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Abstract: The draft genome sequence of Thauera sp. DTG was reconstructed from a metagenome of a denitrifying
quinoline degrading microbial consortium. The organism is most closely related to Thauera aminoaromatic S2 and
Thauera sp. MZ1T and is a facultative anaerobe. It is predicted to take the central role for quinoline denitrifying degra-

dation.
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1. Introduction

uinoline is a heterocyclic aromatic organic
compound with the chemical formula CgH-N.
It is often reported as an environmental con-
taminant associated with facilities processing oil shale
or coal, and has also been found at legacy wood
treatment sites or in the factory of manufacturing other
products, where it is used mainly as an intermediate.
Owing to the solubility in water, it has significant po-
tential for spread in the environment, which may ag-
gravate water contamination.
An increased incidence of liver vascular tumors has
been observed in rats and mice orally exposed to qui-
nolone™. EPA has provisionally classified quinoline

as a Group C, possible human carcinogen (http://www2.

epa.gov/iris).

We monitored the performance of a coking waste-
water treatment plant for years. The most of COD was
removed from the treatment system, which used A2/0
craft. But quinoline was reluctant to be degraded.

Therefore, we setup a lab scale bioreactor to accumu-
late a high efficient quinoline degrading microbial
community™?. The bioreactor demonstrates a high ef-
ficiency for removing the quinoline from the synthetic
wastewater under denitrifying condition at tempera-
ture ranging from 15°C to 25°C. The synthetic waste-
water used quinoline as the sole carbon source and
supplemented with mineral salt and nitrate.

The consortia in the gquinoline degrading bioreactor
was composed of diverse bacteria including these
from family of Rhodocyclaceae, Desulfobacteraceae,
Nocardiaceae, Syntrophaceae, Ignavibacteriaceae, Sp-
irochaetaceae, Comamonadaceae, Flavobacteriaceae,
Desulfomicrobiaceae, etc. Interestingly, the abunda-
nce of bacteria from the genus of Thauera (member of
Rhodocyclaceae) could be as high as 45%. The high
abundance of Thauera genus in the bioreactor implied
its important role in the quinoline degradation process,
as indicated in the previous work!>*!. We constructed
a phylogenetic tree using the 16S rRNA gene se-
guences retrieved from metagenome or direct sequen-
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cing of 16S rRNA amplicon (Figure 1). The bacteria
of this genus were diverse in the bioreactor, especially
in the early stage of the construction of the bioreactor.
Several attempts of isolation on the most abundant
Thauera bacteria had failed. The only three Thauera
isolates, strains Q4, Q20-C, and 3-35, nevertheless
showed low abundance in the bioreactor community.
Those three strains of isolates didn’t show any quino-
line degrading effect in the medium containing quino-
line as sole carbon source®™. However, our previous
results showed that the quinoline degradation effi-
ciency is significantly correlated with the abundance
of Thauera bacteria in the consortium!®. We specu-
lated that the most predominant Thauera bacteria
should play an important role in the quinoline degra-
dation within the denitrifying bioreactor.

Figure 1 showed that the diversity of Thauera ge-
nus in the bioreactor was significantly lower after 5
years running. Only one OTU, which is homologue of
the most abundant Thauera OTU detected in the early
stage, was present in the bioreactor nevertheless in
high abundance after undergoing long time running.
To further understand the community, especially the
role of the Thauera bacteria, the metagenome of the
bioreactor was sequenced using pyrosequencing tech-
nology. We assembled a Thauera genome by using
the metagenome data. The function predication of this
genome was performed to understand the role of
Thauera bacteria in the bioreactor.

The total sequencing reads of metagenome is
1,224,289, which account for 714,921,886 bp. After
the quality control, 73.86% reads (904223 reads,
524,158,639 bp) left for subsequent analysis.

The contig set S2, which was derived from the ref-
erence-based assembly using Thauera aminoaromatic
S2 as the reference, contained 2104 contigs and was
~2.89 Mbp in total. The high quality reads, which
could not be mapped on the reference genome, were
de novo assembled into contig set NS2. The NS2 set
contained 19,198 contigs and was 49.87 Mbp in total.

We visualized the tetranucleotide frequency pat-
terns of all contigs with more than 2 Kbp in both S2
and NS2 sets (Figure 2A and 2B) and used this map in
combination with the information of contig coverage
(Figure 2C, supplementary table 1) to do contig bin-
ning and subsequential filtering, thus reconstructing
the draft genome of Thauera sp. DTG (see ‘Methods’
section for detail). The draft genome for DTG in-
cluded 2,407 contigs (> 500 bp), The sum of assem-
bled reads of these contigs was about 26,196,753 bp in

total. The N50 of contig lengths is 2,456 bp. The con-
tigs were reordered using Thauera aminoaromatic S2
as reference. The draft genome of Thauera sp. DTG
contained 4,346,234 bp in total. Human Microbiome
Project (HMP) constructed the core gene groups, which
comprise single copy genes conversed among all se-
quenced genomes in Bacteria. Thus evaluating wheth-
er genes from the core groups are present in the draft
genomes can give a good indication of the complete-
ness of the draft genomes. Among all 66 bacterial core
groups, 64 existed in the assembled draft genome,
which indicated a good completeness of Thauera sp.
DTG. The annotation was performed using Prokka,
which predicted a total of 4751 protein-coding genes
and 4 ribosomal RNAs.

The two most similar recorded genomes are Thauera
aminoaromatic S2 and Thauera sp. MZ1T. The iden-
tities of assembled Thauera sp. DTG with these two
genomes are 95.95% and 95.25% respectively. Tha-
uera aminoaromatic S2 was also active bacteria from
an aromatic wastewater treatment community™. Thau-
era sp. MZ1T was reported in 2004. It is a zoogloeal
cluster-forming organism and was isolated from an
industrial wastewater treatment system[el. Its analogues
were reported for aromatic compounds degradation.

The genome of Thauera sp. DTG contains relative
higher number of genes related with environmental
information processing. For instance, it contains com-
plete PhoR-PhoB (phosphate starvation response)
two-component regulatory system, EnvZ-OmpR (os-
motic stress response) two-component regulatory sys-
tem, CusS-CusR (copper tolerance) two-component
regulatory system, NarX-NarL (nitrate respiration)
two-component regulatory system, RegB-RegA (redox
response) two-component regulatory system. The
genes for aromatic compounds degradation also pre-
vails in its genome as listed in Table 1. Genes for
Benzoyl-CoA denitrifying degradation, including
benzoyl-CoA reductase subunit C (K04112) and
6-oxocyclohex-1-ene-carbonyl-CoA hydrolase
(K07539) for benzonate anaerobic degradation imply
its anaerobic degrading capacity!"®. All denitrification
genes were found in the DTG genome, including narG,
narl, narJ, napB, nirS, norB, norC and nosZ gene.
Thauera bacteria act as a denitrifier had been directly
detected by metagenomic sequencing in the wastewa-
ter treatment environment!®). Therefore, the predomi-
nant one of Thauera bacteria in the reactor has the
potential for quinoline or other aromatic compounds
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Figure 1. Neighbor-joining phylogenetic tree indicating major species in the Thauera dominated consortium and their closest Gen-
Bank matches. 16S rRNA genes from Thauera DTG draft genome showed 100% identity with Thauera aminoaromatica DSM14742
and sequence of Thauera clone DR80 (highest abundance in very early stage bioreactor sample), U00000716 (highest abundance in 3
years bioreactor sample), and also OTU1 (highest abundance in 5 years bioreactor sample). Blue solid square indicates sequences
from clone library constructed using early stage bioreactor sample™; green diamond indicates 165 rRNA high throughput sequencing
reads of sample from bioreactor running for 3 years; pink solid circle indicates 16S rRNA high throughput sequencing reads of sam-
ple from bioreactor running for 5 years; red diamond indicates the 16S rRNA gene sequences of assembled Thauera sp. DTG ge-
nome; purple triangle indicates 16S rRNA gene sequences of three isolates.
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Figure 2. ESOM map of tetranucleotide frequency of contigs. The Gradient of the map is "earthcolor". Lighter (tend to white) indi-
cate more difference in tetranucleotide patterns. The dots represent 2 Kbp contig regions and dot colors stand for different meanings:
(A) purple for contigs in NS2 set and red for contigs in S2 set; (B) yellow for the contig bin containing S2 set and contigs in NS2 set
with similar tetranucleotide frequency to S2; (C) green for contigs with coverage within the coverage range (2.59+7.76, median+2

s.d.) of S2 set and red for contigs exceeding that range.

E Genetic Information Processing

B Environmental Information Processing
O Carbohydrate metabolism

O Amino acid metabolism

B Metabolism of cofactors and vitamins
@ Energy metabolism

B Nucleotide metabolism

O Cellular Processes

B Other categories

B Unclassified

Figure 3. Annotated pathway of assembled Thauera sp. DTG genome based on KEGG database (42.7% of 4751 predicted genes

were annotated)

denitrifying degradation. However, high proportion of
genes haven’t be annotated, the function and impor-
tant of this bacteria in the bioreactor still need more
investigation.

2. Methods
2.1 DNA Extraction and Sequencing

Biofilm sample was collected from the surface of
supporting materials in the lab scale quinoline de-
grading bioreactor. The sample was then centrifuged
at 10000 xg for 10 minutes. The pellet was re-suspen-

ded in the buffer Z (10mM Tris-HCI, 150mM NaCl,
pH 8.0). The 1.5 mL eppendoff tube with the sample
was then performed repeated frozen-thaw treatment.
In detail, —80°C for 10 minutes, then transfer to 60°C
water bath for 2 minutes. After that, keep tube on ice
for 1 minute. Sample was mixed on vortex two times
in highest speed for 5 minutes. Between each vertex,
the mixture was kept on ice for 5 minutes. Afterwards,
the standard SDS lysis and Phenol/Chloroform extrac-
tion was used before ethanol precipitation. The DNA
solution was treated with RNase to remove RNA.

The purified DNA sample was used for sequencing
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Table 1. The KO of aromatic compounds degradation found in the assembled genome

KO ID KO Function Number of KO in DTG genome
K00141 xylC; benzaldehyde dehydrogenase (NAD) 1
K01055 pcaD; 3-oxoadipate enol-lactonase 1
K01617 dmpH, xyll, nahK; 2-oxo0-3-hexenedioate decarboxylase 1
K04112 berC, badD; benzoyl-CoA reductase subunit C 1
K05549 benA-xylX; benzoate/toluate 1,2-dioxygenase alpha subunit 1
K05550 benB-xylY; benzoate/toluate 1,2-dioxygenase beta subunit 1
K05783 benD-xyIL; dihydroxycyclohexadiene carboxylate dehydrogenase 1
K07539 oah; 6-oxocyclohex-1-ene-carbonyl-CoA hydrolase 1
K10217 dmpC, xylG; aminomuconate-semialdehyde /2-hydroxymuconate-6-semialdehyde dehydrogenase 1
K13953 adhP; alcohol dehydrogenase, propanol-preferring 1
K16246 dmpP, poxF; phenol hydroxylase P5 protein 1
K16249 dmpK, poxA,; phenol hydroxylase PO protein 1
K18364 bphH, xylJ, tesE; 2-oxopent-4-enoate/cis-2-oxohex-4-enoate hydratase 1
K18366 bphJ, xylQ, nahO, tesF; acetaldehyde/propanal dehydrogenase 2

library construction according to the guild for meta-
genomics from Roche brochure. Pyrosequencing was
finished in Bohao Ltd. Company in Shanghai.

2.2 Data Quality Control

454 Replicate Filter? was used to de-duplicate the
raw reads. Prinseq) was employed (a) to trim the
reads from the 3’ end until reaching the first nucleo-
tide with a quality threshold of 20; and (b) to remove
read pairs if either read was shorter than 200 bp or
contained 'N' bases.

2.3 The Assembly of Thauera sp. DTG Genome

Firstly, the high quality reads were assembled into
contigs (contig set S2) by gsMapper V2.9 (Roche Inc.)
using Thauera aminoaromatic S2 (IMG: 19005) as the
reference genome with parameters set at 50bp for
overlap length, 95% for nucleotide identity. The con-
tigs shorter than 500bp were discarded. The reads,
which were not aligned to Thauera aminoaromatic S2
at the previous stage, were de novo assembled into
contigs (contig set NS2) by gsAssemby V2.9 (Roche
Inc.) with the same parameters as applied in gsMapper.
The contigs shorter than 500bp were discarded.

The tetranucleotide signatures of all contigs > 2 kb
in the both two contigs sets were calculated following
the ESOM analysis pipeline™?. The ESOM topogr-
aphic map was generated by ESOM-1.1 software™! to
cluster and visualize tetranucleotide frequency pat-
terns with parameters set as K-batch for training algo-
rithm, 200 for rows in map, 240 for columns in map,

40 for start value for radius and RobustZT for data
normalization. The contigs in set NS2, which had sim-
ilar tetranucleotide signatures to S2, were added into
set S2. For a more accurate clustering, coverage in-
formation of all contigs was calculated (from the out-
puts of gsMapper and gsAssembly). The contigs, which
were added into S2 from NS2 at previous stage, were
discarded if their coverage exceed the coverage range
(median * 2 s.d.) of S2 set. The final S2 set was con-
sidered as the draft genome of Thauera sp. DTG.
Mauve aligner™™! was used to reorder the contigs of
the Thauera sp. DTG draft genome. The annotation
was performed using Prokka™ and BlastK OALA (http:
IIwww.kegg.jp/blastkoala/). The "Bacterial Core Gene
Evaluation" protocol of HMP (http://hmpdacc.org/res-
ources/tools_protocols.php) was adapted to test the com-
pleteness of the draft genome of Thauera sp. DTG.

2.4 Nucleotide Sequence Accession Numbers

This whole-genome shotgun project including the me-
tagenomic data and the draft genome of Thauera sp.
DTG has been deposited at EBI under PRJEB11730.
The 16S rRNA gene sequences obtained from the se-
guencing of bioreactor samples and used for con-
structing the Thauera phylogenetic tree has been de-
posited at European Nucleotide Archive under the
accession numbers LN907802-LN907822.
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