tigs were scaffolded using mate pair informa-
tion  provided by the C. remanei reads and synteny 
with L. chromiiresistens, thus linking and orienting 
619 contigs in 36 scaffolds with the largest scaffold 
(1.7 Mb) containing .50% of the base pairs. In the 
final assembly  (Supplementary  information), we addi-
tionally included unlinked contigs with .1000 bp. for 
a total of 3.2 Mbp, a genome size near to the size (3.3 
Mbp) of the L. chromiiresistens genome.

We used the draft genome as a reference for the iden-
tification of nucleotide sequences of the public data-
base that were misannotated as metazoan sequences. 
Through homology searches, we identified 75 refer-
ence sequences from C. remanei, and 229 and 3069 wgs 
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contigs from C. remanei and C. angaria, respectively, 
having .95% identity over an alignment length . 
100 bp. with the bacterial assembly  (Supplementary 
 information). No such hits were found in other 
eukaryotic genomes besides 6 sequences in Anopheles 
gambiae and 19 in Caenorhabditis sp. 11, most likely 
attributable to the closely related L. iarius (see Fig. 2). 
We found that the 99.8% of the ‘Caenorhabditis’ con-
tigs with local similarity to the L. sp. AEAR genome 
had an overall GC content . 0.55 suggesting that 
the presence of chimeric contigs in the wgs (and our) 
assemblies is negligible.

Features of the Leucobacter sp. AeAr 
genome
The automatic annotation12 of the Leucobacter sp. 
AEAR draft genome identified 2826 genes, of which 
2778 encode a protein product. The GC content of 
the protein coding genes (70.2%) is similar to the 
overall genomic content (70.1%) and much higher 
than the GC content (58.1%) of the genes producing 
functional RNAs. As expected, the usage of codons 
in protein coding gens is very biased, with a strong 
prevalence of GCending (90.2%) and GC-starting 
(71.2%) triplets (Fig. S5A). Consequently, the use of 
codons containing neither C nor G is extremely low, 
with the leucine UUA codon (which occurs 49 times 
in 40 genes) being the rarest one, similar to other acti-
nobacterial species.13

Genome annotation provides evidence that the 
draft assembly contains a nearly complete genetic 
information of the microorganism. Of the 123 protein 
coding genes included in the “minimal” gene set of 
Actinobacteria,14 eight were not found in the L. sp. 
AEAR genome. Noticeably, three of those missing 
genes encode proteins involved in the de novo purine 
nucleotide biosynthesis, a pathway that appears to be 
absent in this organism (see below). Among the genes 
producing functional RNAs, the annotation revealed a 
complete ribosomal RNA (rRNA) operon, with rRNAs 
5S (144 bp.), 23S (3033 bp.), and 16S (1514 bp.), and 
a set of 44 tRNAs (41 in L. chromiiresistens) account-
ing for the entire decoding capacity after the addi-
tion of two tRNA genes found in short contigs and 
not included in the assembly (Fig. S5B). Given that 
RNA genes are often present in repeated units which 
are not resolved in short-read assemblies, we used 
read coverage values to estimate the copy number of 

those genes.15 Using this criterion, the rRNA operon 
(54× coverage) is expected to be present in three cop-
ies, whereas most tRNA genes are estimated to be 
present in a single copy (see Fig S5B). A balanced 
tRNA gene set with limited redundancy further sup-
ports the notion that codon bias in this organism is 
shaped by directional mutational pressure rather than 
translational selection.16,17

A general function could not be determined by bio-
informatic analysis for 738 “hypothetical proteins” 
(37%) encoded in the L. sp. AEAR genome. Of the 
remaining 2040 proteins, 933 were assigned to spe-
cific biochemical pathways or functional roles 
(ie, “subsystems”). No genes involved in motility and 
chemotaxis are found in the L. sp. AEAR genome. 
Likewise, the genome does not appear to encode func-
tions related to spore formation. It contains several 
genes involved in oxygen respiration, comprising ter-
minal cytochrome d and cytochrome c oxidases (EC 
1.10.3.- and 1.9.3.1, respectively) and genes involved 
in oxidative stress such as catalase (EC 1.11.1.6) and 
superoxide dismutase (EC 1.15.1.1). Conversely, 
there are no genes such as nitrate reductase, dimethyl 
sulfoxide reductase, fumarate reductase, which enable 
anaerobic respiration in facultative aerobe Actinobac-
teria (eg, Propionibacterium acnes).18 The genome 
contains genes involved in amino acid metabolism sug-
gesting the presence of biosynthetic pathways for all 
the standard proteinogenic amino acids.  Conversely, 
no genes are present in the subsystems of de novo 
purine and pyrimidine biosyntheses, suggesting that, 
at variance with most Actinobacteria  (including the 
congeneric L. chromiiresistens), L. sp. AEAR lacks 
pathways for the biosynthesis of nucleobases.

The comparison of the gene distribution in the 
different subsystems highlights similarities and 
peculiarities of L. sp. AEAR with respect to other 
Actinobacteria (Fig. 4 and Table S2). The L. sp. AEAR 
genome is significantly enriched in genes involved 
in amino acid metabolism and in genes involved in 
membrane transport. The first feature, reflecting the 
abundance of biosynthetic and degradative pathways 
for amino acids, is probably characteristic of the genus 
because it is shared with L. chromiiresistens, whereas 
the second feature, reflecting an extreme abundance of 
ATP-binding cassette (ABC) transporters for di- and 
oligo-peptides, appears to be distinctive of the AEAR 
species (see Table S2). On the other hand, the L. sp. 
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AEAR genomes is significantly depleted of genes 
involved in carbohydrate metabolism and cell signal-
ing and regulation. The percentage of genes in the 
nucleotide metabolism subsystem is not significantly 
reduced because the absence of gens for purine and 
pyrimidine biosyntheses is compensated by the abun-
dance of genes for nucleobase uptake and salvage.

Finally, following the observation that initiated 
this study, the genes involved in purine degrada-
tion were identified using a custom search procedure 
(see Methods). L. sp. AEAR does not possess genes 
for purine oxidation and is thus not able to produce the 
allantoin intermediate. It contains, however, a meta-
bolic pathway (absent in L. chromiiresistens) for the 
utilization of both R and S enantiomers of allantoin 
(Fig. S6), comprising an allantoin racemase,19 a metal-
dependent allantoinase,20 and a novel type of allanto-
icase (R. Percudani, unpublished). The urea produced 
by allantoin degradation is not directly converted to 
ammonia (urease is missing in the genome), but car-
boxylated to allophanate for subsequent hydrolysis, 
similar to the pathway that enable Saccharomyces cer-
evisiae to use allantoin as a nitrogen source.21,22

Discussion
This study was motivated by the accidental discov-
ery of DNA of apparently recent bacterial origin in 
Caenorhabditis species. The evidence was puzzling 
at first because the best similarity for the sequences 
 identified in a Caenorhabditis species (C. remanei) was 
found in another Caenorhabditis species (C. angaria), 
as one would expect for affirmed Caenorhabditis 
sequences. Further analyses established, however, 
that the rationale for the observation was not the hori-
zontal transfer of bacterial genes to the genome of 
a nematode ancestor, but the presence of exogenous 
DNA from the same bacterial species in two different 
Caenorhabditis species.

The exogenous DNA has been assigned to a bacte-
rium tentatively named Leucobacter sp. AEAR. With 
a similarity of ,99% in the 16S rRNA to the most 
closely related species (L. iarius), the microorganism 
first described here at the molecular level can be con-
sidered as a novel species according to current taxo-
nomic standards.23 Interestingly, the related species 
L. iarius has been originally isolated from the bacte-
rial flora associated with a soil nematode  (Steinernema 
thermophilum).24 This evidence, together with the 
finding of this species in two Caenorhabditis genomes 
of different origin and sequenced with different tech-
niques, strongly suggest that L. sp. AEAR is an organ-
ism naturally associated to Caenorhabditis rather than 
an accidental contaminant.

L. sp. AEAR belongs to a large and variegated 
bacterial phylum, Actinobacteria, which has been 
subjected to several genomic studies (reviewed in14). 
However, the genus Leucobacter is poorly known at 
the cellular and molecular level, with a single draft 
genome (L. chromiiresistens) published only recently.11 
Although the species described here is unknown at the 
cellular level, the analysis of its draft genome makes it 
possible to predict biological properties and ecologi-
cal traits of the organism. L. sp. AEAR is anticipated 
to be a non motile, non sporulating aerobic bacterium. 
It is, however, probably adapted to microaerobic con-
ditions as suggested by the presence of a cytochrome d 
terminal oxidase, a respiratory protein which is known 
to predominate when E. coli cells are grown at low 
aeration.25 It has an overdeveloped amino acid metab-
olism, with a high proportion of genes involved in 
biosynthetic and degradative pathways and an exceed-
ingly high number of peptide transporters, a restricted 
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Figure 4. Functional category distribution of Leucobacter sp. AeAr 
genes compared to Actinobacteria. genes are assigned to functional 
subsystems according to the rAST annotation.12

notes: The percentage of genes assigned to each category in L. sp. 
AeAr is compared to the average of ten species representing nine 
different families of Actinobacteria (as listed in Table S2). categories 
significantly different (P , 0.001) from the mean according to the one-
sample Student’s t-test are indicated by a triple asterisk.
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carbohydrate metabolism, and a possible dependence 
on the external supply of nucleobases.

The gene complement (2826 genes) is very simi-
lar to related free-living species (eg, 2802 genes in 
L. chromiiresistens). This argues against the possi-
bility that L. sp. AEAR is an intracellular mutualist 
(ie, endosymbiont) or parasite, because in Actinobac-
teria and other bacteria these lifestyles are typically 
associated with a great reduction of the number of 
genes.26,27 An intracellular localization is also incon-
sistent with the finding of the DNA of this bacterium 
in only one of several sequencing runs of C. angaria. 
The available data instead supports the hypothesis 
that L. sp. AEAR is a free-living bacterium able to 
establish a non obligatory, extracellular association 
with Caenorhabditis species. Based on the existing 
evidence, it is difficult to determine whether the inter-
action is beneficial or detrimental to the nematode 
host. The latter possibility is suggested by the fact 
that another species of the same genus, L. chromiire-
ducens subsp. solipictus, is known to cause uterine 
infections in C. elegans,28 but it is questioned by the 
relatively low proportion of genes assigned to the vir-
ulence and disease category (see Fig. 4 and Table S2). 
On the other hand, some of the metabolic capabilities 
identified in the bacterial genome could improve the 
host fitness in its natural environment. Among these 
capabilities are the production of amino acids that 
are essential for the nematode (ten amino acids are 
nutritionally essential for C. elegans), and the produc-
tion of usable nitrogen from a compound (allantoin) 
which is not accessible to the nematode although typi-
cally present in its natural environment. Experimental 
protocols established for the closely related L. iarius24 
and the molecular information provided by this work 
may enable the future isolation of the bacterium from 
its natural hosts and the elucidation of its interaction 
with Caenorhabditis.

From a methodological standpoint, the results 
presented here demonstrate the convenience of the 
application of techniques developed for metag-
enomic analysis to conventional genomics. When 
the sequencing involves obtaining collective data 
from an ecological niche, or a metagenome, spe-
cific techniques are required for the assembly and 
organism classification of DNA sequences of differ-
ent origin. In contrast, organism source is generally 
considered prior knowledge in genomic sequencing. 

A known issue, however, is the frequent contamina-
tion of human DNA in genomic sequences of other 
organisms.29,30 In other cases, the presence of DNA of 
heterogeneous origin can be anticipated because the 
sequencing involves an organism known to establish 
an obligatory association with another organism.31 In 
the case of the C. angaria sequencing, the presence 
of E. coli DNA was expected because the bacterium 
is used to feed the nematode; all the E. coli sequences 
were then identified by homology and eliminated 
from the assembly.10 (Intriguingly, we found E. coli 
DNA in all C. angaria sequencing runs except that 
containing L. sp. AEAR).

However, the presence of organism associations in 
genomic sequencing is not always recognized a priori, 
but needs to be determined a posteriori with unbiased 
methods of analysis. The results presented in this work 
can suggest some effective analyses for the determina-
tion of unexpected DNA in genomic sequences. The GC 
content analysis provided clear indications of the pres-
ence of DNA populations with distinct nucleotide com-
positions. The applicability of this analysis, however, 
is limited to cases in which the contaminant DNA has a 
very different GC content. A genome-wide taxonomic 
prediction method used in metagenomic analysis,8 
readily revealed the presence of substantial contami-
nations, but was less effective in the case of moder-
ate contaminations (compare C. angaria, C. remanei, 
and other Caenorhabditis species in Figure S1). The 
analysis of 16S rRNA allowed the identification of 
contaminant DNA and also a species-level classifi-
cation of the organism. However, 16S rRNA genes, 
which are often present as repeated units (see addi-
tional file in26 for a comprehensive compilation), typi-
cally have high read coverage and can be found in the 
assembly also in cases of very modest contaminations 
(eg, C. sp. 11 in Figs. 2 and S1). Finally, homology 
searches with a reference set of vertically transmitted 
genes revealed moderate contamination and also pro-
vided an estimate of the contamination level (compare 
C. angaria, C. remanei, and other Caenorhabditis spe-
cies in Table S1).

Once the presence of heterogeneous DNA in 
genomic reads has been assessed, taxonomic predic-
tions applied to the read coverage distribution (see 
Fig. 3) can be used to target the assembly towards a 
particular DNA fraction. The method that we used, 
inspired by a metagenomic assembly procedure,32 
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allowed us to improve the quality of the bacterial 
DNA assembly while excluding the DNA fraction of 
the eukaryotic host. In other cases a similar strategy 
could be used to exclude the contaminant bacterial 
DNA from the host genome assembly. As illustrated 
by the example shown here, however, the presence 
of DNA of unexpected origin in genomic sequences 
should not be regarded in principle as unwelcome 
information, but as additional data that can poten-
tially improve the understanding of an organism’s 
biology.
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Table s1. Blast hits of Escherichia coli ribosomal proteins in Caenorhabditis wgs sequences.

E. coli protein C. angariaa C. remaneia Other Caenorhabditisb

L1 1e-27 (AehI01034406.1) .0.01 .0.01
L11 2e-37 (AehI01033769.1) 2e-12 4e-15
L13 9e-44 (AehI01033983.1) .0.01 7e-03
L14 3e-37 (AehI01033293.1) 2e-07 2e-08
L16 3e-37 (AehI01033293.1) .0.01 .0.01
L18 7e-05 (AehI01033934.1) .0.01 .0.01
L22 4e-21 (AehI01033058.1) .0.01 .0.01
L3 5e-61 (AehI01033448.1) 8e-64 (AAgD02011036.1) 1e-06
L5 2e-57 (AehI01033293.1) .0.01 .0.01
L6 3e-24 (AehI01033293.1) .0.01 .0.01
S11 2e-34 (AehI01035048.1) 2e-10 1e-13
S12 8e-54 (AehI01035015.1) 3e-06 8e-11
S13 4e-18 (AehI01034574.1) .0.01 .0.01
S15 6e-22 (AehI01033268.1) .0.01 .0.01
S17 9e-20 (AehI01033293.1) .0.01 .0.01
S2 7e-67 (AehI01034302.1) 2e-67 (AAgD02009919.1) 4e-07
S3 9e-51 (AehI01033293.1) .0.01 .0.01
S4 3e-20 (AehI01033940.1) .0.01 .0.01
S5 2e-48 (AehI01033571.1) 1e-08 5e-09
S7 7e-38 (AehI01035015.1) 8e-13 2e-14
S8 3e-38 (AehI01033293.1) .0.01 .0.01
S9 1e-26 (AehI01033983.1) 4e-27 (AAgD02006963.1) .0.01

notes: aAccession numbers of Caenorhabditis wgs entries having best reciprocal hits in bacteria are indicated in parenthesis, next to the E-values 
obtained by the best tblastn match of E. coli ribosomal proteins; be-values of the best tblastn matches of E. coli ribosomal proteins in wgs contigs of 
C. brenneri, C. japonica, C. sp.11.
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Lsp41_scaffolds.fa: Bambus scaffolds + unlinked 
contigs (.1000 bp.).

Lsp41_reads.fa.gz: C. angaria (Illumina) and C. 
remanei (Sanger) reads in the bacterial assembly.

Lsp41_ncRNAs.fa: 16S rRNA, 23S rRNA, 5S 
rRNA, 44 tRNAs.

Lsp41_annotated.fa: 2778 annotated protein 
sequences.

C_remanei_refseq.blasttable: 75 C. remanei 
Refseq entries with .95% id. over .100 bp.

C_remanei_wgs.blasttable: 229 C. remanei wgs 
entries with .95% id. over .100 bp.

C_angaria_wgs.blasttable: 3069 C. angaria wgs 
entries with .95% id. over .100 bp.

Lsp41_contigs.fa  :  Velvet  contigs—optimized 
bac-terial assembly.
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Table s2. gene distribution (%) in functional categories for Leucobacter sp. AeAr and other Actinobacteria. continued from previous page

Lifestylea Leucobacter  
sp. AeAR

Leucobacter  
chromiiresistens

Leifsonia  
xyli

Bifidobact.  
longum

Propionibact.  
acnes

Mycobact.  
tuberculosis

Nocardia  
farcinica

Corynebact.  
glutamicum

Streptomyces  
avermitilis

Frankia sp. 
eAn1pec

Thermobifida 
fusca YXFamily

n.D. FL—Aer FHA—Aer FHA—An FL—An/micr FHA—Aer FL—Aer FL—Aer/An FL—Aer FHA—Aer FL—Aer
Micro- 
bacteriaceae

Micro- 
bacteriaceae

Micro- 
bacteriaceae

Bifido- 
bacteriaceae

propioni- 
bacteriaceae

Myco- 
bacteriaceae

nocardiaceae coryne- 
bacteriaceae

strepto- 
mycetaceae

Frankiaceae nocardio- 
psaceae

Amino acids and derivatives 22.22*** 21.52 12.91 15.59 13.04 14.29 15.86 13.26 15.59 14.41 13.26
cofactors, vitamins, prost. groups 11.27 7.87 11.27 7.63 15.97 13.46 12.36 12.30 10.69 12.70 14.62
carbohydrates 10.23*** 13.07 13.37 12.60 14.16 10.22 12.14 11.45 16.77 15.38 14.77
Protein metabolism 8.23 8.32 10.48 13.35 11.04 8.96 7.11 9.76 7.54 8.19 9.53
Membrane transport 7.35*** 3.90 1.57 1.16 1.75 1.62 0.93 2.65 1.27 0.93 1.92
rnA metabolism 4.80 4.03 6.23 7.96 6.55 4.37 4.32 6.47 4.27 4.32 5.14
Fatty acids, lipids, and isoprenoids 4.64 5.85 7.08 1.82 3.43 7.34 7.98 4.40 6.78 7.80 5.70
Stress response 4.32 3.77 2.95 2.99 2.31 3.80 5.19 3.66 4.18 2.87 3.53
nucleosides and nucleotides 3.68 4.94 4.91 6.30 5.43 3.63 3.27 4.51 3.84 3.00 3.98
cell wall and capsule 3.44 3.06 4.52 4.06 2.62 2.58 1.70 3.61 2.45 3.13 2.87
respiration 3.36 3.64 2.88 1.00 4.55 4.89 4.71 3.29 3.66 4.93 4.64
DnA metabolism 3.12 4.29 5.37 5.14 3.12 3.89 3.07 4.19 3.18 3.80 3.83
Miscellaneous 3.04 5.07 6.49 8.71 6.30 6.82 6.85 7.90 7.51 6.22 6.55
Phosphorus metabolism 2.08 1.69 1.83 2.99 1.75 2.32 1.41 1.80 1.33 0.48 1.71
Virulence, disease and defense 1.60 2.86 1.31 3.15 1.68 3.76 3.04 1.75 2.00 1.52 1.56
cell division and cell cycle 1.52 1.37 1.44 1.49 1.12 0.92 0.64 1.17 0.79 0.97 1.16
Metabolism of aromatic compounds 0.88 1.04 0.07 0.08 0.06 0.66 2.88 2.33 1.30 1.55 0.05
Sulfur metabolism 0.88 0.78 0.39 0.66 0.69 0.96 2.08 1.59 1.85 2.16 1.51
Iron acquisition and metabolism 0.72 0.46 0.33 0.00 0.25 0.17 0.32 0.64 0.70 0.71 0.30
Potassium metabolism 0.64 0.39 0.66 1.33 1.19 0.66 0.83 0.11 0.70 0.00 0.71
regulation and cell signaling 0.64*** 0.59 2.10 1.49 2.00 3.71 1.89 2.07 2.00 2.32 2.02
Secondary metabolism 0.48 0.39 0.00 0.08 0.12 0.00 0.13 0.21 0.12 1.23 0.00
nitrogen metabolism 0.48 0.39 0.46 0.00 0.75 0.74 0.74 0.64 1.03 0.55 0.35
Dormancy and sporulation 0.24 0.13 0.13 0.17 0.12 0.09 0.16 0.16 0.36 0.23 0.20
Phages, prophages, transposable elements 0.16 0.26 0.20 0.25 0.00 0.17 0.35 0.05 0.03 0.03 0.05
Photosynthesis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Motility and chemotaxis 0.00 0.33 1.05 0.00 0.00 0.00 0.03 0.05 0.06 0.58 0.05

Continues in the next page notes: ***Significantly higher (Bold) or lower (Bold italics) than the average value (P , 0.001; one-sample Student’s t-test).
Abbreviations: aFL, free-living; FhA, free-living/host associated; Aer, aerobic; An, anaerobic; Micr, microaerobic; n.D., not determined.
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Table s2. gene distribution (%) in functional categories for Leucobacter sp. AeAr and other Actinobacteria. continued from previous page

Lifestylea Leucobacter  
sp. AeAR

Leucobacter  
chromiiresistens

Leifsonia  
xyli

Bifidobact.  
longum

Propionibact.  
acnes

Mycobact.  
tuberculosis

Nocardia  
farcinica

Corynebact.  
glutamicum

Streptomyces  
avermitilis

Frankia sp. 
eAn1pec

Thermobifida 
fusca YXFamily

n.D. FL—Aer FHA—Aer FHA—An FL—An/micr FHA—Aer FL—Aer FL—Aer/An FL—Aer FHA—Aer FL—Aer
Micro- 
bacteriaceae

Micro- 
bacteriaceae

Micro- 
bacteriaceae

Bifido- 
bacteriaceae

propioni- 
bacteriaceae

Myco- 
bacteriaceae

nocardiaceae coryne- 
bacteriaceae

strepto- 
mycetaceae

Frankiaceae nocardio- 
psaceae

Amino acids and derivatives 22.22*** 21.52 12.91 15.59 13.04 14.29 15.86 13.26 15.59 14.41 13.26
cofactors, vitamins, prost. groups 11.27 7.87 11.27 7.63 15.97 13.46 12.36 12.30 10.69 12.70 14.62
carbohydrates 10.23*** 13.07 13.37 12.60 14.16 10.22 12.14 11.45 16.77 15.38 14.77
Protein metabolism 8.23 8.32 10.48 13.35 11.04 8.96 7.11 9.76 7.54 8.19 9.53
Membrane transport 7.35*** 3.90 1.57 1.16 1.75 1.62 0.93 2.65 1.27 0.93 1.92
rnA metabolism 4.80 4.03 6.23 7.96 6.55 4.37 4.32 6.47 4.27 4.32 5.14
Fatty acids, lipids, and isoprenoids 4.64 5.85 7.08 1.82 3.43 7.34 7.98 4.40 6.78 7.80 5.70
Stress response 4.32 3.77 2.95 2.99 2.31 3.80 5.19 3.66 4.18 2.87 3.53
nucleosides and nucleotides 3.68 4.94 4.91 6.30 5.43 3.63 3.27 4.51 3.84 3.00 3.98
cell wall and capsule 3.44 3.06 4.52 4.06 2.62 2.58 1.70 3.61 2.45 3.13 2.87
respiration 3.36 3.64 2.88 1.00 4.55 4.89 4.71 3.29 3.66 4.93 4.64
DnA metabolism 3.12 4.29 5.37 5.14 3.12 3.89 3.07 4.19 3.18 3.80 3.83
Miscellaneous 3.04 5.07 6.49 8.71 6.30 6.82 6.85 7.90 7.51 6.22 6.55
Phosphorus metabolism 2.08 1.69 1.83 2.99 1.75 2.32 1.41 1.80 1.33 0.48 1.71
Virulence, disease and defense 1.60 2.86 1.31 3.15 1.68 3.76 3.04 1.75 2.00 1.52 1.56
cell division and cell cycle 1.52 1.37 1.44 1.49 1.12 0.92 0.64 1.17 0.79 0.97 1.16
Metabolism of aromatic compounds 0.88 1.04 0.07 0.08 0.06 0.66 2.88 2.33 1.30 1.55 0.05
Sulfur metabolism 0.88 0.78 0.39 0.66 0.69 0.96 2.08 1.59 1.85 2.16 1.51
Iron acquisition and metabolism 0.72 0.46 0.33 0.00 0.25 0.17 0.32 0.64 0.70 0.71 0.30
Potassium metabolism 0.64 0.39 0.66 1.33 1.19 0.66 0.83 0.11 0.70 0.00 0.71
regulation and cell signaling 0.64*** 0.59 2.10 1.49 2.00 3.71 1.89 2.07 2.00 2.32 2.02
Secondary metabolism 0.48 0.39 0.00 0.08 0.12 0.00 0.13 0.21 0.12 1.23 0.00
nitrogen metabolism 0.48 0.39 0.46 0.00 0.75 0.74 0.74 0.64 1.03 0.55 0.35
Dormancy and sporulation 0.24 0.13 0.13 0.17 0.12 0.09 0.16 0.16 0.36 0.23 0.20
Phages, prophages, transposable elements 0.16 0.26 0.20 0.25 0.00 0.17 0.35 0.05 0.03 0.03 0.05
Photosynthesis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Motility and chemotaxis 0.00 0.33 1.05 0.00 0.00 0.00 0.03 0.05 0.06 0.58 0.05

Continues in the next page notes: ***Significantly higher (Bold) or lower (Bold italics) than the average value (P , 0.001; one-sample Student’s t-test).
Abbreviations: aFL, free-living; FhA, free-living/host associated; Aer, aerobic; An, anaerobic; Micr, microaerobic; n.D., not determined.

http://www.la-press.com


Percudani

70 Bioinformatics and Biology Insights 2013:7

Figure s2. Distance tree of results of the Blast search with the C. remanei 16S rrnA in the nr database.
notes: The tree is based on Blast pairwise alignments between the query sequence (highlighted in yellow) and the hits obtained through a homology 
search against all the Leucobacter sequences in the nr database. A partial sequence of a Leucobacter species (sp. InBio2553h, sequence accession 
hM771025) associated with the guts of beetle larvae was found identical to both the C. remanei and L. iarius sequences.
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Figure s3. Frequency distribution of pairwise nucleotide identity in local alignments of C. angaria contigs with other Caenorhabditis wgs contigs of 
C. angaria were split in segments of 120 bp. and compared using blastn (r = 5; q = -4) with wgs contigs of other C. species.
note: The sequence identity distribution of significant best hits (E , 10–3) with an alignment length  100 is shown with a 2% bin width.
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Figure s4. Krona charts of aggregated taxonomic assignments for the bacterialoptimized SRR065714 assembly.
notes: Velvet contigs obtained with optimized coverage cutoffs assigned by MgTAXA at the domain level; subdivision of the bacterial sequences in main 
phyla is shown in the smaller circle.

UUU  0.4(   272)  UCU  0.8(   642)  UAU  1.3(  1023)  UGU  0.2(   153) 
UUC 31.6( 24379)  UCC 13.2( 10150)  UAC 16.3( 12547)  UGC  5.1(  3953) 
UUA  0.1(    49)  UCA  1.1(   837)  UAA  0.3(   264)  UGA  2.4(  1816) 
UUG  1.5(  1184)  UCG 24.2( 18705)  UAG  0.9(   720)  UGG 13.3( 10284) 

CUU  2.0(  1572)  CCU  1.6(  1202)  CAU  2.5(  1900)  CGU  6.5(  5007) 
CUC 58.8( 45365)  CCC 22.7( 17503)  CAC 17.4( 13427)  CGC 44.3( 34149) 
CUA  0.5(   420)  CCA  1.4(  1089)  CAA  1.2(   895)  CGA  6.3(  4841) 
CUG 39.9( 30771)  CCG 28.2( 21779)  CAG 27.0( 20868)  CGG 19.4( 14956) 

AUU  0.9(   693)  ACU  1.5(  1120)  AAU  1.3(   990)  AGU  1.1(   838) 
AUC 45.2( 34913)  ACC 33.0( 25501)  AAC 17.1( 13227)  AGC 15.3( 11808) 
AUA  0.2(   186)  ACA  1.1(   836)  AAA  1.2(   910)  AGA  0.6(   489) 
AUG 16.5( 12697)  ACG 19.2( 14851)  AAG 19.8( 15290)  AGG  1.6(  1233) 

GUU  2.3(  1790)  GCU  6.1(  4694)  GAU 12.9(  9969)  GGU 10.0(  7701) 
GUC 45.1( 34774)  GCC 54.8( 42289)  GAC 44.4( 34293)  GGC 56.3( 43469) 
GUA  2.0(  1516)  GCA  8.0(  6151)  GAA 10.4(  8055)  GGA  9.8(  7571) 
GUG 36.9( 28510)  GCG 64.9( 50076)  GAG 50.4( 38928)  GGG 17.6( 13589) 

Phe  AAA   - | Ser  AGA   - | Tyr  ATA   - | Cys  ACA   - | 
Phe  GAA   1 | Ser  GGA   1 | Tyr  GTA   1 | Cys  GCA   1 | 
Leu  TAA   1 | Ser  TGA   1 | stop TTA   - | stop TCA   - | 
Leu  CAA   1 | Ser  CGA   - | stop CTA   - | Trp  CCA   1 | 

Leu  AAG   - | Pro  AGG   - | His  ATG   - | Arg  ACG   1 | 
Leu  GAG   1 | Pro  GGG   1 | His  GTG   1 | Arg  GCG   - | 
Leu  TAG   1 | Pro  TGG   1 | Gln  TTG   1 | Arg  TCG   - | 
Leu  CAG   - | Pro  CGG   1 | Gln  CTG   2 | Arg  CCG   1 | 

Ile  AAT   - | Thr  AGT   - | Asn  ATT   - | Ser  ACT   - | 
Ile  GAT   1 | Thr  GGT   1 | Asn  GTT   1 | Ser  GCT   1 | 
Ile  TAT   - | Thr  TGT   1 | Lys  TTT   1 | Arg  TCT   1 | 
Met  CAT*  4 | Thr  CGT   1 | Lys  CTT   2 | Arg  CCT   1 | 

Val  AAC   - | Ala  AGC   - | Asp  ATC   - | Gly  ACC   - | 
Val  GAC   1 | Ala  GGC   1 | Asp  GTC   1 | Gly  GCC   1 | 
Val  TAC   1 | Ala  TGC   1 | Glu  TTC   1 | Gly  TCC   1 | 
Val  CAC   1 | Ala  CGC   - | Glu  CTC   1 | Gly  CCC   2 | 

A

B

Figure s5. codon and anticodon usage in Leucobacter sp. AeAr. (A) Codon frequencies inferred from the protein coding sequences identified in the draft 
genome of L. sp AEAR. The codon frequency per thousand is reported next to each triplet followed by the absolute frequency of the codon (in parenthesis); 
(B) anticodon frequencies inferred from the tRNA genes identifi ed by tRNAscan.
notes: The trnAs with cAT* anticodon comprise two trnAfMet initiators, a trnAMet elongator, and a trnAIle with 2-lysyl cytidine at the wobble position 
(reading the TAT codon), as determined by the tFAM program.
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Figure s6. Putative allantoin utilization pathway in L. sp. AeAr as reconstructed from the draft genome.
notes: Genes assigned to enzymatic steps are indicated with RAST numbers; the corresponding sequences are reported in the Supplementary files. 
No genes where assigned to the conversion of ureidoglycolate to glyoxylate; this reaction, however, is known to occur also in the absence of a protein 
catalyst.
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