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Summary

Anaerobic degradation processes are very important
to attenuate polycyclic aromatic hydrocarbons (PAHs)
in saturated, anoxic sediments. However, PAHs are
poorly degradable, leading to very slow microbial
growth and thus resulting in only a few cultures that
have been enriched and studied so far. Here, we
report on a new phenanthrene-degrading, sulfate-
reducing enrichment culture, TRIP1. Genome-resolved
metagenomics and strain specific cell counting with
FISH and flow cytometry indicated that the culture is
dominated by a microorganism belonging to the
Desulfobacteraceae family (60% of the community)
and sharing 93% 16S rRNA sequence similarity to the
naphthalene-degrading, sulfate-reducing strain
NaphS2. The anaerobic degradation pathway was
studied by metabolite analyses and revealed phenan-
throic acid as the major intermediate consistent with
carboxylation as the initial activation reaction. Further
reduced metabolites were indicative of a stepwise
reduction of the ring system. We were able to measure
the presumed second enzyme reaction in the pathway,
phenanthroate-CoA ligase, in crude cell extracts. The
reaction was specific for 2-phenanthroic acid and did
not transform other isomers. The present study
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provides first insights into the anaerobic degradation
pathways of three-ringed PAHs. The biochemical strat-
egy follows principles known from anaerobic naphtha-
lene degradation, including carboxylation and
reduction of the aromatic ring system.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are among the
most hazardous contaminants in the environment and
pose a threat to all living organisms, as they are highly
toxic and carcinogenic (Menzie et al., 1992). Introduction
of PAHSs into the environment often occurs upon oil spills
on sea and land, gas production and all downstream
applications such as automobile traffic or domestic heat-
ing (Johnsen et al., 2005). Microbial degradation of
PAHs, however, is negatively affected by the very low
water solubility as well as by sorption to natural organic
matter and sediments, decreasing the bioavailability.

Aerobic biodegradation of PAHs is well understood
(Horvath, 1972; Kiyohara and Nagao, 1978; Cerniglia,
1993; Juhasz and Naidu, 2000; Samanta et al., 2002;
Habe and Omori, 2003; Johnsen et al., 2005). However,
when large amounts of hydrocarbons get into saturated
sediments, the habitat turns anoxic due to rapid oxygen
consumption as co-substrate and electron acceptor.
PAHs are then degraded anaerobically, which is an
extremely slow process. So far, anaerobic degradation of
PAHs has only been reproducibly demonstrated for naph-
thalene, methylnaphthalene, and phenanthrene (Zhang
and Young, 1997; Annweiler et al., 2000b; Meckenstock
et al., 2000; Safinowski and Meckenstock, 2004; Davi-
dova et al., 2007; Meckenstock et al., 2016).

Anaerobic degradation of naphthalene and methyl-
naphthalene has mostly been studied with the two
sulfate-reducing cultures NaphS2 and N47 (Galushko
et al., 1999; Meckenstock et al., 2000). Methylnaphtha-
lene is activated at the methyl group by fumarate addition
through naphthylmethylsuccinate synthase (Meckenstock
et al., 2004) and, after activation with CoA, degraded to
the central intermediate 2-naphthoyl-CoA through beta-
oxidation like reactions (Annweiler et al., 2000a; Mecken-
stock et al., 2000; Annweiler et al., 2002; Meckenstock
et al, 2016). Naphthalene is activated through
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carboxylation (Zhang and Young, 1997; Meckenstock
and Mouttaki, 2011). After additon of CoA by
2-naphthoate-CoA ligase, the ring system is reduced in
successive two electron reduction steps by the new
type Il aryl-CoA-reductases 2-naphthoyl-CoA reductase
and 5,6-dihydro-2-naphthoyl-CoA reductase, yielding
5,6,7,8-tetrahydro2-naphthoyl-CoA  (Eberlein et al.,
2013a; Boll et al., 2014; Meckenstock et al., 2016). The
remaining aromatic ring | of the naphthalene skeleton is
then reduced, most likely to hexahydronaphthoyl-CoA,
followed by beta-oxidation like reactions and ring cleav-
age. The downstream degradation pathway proceeds via
cyclohexane derivatives (Weyrauch et al., 2017) and the
central metabolism is reached via pimeloyl-CoA after the
second ring cleavage (Weyrauch et al., 2017).

So far, anaerobic phenanthrene degradation was
reported for two sulfate-reducing cultures (Zhang and
Young, 1997; Davidova et al., 2007). Both cultures docu-
mented the production of phenanthroic acid which sug-
gested that phenanthrene undergoes initial carboxylation
similar to naphthalene or benzene (Kunapuli et al., 2007;
Dong et al., 2017).

Here we report on a new anaerobic enrichment culture
that is able to oxidize phenanthrene to CO, with sulfate
as electron acceptor. The comparably fast-growing cul-
ture was characterized and indications on the anaerobic
phenanthrene degradation pathway are presented based
on metabolite and enzyme analyses.

Results
Enrichment of culture TRIP1

The enrichment culture TRIP1 was grown in batch cul-
tures with phenanthrene as sole carbon and electron
sources and sulfate as electron acceptor. The generation
time was approximately 10 days and the culture needed
around 3 months before the stationary phase was
reached (Fig. 1). The stoichiometric equation for sulfate
reduction to sulfide with phenanthrene as electron donor
is:  Cy4Hy0 +8.255035™ +9H,0 — 14HCO; +8.25HS™ +
5.75H", yielding a Gibbs free energy of —341 kJ with a
possible energy conservation of about 5 ATP per mole of
phenanthrene oxidized to CO, (McFarland and Sims,
1991; Meckenstock et al., 2016). In culture TRIP1, sulfate
depletion of 2.42 mM was coupled to phenanthrene
depletion of 0.08 mM (theoretical concentration in the
aqueous phase, as calculated from the phenanthrene
loss in the HMN carrier phase). The resulting electron
recovery of 341% can be explained with the loss of phen-
anthrene by absorption into the butyl stopper. Neverthe-
less, we propose that culture TRIP1 fully oxidizes
phenanthrene to CO,, as members of the Desulfobacter-
aceae are commonly documented as complete oxidizers.
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Fig. 1. Growth of culture TRIP1 with phenanthrene as sole carbon
and electron source and sulfate as electron acceptor. Solid squares:
cell numbers per mL of culture. Solid triangles: sulfate concentra-
tions, determined by the barium chloride method (Tabatabai, 1974).
Error bars depict standard deviations of triplicate incubations.

The growth curve of culture TRIP1 showed an initial
lag phase of about 4 weeks. Even a fully grown culture
never turned turbid, but the very little biomass accumu-
lated at the bottom of the serum vial.

Growth tests were conducted with sulfate, nitrate, ele-
mental sulfur or iron(lll) (ferrihydrite) and without a termi-
nal electron acceptor. Culture TRIP1 was neither able to
utilize nitrate nor ferrihydrite as electron acceptor with
phenanthrene as electron donor and did not grow without
a terminal electron acceptor. When elemental sulfur was
added as electron acceptor, the culture performed sulfur
disproportionation, thus producing significant amounts of
sulfide (7 mM) and sulfate (3.5 mM), as determined by
ion chromatography. However, terminal restriction frag-
ment length polymorphism analysis (T-RFLP) of PCR
products derived from 16S rRNA genes revealed shifts in
the culture composition during sulfur disproportionation.
Hence, we conclude that sulfur disproportionation was
not performed by the dominating phenanthrene-
degrading microorganism.

Batch incubations were conducted with different elec-
tron donors and sulfate as electron acceptor to elucidate
the substrate spectrum of the culture. When growth was
detected in the second transfer by significantly increasing
cell counts (10 times higher than the control without sub-
strate, cell counts conducted with flow cytometry), T-
RFLP analysis was performed to assess whether the
microbial community remained constant, and the same
organisms were responsible for the degradation activity.
Culture TRIP1 was able to grow with the positive control
phenanthrene as substrate but neither with naphthalene,
anthracene, acenaphthene nor with fluoranthene. The
dominant peaks in the T-RFLP analysis of the cultures
grown with phenanthrene were at 53 and 74 bp. The cul-
ture showed growth with the carboxylated aromatic com-
pounds 2- and 4-phenanthroic acid, 2-naphthoic acid and
terephthalic acid. However, the dominant T-RFLP peaks
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at 53 and 74 bp were only apparent with 2-phenanthroic
acid and 4-phenanthroic acid as substrates, consistent
with the same organisms transforming these substrates.
With terephthalic acid a new T-RFLP peak (at 156 bp)
became dominant, suggesting that this compound is not
relevant to the phenanthrene-degrading organisms. A
similar pattern was observed for benzoic acid and ben-
zene as substrates (T-RFLP peak at 515 bp) (Table 1).

Microbial community composition of the TRIP1 culture

Genome-centric metagenomic analyses (Gkanogiannis
et al., 2016) of the community genome from the culture
TRIP1 led to the reconstruction of a handful of nearly
complete genomes, including the genome of the most
prominent organism. Supporting Information Table S1
displays the 10 organisms from NCBI's Refseq database
(https://www.ncbi.nlm.nih.gov/refseq) that are more
closely related to the dominant Desulfatiglans organism
in terms of genome-level syntenic relationships (Vallenet
et al., 2006, 2013). The 16S rRNA gene sequence of this
bacterium was most closely related to Desulfatiglans ani-
lini strain Ani1 [= DSM 4660(T)] and Desulfatiglans anilini
strain AK1 (94% identity)—the latter were recently reclas-
sified as Desulfatiglans anilini species (Suzuki et al.,
2014) and Desulfatiglans spec. Strain NaphS2 (93% sim-
ilarity, Galushko et al., 1999), with only weaker (87%)
similarity to the Phe4A strain from the phenanthrene-
degrading culture Phe4 (Davidova et al., 2007). Other
organisms with nearly complete reconstructed genomes
showed similarities to Desulfatiglans anilini strain AK1
(98% similarity), Paludibacter propionicigenes (91% sim-
ilarity) as well as to an unknown Spirochaetales. As the

Table 1. Substrate utilization by culture TRIP1.
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similarity to the Spirochaetales is deduced from genome-
level syntenies, but no 16S rRNA sequence could be
recovered from the corresponding organism in the TRIP1
culture, it is not included in the tree depicted in Fig. 2.

The completion and contamination levels of the recon-
structed genomes (Table 2) were evaluated using
lineage-specific single copy gene markers and the
CheckM software (Parks et al., 2015). With this method
we were able to generate two almost fully closed
genomes of the main dominating bacterium and the bac-
terium that is closest related to a Geobacter species.

Relative abundance estimates of the organisms with
nearly complete genomes were obtained by mapping
the original shotgun reads using the BWA software
(Li and Durbin, 2009), leading to a 60.4% figure for the
first unclassified Desulfobacteraceae (Desulfatiglans-1),
2.1% for the second Desulfobacteraceae (Desulfati-
glans-2), 1.2% for the unclassified Bacteroidetes and
0.51% for the unknown Spirochaete bacterium. The
estimate for the dominant Desulfobacteraceae (Desulfa-
tiglans-1) could be independently confirmed by flow
cytometric counting of samples from the TRIP1 culture
stained with fluorescence in situ hybridization (FISH)
probes specific for this organism. Flow cytometry analy-
sis of the community stained with these FISH probes
revealed that about 50% of the cells belonged to the
dominating Desulfatiglans species with 3.4 x 10° counts
(TRIP_Desulfo183-Fam, single measurement due to low
amount of sample) out of a total cell count of 6.8 x 10°
cells (sd = 4.8 x 10°).

The cell counts in the different terminal electron accep-
tor assays that had no visible growth were two orders of
magnitude lower than in the phenanthrene control culture

Total cell density®

T-RFLP fragment Assignment to

Substrate (cells mI™") length bp® organism

Phenanthrene (positive control) 6.8 x 10° (+) 53; 74 Desulfatiglans-1

Naphthalene *) _

Acenaphthene ) _

Anthracene *) _

Fluoranthene *) _

Benzene 7.0 x 108 (+) 53; 74; 515 Desulfatiglans-2

Benzoic acid 5.1 x 107 (+) 53; 74; 515 Desulfatiglans-2

1-Naphthoic acid 2.3 x 10° (+) *)

2-Naphthoic acid 2.7 x 10° (+) 53; 74; 97 Desulfatiglans-1,
unclassified bacterium

1,2,3,4-Tetrahydro-2-naphthoic acid 5.3 x 10* (=)

5,6,7,8-Tetrahydro-2-naphthoic acid 5.2 x 10% (=)

2-Phenanthroic acid 1.3 x 107 (+) 53; 404 Unknown

4-Phenanthroic acid 7.1 x10° (+) 53; 74 Desulfatiglans-1

Terephthalic acid 8.6 x 10° (+) 156 Unknown

aGrowth was evaluated as positive (+) if the cell count in the second transfer increased more than 10-fold compared with the control without ter-
minal electron acceptor (9.8 x 10%), as measured by flow cytometry, (=) bacterial growth lower than 10-fold compared with negative control or

no detectable growth, (*) PCR amplification not possible.

PFragment length in bold describes the dominant peaks in the TRFLP analysis.
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Methanocaldococcus jannaschii DSM 2661
— Proteiniphilum acetatigenes strain TB107
TRIP1 unclassified Paludibacter
Uncultured bacterium clone 22¢12 EF515280

Bacteroides-like sp. oral clone AU126
Paludibacter propionicigenes WB4
Paludibacter propionicigenes JCM 13257

Desulfarculus baarsii
Phenanthrene-degrading strain 4C
Desulfococcus oleovorans Hxd3
Phenanthrene-degrading strain 4A
Naphthalene-degrading strain N47
Naphthalene-degrading strain NaphS2
Sulfate-reducing bacterium strain mXyS1
TRIP1 Desulfatiglans 1

TRIP1 Desulfatiglans 2

Desulfatiglans parachlorophenolica DS
Desulfatiglans anilini AK1
Desulfatiglans anilini DSM 4660

Tree scale: 0.01 —

Fig. 2. Phylogenetic tree of selected members of the enrichment culture TRIP1, including the dominant Desulfobacteraceae organism
(Desulfatiglans-1), and closely related species together with other known PAH-degrading bacteria, based on neighbour-joining analysis of full
length 16S rRNA gene sequences obtained from the metagenome. Evolutionary distances were computed using the maximum composite likeli-
hood method (Tamura et al., 2011) and are expressed in units of base substitutions per site. Members of the TRIP1 enrichment culture are
marked in bold. Geobacter and Paludibacter like species were present at less than 2% relative abundance, and were not included in this

analysis.

with sulfate as electron acceptor. The cell densities for
the cultures growing with 2-phenanthroic acid and ben-
zoic acid as electron source were 10-fold higher than the
culture growing with phenanthrene. After 12 weeks of
incubation with phenanthrene and sulfate, the culture
was subjected to metabolite analysis using GC-MS. The
results revealed a set of different carboxylated and partly
hydrogenated phenanthrene derivatives (Fig. 3).

In order to confirm the structure of the metabolites shown
in Fig. 3, collision induced dissociation (CID) was performed
for the target m/z range of 221.06 (phenanthroic acid) in ESI
negative mode. Figure 4 shows a part of the high resolution
MS spectrum of phenanthroic acid after CID, which resulted
in the loss of a water molecule and the carboxyl group.

The detected metabolites indicate a stepwise ring
reduction of 2-phenanthroyl-CoA. Thus, we assume a
ring reduction starting from ring 1l of phenanthroic acid,
opposite to the carboxyl group, similar to the anaerobic
reduction of naphthalene (Eberlein et al., 2013b; Estel-
mann et al.,, 2015). For further elucidation of the

degradation pathway, culture TRIP1 was grown with fully
deuterated phenanthrene (C14D4¢) as substrate. Metabo-
lites were extracted and analyzed with GC-MS. A num-
ber of putative metabolites of phenanthrene degradation
containing deuterium were detected, indicating that they
originated from the deuterated phenanthrene. The mea-
sured molecular masses supported the metabolite analy-
sis with non-labelled phenanthrene indicating a stepwise
reduction of phenanthroyl-CoA. However, the calculated
number of saturated and unsaturated bonds did not
agree with the number of deuterium atoms in the mole-
cules, indicating that isotope exchange with protons from
water occurred during the ring reduction process (Fig. 5).

Detection of enzymes involved in anaerobic phenanthrene
degradation. The first metabolite in anaerobic phenanthrene
degradation is assumed to be phenanthroic acid (Zhang and
Young, 1997; Davidova et al., 2007). In order to identify
which isomer of phenanthroic acid was produced by the car-
boxylation reaction, we compared the LC-MS retention time of
the phenanthroic acid metabolite found in culture supernatants,

Table 2. Genome completion estimates of metagenomic ‘bins’ constructed from culture TRIP1.

# Uniquely found

Organism Marker lineage # genomes # markers markers Completeness Contamination

Dominant Desulfobacteraceae Deltaproteobacteria 83 247 244 99.35 0.97
organism (UID3216)

Geobacter-like organism Bacteria (UID2495) 2993 147 143 99.94 5.49

Paludibacter-like organism Bacteria (UID2569) 434 278 266 95.61 0.27

Spirochaete Bacteria (UID2495) 2993 141 140 98.85 0.00

Strain heterogeneity values (not shown in the table) were 0.00 for all the genomes.
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Fig. 3. Molecular masses and
possible structures of metabolites
characterized in culture TRIP1 by
GC-MS; metabolites are depicted
as ions of silylated acids.
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with the LC—-MS chromatograms of three reference phenanthroic
acid isomers, i.e. 2-phenanthroic acid, 4-phenanthroic acid, and
9-phenanthroic acid. The phenanthroic acid from the culture
supernatants showed identical retention time and mass spec-
trum with the reference 2-phenanthroic acid but not with 4- or 9-
phenanthroic acid (Fig. 7). The two isomers 1-phenthroic acid
and 3-phenthroic acid were not commercially available.

We then measured the phenanthroate-CoA ligase reac-
tion, the presumed second reaction in anaerobic phenan-
threne degradation, in crude cell extracts. The reaction was
started with the addition of substrate to the reaction mix-
ture. The reaction with 2-phenanthroic acid was very fast,
so that the first sample immediately taken after the start of
the reaction already contained CoA-esters (Fig. 6). After
10 min, all 2-phenanthroic acid was converted to
phenanthroyl-CoA. The phenanthroate-CoA ligase reaction

+
Chemical Formula: C1gH»802Si
m/z =304.1

was not observed with 4, or 9-phenanthroic as substrate,
indicating that its natural substrate is 2-phenanthroic acid
and further indicating that the latter is the product of phen-
anthrene carboxylase.

Comparing the retention times and mass spectra of the
phenanthroyl-CoA produced in the cell extracts of culture
TRIP1 with the synthesized CoA-esters of the three refer-
ence phenanthroic acids (i.e., 2-, 4- and 9-phenanthroic acid)
provided additional support that the natural product is
2-phenanthroyl-CoA (Data not shown).

However, as 1- and 3-phenanthroic acid are not commer-
cially available, we could not test them as substrate and
hence cannot exclude that they might be converted by the
ligase. Other enzyme reactions such as phenanthrene car-
boxylase and phenanthroyl-CoA reductase were also tested
but could not be directly measured.
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Fig. 4. High resolution-MS spectrum of the phenanthroic acid (Phe.
c. a.) in negative mode, showing loss of H,O and CO, through CID
from m/z 221.0.

Discussion

The investigation of anaerobic degradation of PAHs is still
in its infancy (Meckenstock et al., 2016). Among three or
more ringed PAHSs, only phenanthrene has been reported
to be reproducibly degraded under strict absence of
molecular oxygen. Following the detection of phenanthroic

Silylated 2-phenanthroic acid (D)
m/z=303.16

m/z=299.14

OSi(CH3)3

Silylated 6,7-dihydro-2-phenanthroic acid (D)

m/z=297.13 m/z=299.14

D
OSi(CHz); D O OSi(CHy)3

acid in culture supernatants of two independent enrich-
ment cultures, carboxylation was proposed as the initial
activation step in anaerobic phenanthrene degradation
(Zhang and Young, 1997; Davidova et al., 2007). Further-
more, '3C-labelled carbonate was shown to be incorpo-
rated into the carboxyl group of phenanthroic acid (Zhang
and Young, 1997; Davidova et al., 2007), providing further
support for a carboxylation reaction. This reaction is analo-
gous to anaerobic naphthalene degradation where the ini-
tial enzymatic carboxylation reaction was measured in
dense cell suspensions (Mouttaki et al., 2012).

However, more comprehensive information on the
anaerobic degradation of phenanthrene is still lacking. In
order to investigate anaerobic phenanthrene degradation
in more detail, we enriched an anaerobic phenanthrene-
degrading culture with sulfate as electron acceptor with
an inoculum from the Pitch Lake in Trinidad and Tobago.
The culture degraded phenanthrene with rates similar to
anaerobic naphthalene-degrading cultures (6-8 days
doubling times for NaphS2, and more than 2 weeks for
N47, Galushko et al., 1999; Meckenstock et al., 2000),
which is remarkable given the much lower aqueous solu-
bility of phenanthrene (7.3 pM at 30°C for phenanthrene
vs. 242 uM at 25°C for naphthalene). This relatively fast
growth allowed studying the culture in more detail.

0 Fig. 5. Characterized metabolites of
culture TRIP1, incubated with fully
deuterated phenanthrene, measured
by GC-MS (metabolites are depicted
as ions of silylated acids).

Silylated 6,7-dihydro-2-phenanthroic acid (D)

OSi(CH3)3

Silylated 6,7,8,9-tetrahydro-2-phenanthroic acid (D)
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Fig. 6. Enzyme assay of the phenanthroate-
CoA ligase reaction with cell extracts of cul-
ture TRIP1 with 2-phenanthroic acid [black
line, m/z = 221 (-)] as substrate. The pro-
duction of 2-phenanthroyl-CoA was followed
over time [grey line, m/z = 972(+)]. Panel a:
t = 0 min, Panel b: t = 10 min.
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The dominant organism accounted for more than 60%
of all microbial cells in the culture and its 16S rRNA gene
sequence shared 94% and 93% identity to Desulfatiglans
anilini strain Ani1 and the naphthalene-degrading strain
NaphS2 respectively. Assuming that this organism is
responsible for phenanthrene degradation, it appears only
remotely related to the previously reported phenanthrene-
degrading microorganism Phe4A (Davidova et al., 2007).
Its 16S rRNA gene sequence affiliates to the family Desul-
fobacteriaceae, and more specifically to the genus
Desulfatiglans, which already includes several sulfate-
reducing members that are known to degrade aromatic
hydrocarbons, such as the aniline-degrading Desulfati-
glans anilini (former Desulfobacterium anilini), or the
naphthalene-degrading strains NaphS2 and N47 (Schnell
et al., 1989; Galushko et al., 1999; Meckenstock
et al., 2000).

Other members in culture TRIP1 include Spirochaetes,
members of which (e.g., Spirochaetaceae) are often found
in anaerobic cultures capable of degrading aromatic com-
pounds and have been identified in sediment, ground- and
freshwater samples. Their role of these Spirochaetes
appears related to necromass fermentation, leading to a
microbial loop recycling nutrients (Koelschbach et al.,
2017; Dong et al., 2018).

The reconstructed genome sequences are currently
analyzed and will be reported elsewhere, but as the
enzymes for the anaerobic degradation of phenanthrene
are currently unknown, genomic sequences by them-
selves do not point to obvious candidate genes for the
degradative enzymes. For example, putative genes
encoding naphthoyl-CoA ligase from the dominant organ-
ism in culture TRIP1 share only 35% identity to the clos-
est related sequence from culture NaphS2. On the other
hand, some genes encoding flavoenzymes of the ‘old yel-
low enzyme’ (OYE) family, a large family that includes
naphthoyl-CoA reductases (Eberlein et al., 2013a),
showed stronger similarities (up to 60% identity) to
NaphS2 OYEs, and are plausible candidates for encod-
ing similar activities on phenanthrene-derived substrates.
These limitations prompted us to derive information on
the degradation pathway from metabolite analysis of
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culture supernatants. The dominant metabolite was phe-
nanthroic acid, consistent with observations from the
other two known phenanthrene-degrading cultures
(Zhang and Young, 1997; Davidova et al., 2007).

Phenanthroic acid was convincingly measured as a real
metabolite of the degradation pathway in phenanthroate-
CoA ligase enzyme assays performed on crude cell extracts
of culture TRIP1. Among the three tested isomers (2-, 4- and
9-phenanthroic acid), only 2-phenanthroic acid was con-
verted, indicating that the measured ligase reaction is spe-
cific and not due to a non-specific side reaction. The
measurement of this enzymatic activity in anaerobic phenan-
threne degradation also indicates that the initial carboxyla-
tion reaction most likely produces 2-phenanthroic acid,
which is similar to anaerobic naphthalene degradation where
2-naphthoic acid is the product of the naphthalene carboxyl-
ase reaction (Mouttaki et al., 2012). However, due to the lack
of the 1- and 3-phenanthroic acid isomers as reference com-
pounds or substrates, it cannot be excluded that these iso-
mers can also be converted by phenanthroate-CoA ligase.

GC-MS analysis of the TRIP1 culture revealed further
derivatives of phenanthroic acid with molecular masses
indicative of a stepwise reduction of phenanthroyl-CoA,
which is again analogous to the biochemical strategy in
anaerobic naphthalene degradation, where the ring system
is reduced in two-electron steps to overcome the resonance
energy and prepare the compound for further degradation
(Annweiler et al., 2002; Eberlein et al., 2013a). This model
was further supported by analyzing metabolites arising from
the degradation of deuterated phenanthrene, among which
reduced compounds were characterized. However, the
seemingly erratic conservation of deuterium atoms in the
metabolites of deuterated phenanthrene degradation sug-
gests that some detected metabolites might undergo iso-
tope exchange reactions with protons, either in the culture
or later during the chemical analysis. Hence, it cannot be
excluded that some of the detected reduced phenanthroic
acid derivatives do not arise from the degradation pathway,
even though a stepwise reduction of the aromatic ring sys-
tem is highly probable.

Our study sheds light on the first steps of the anaerobic
degradation pathway of phenanthrene, and indicates that
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Fig. 7. LC-MS chromatograms of 2- (dark grey) and 4-phenanthroic
acid (light grey) standards (Sigma-Aldrich, USA) compared with phe-
nanthroic acid extracted from supernatants of culture TRIP1 (black)
9-Phenanthroic acid is not shown.

the biochemical strategies identified in the anaerobic
degradation of naphthalene and benzene (Meckenstock
et al., 2016) also hold for larger non-substituted three-
ringed PAHs, namely a carboxylation as the initial activa-
tion reaction and a stepwise reduction of the aromatic
ring system to overcome the resonance energy. The bio-
chemical evidence provided here opens the way to the
identification of further degradation reactions and the cor-
responding genes.

Experimental procedures
Origin of the culture and growth conditions

The phenanthrene-degrading culture TRIP1 was enriched
from 5 ml inoculum of a muddy soil-oil mixture at the Pitch
Lake in La Brea, Trinidad. It was cultivated in 100 ml serum
bottles with 50 ml of anoxic freshwater mineral medium as
described previously (Widdel et al., 1983; Widdel and Bak,
1992; Meckenstock et al., 2000) with 20 mM sulfate as ter-
minal electron acceptor. Phenanthrene was dissolved
(1.5%) in 2,2,4,4,6,8,8-heptamethylnonane (HMN) (20 ml
I=" culture volume) and added to the medium as an over-
lay. The serum bottles were closed with butyl stoppers
(Glasgeratebau Ochs, Géttingen, Germany) and the head-
space was exchanged with N,:CO, (80:20). Bottles were
incubated at 30°C in the dark. After growth became visible
as a faint turbidity, the enrichment was transferred (10%, v
v™') every 3 months. Media preparation and all handling
procedures of the culture were strictly anoxic. About 1.6 |
cultures were cultivated accordingly in 2 | Schott bottles
(Schott AG, Mainz, Germany) for 3 months.

Substrate tests

For substrate tests, compounds were dissolved in HMN
(1.5%, w/v), that is, phenanthrene, naphthalene and ben-
zene. The 2- and 4-phenanthroic acid were added directly

with a molar equivalent of NaOH to a final concentration of
500 pM. The 1- and 2-naphthoic acid, 1,2,3,4-
tetrahydronaphthoic acid, 5,6,7,8-tetrahydronaphthoic acid,
terephthalic acid and benzoic acid were added from 5 mM
aqueous stock solutions with a molar equivalent of NaOH to
a final concentration of 1 mM in the culture. Acenaphthene,
acenaphthylene, anthracene, and fluoranthene were dis-
solved in acetone, the necessary amount for a final concen-
tration of 1 mM distributed evenly in the serum bottles and
dried overnight in the fume hood before adding the medium.

Electron-acceptor tests

As alternative electron acceptors were added: elemental
sulfur (spatula), nitrate (5 mM) and ferrihydrite (80 mM).

Determination of cell counts

Samples were taken with a syringe through the stopper.
The collected samples (0.4 ml) were mixed with 0.4 ml of
water and 200 pl of 4,6-diamidino-2-phenylindole (DAPI)
(5 pg mlI~" end concentration). The mixture was incu-
bated for 20 min in the dark, filtered over sterile black Iso-
pore membrane filters (0.2 pm, GTBP, Merck Millipore,
Ireland) and subjected to fluorescence microscopy (Axio
Scope A1 microscope, Zeiss, Germany).

Fluorescence in situ hybridization analysis

Based on the 16S rRNA gene sequences derived from
metagenomic shotgun sequencing and using the ARB soft-
ware package (Ludwig et al., 2004), a specific fluorescence
in situ hybridization (FISH) probe TRIP_Desulfo183-Fam
(GACCAAAGUCUCUUGGAC) was designed for the domi-
nant Desulfatiglans in the culture as well as another probe
with specificity for the Desulfobacteraceae (TRIP-Desulf-
01430-Cy3, GUUAGCCCAGCACCUUCU) family. Samples
were fixed by adding 4% paraformaldehyde to a final con-
centration of 1% and stored at 4°C until use. For micro-
scopic analysis, 20 pl aliquots were dried for 90 min at
46°C on a microscopic slide and dehydrated by succes-
sively increasing ethanol concentrations of 50%, 80% and
99% for 3 min each. Hybridization was performed for 2.5 h,
followed by a 30 min washing step according to a previ-
ously published protocol (Pernthaler et al., 2001). Cells
were counterstained with 4/,6-diamidino-2-phenylindole
(DAPI) and embedded in Citiflour (Electron Microscopy Sci-
ences, Hatfield, PA).

TCC analysis, cell counting with FISH probe

For flow cytometric cell counting, 10 pl of fixed cell mix-
ture were dried in an oven at 46°C for 1 h. The dried cells
were washed with 99% ethanol, centrifuged at 40009 for
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2 min at room temperature, and the ethanol decanted.
The pellet was dried at 46°C for 10 min. About 100 pl of
hybridization buffer (see Pernthaler et al., 2001) and 5 pl
of FISH probe TRIP_Desulfo183-Fam were added to the
mixture and incubated for 2 h at 46°C. After a second
centrifugation step, the washing buffer (Pernthaler et al.,
2001) was added and incubated at 46°C for 30 min. After
another centrifugation step, the washing buffer was
completely removed and the cell pellet resuspended in
100 pl PTN buffer (120 mM Na,HPO,4, 125 mM Tris,
0.25 mM NaCl, pH 8). Stained cells were injected to a
Flow Cytometer (FC500 Cytomics; Beckman Coulter).
The detector was set to 398 for the forward-angle light
scatter, 972 for the side-angle light scatter, the channel
for green and red fluorescence were at 569 and 640 V
respectively. Measuring time for all samples was 60 s
and the maximum events were set to 10 million at a
medium flow rate. Cell counts were calibrated using Tru-
count BD Beads (Trucount™ Absolute Counting Tubes,
BD Bioscience, Franklin Lakes, NJ).

Sulfate determination with barium gelatin

Sulfate concentrations were determined with the barium
chloride method (Tabatabai, 1974). The barium gelatin
reagent was prepared by dissolving 0.75 g of gelatin from
bovine skin (Sigma-Aldrich, USA) in 250 ml of boiling
purified water. After cooling in an ice bath 10 g of barium
chloride were added.

The barium gelatin reagent was mixed 1:1 with 0.5 N
HCI and 10% volume of sample was added.

Samples were measured in biological and technical trip-
licates in a plate reader (Wallac Victor3 1420; PerkinEl-
mer, Waltham, MA) at 450 nm after agitation for 10 min.

Sulfate measurement with ion chromatography

Samples (150 pl) were centrifuged at 13,000g for 10 min
to remove solids. About 100 pl of the supernatant were
diluted with 900 pl, 0.1 M KOH to precipitate salts, incu-
bated for 10 min and subjected to a second centrifugation
step. About 20 pl of the sample were mixed with 980 pl of
purified water and measured on an Aquion IC system
(Thermo Fisher Scientific GmbH, Waltham, MA).

Sulfide determination

Sulfide concentrations were measured as described by
Fischer (1883) and Cline (1969).

Quantification of phenanthrene depletion

For quantification of the phenanthrene depletion in the
HMN carrier phase, a set of 150 ml cultures (one control
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sample and three biological samples) was grown for
12 weeks. The culture medium was separated in a separa-
tion funnel and the resulting HMN phase was dried over
magnesium sulfate (MgSO,). The magnesium sulfate was
removed by centrifugation at 240g for 5 min. The superna-
tant was mixed with an equal volume of 12 mg mi~" phen-
anthrene D;o standard and diluted 1:500 (v v~') with
toluene for quantification by APPI-triple quad-MS.

Metabolite extraction for GC-MS analysis

About 150 ml sample were taken from a 1.5 | culture and the
HMN phase was removed in a separating funnel. The remain-
ing water phase was first brought to a pH of 12 to lyse all cells
and cleave ester bonds with 10 M NaOH, and after 15 min of
stirring acidified with 6 M hydrochloric acid to pH 2. Carboxylic
acids and aromatic alcohols were extracted three times with
50 ml ethyl acetate. The ethyl acetate phase was dried with
pulverized sodium sulfate dried by vacuum evaporation and
resolubilized with 500 pl ethyl acetate. Resolubilized extracts
were either derivatized once with bis(trimethylsilyl) trifluoroa-
cetamide (BSTFA, Sigma-Aldrich, St. Louis, MO) for 30 min
at 60°C, or with trimethylsulfonium hydroxide (TMSH, Sigma-
Aldrich, St. Louis, MO). Derivatized samples were analyzed
with GC-MS.

LC-MS analysis

LC-MS analyses (liquid-chromatography coupled to
mass-spectrometry) were performed with a LC-2040C
system coupled to a LC-MS-2020 single quadrupole
mass-spectrometer (Shimadzu Deutschland, Duisburg,
Germany). Samples were separated via a Nucleodur Cqg
Pyramid column, 100 x 3 mm, 5 um particle size (Macherey-
Nagel, Dueren, Germany). The column oven was set to
35°C. Eluent A was water with 0.1% (w v~") ammonium for-
mate, eluent B acetonitrile. Eluent B increased from 10% up
to 40% over 15 min at a flow rate of 0.7 mimin~". Mass spec-
trometric analysis was carried out with an ESI system in pos-
itive mode. The voltage of the ESI system was setto 4.5 kV,
the temperature to 350°C. Nebulising gas flow was 1.5 |
min~", drying gas flow 12 | min~". Heat block temperature
was 200°C and the desolvation line was operated at 0 V and
250°C. Mass-to-charge ratios (m/z) of expected metabolites
were detected in single ion mode with ionization conditions
as optimized for 2-naphthoyl-CoA. Settings for the Qarray™
ion guide were as follows: DC voltage 0 V and RF volt-
age 120V.

A chemical standard of 2-phenanthroyl-CoA or 4- and
9-phenanthroic acid was synthesized in a small-scale
reaction following a two-step procedure (Kawaguchi
et al., 1981; Peter et al., 2016). First, 2-phenanthroic acid
was activated with carbonyldiimidazole (CDI) in tetrahy-
drofuran (THF). In a second step, the CDl-activated
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intermediate was directly converted into the CoA-
thioester by addition of free CoA-SH in THF/water buff-
ered with 100 mM NaHCOs. The product could be used
as a standard for LC-MS analysis without further
purification.

Gas chromatography—-electron ionization-mass
spectrometry

Al silylated samples were analyzed using an ISQ™ LT Sin-
gle Quadrupol GC-MS-System (Thermo Fisher Scientific,
Germany). lonization was performed by El at 70 eV.

For GC separation, 3 pl of derivatized sample were injected
splitless to the GC system equipped with a Rxi-5 MS 8 capil-
lary column (30 m x 0.25 mm x 0.25 pm). The injector was
set to 240°C. The carrier gas was helium with a flow rate of
1.5 ml min~". The operating temperature of the injector was
5 min at 80°C, ramp with 4°C min~" to 280°C, 5 min constant
at 280°C, ramp with 10°C min~" to 330°C, 5 min constant at
330°C. The ionization temperature was maintained at 300°C.
Electron ionization (EI) with 70 eV in positive mode was used
as ionization technique. The mass spectra were interpreted
using MassLib software (MassLib™ V9.4 Release, MSP
Kofel, Switzerland) by matching to the NIST and also the
local MPI KoFo (Max-Planck-Institut fir Kohleforschung, Ml-
heim an der Ruhr, Germany) databases for assignment of
observed metabolites. Isomeric characterization of the
detected phenanthrene carboxylic acid was performed
through comparison of the retention times of commercially
available standards (2- and 4-phenanthroic acid).

Collision induced dissociation-ESI-LTQ Orbitrap mass
spectrometry

The mass spectrometric analysis of the extracted metabo-
lites was performed using a research grade Orbitrap Elite
(Thermo Fisher Scientific, Germany) with mass resolution
set to 480,000 (FWHM at m/z 400). Negative mode ESI
was used for ionization with the following conditions: ioniza-
tion potential of 4.2 kV, sheath gas flow of 5.0, auxiliary gas
flow of 2 and sweep gas flow rate of 0 (arbitrary units). The
transfer capillary temperature was set at 275°C. The iden-
tity of phenanthrene carboxylic acid was verified by collision
induced dissociation (CID) at collision energy of 25 eV.
Product ions were recorded in a range of m/z 150-300, to
check for loss of the carboxyl group and water molecule.

Enzyme assays

Three litres of TRIP1 culture were separated from the
HMN phase in a separation funnel in a glove box under
N,-atmosphere. After centrifugation for 30 min at 10,000g
and 4°C, cell pellets were resuspended with 0.5 ml,
100 mM MOPS buffer 3-(N-morpholino)propanesulfonic

Table 3. Composition of the enzyme assays.

Carboxylase Ligase Reductase

assay assay assay
Phenanthrene 1mM
2-PCA or 4-PCA 1mM 0.5 mM
NaHCO3; 5mM
ATP 5mM 5mM 5mM
CoA-SH 1 mM 1mM
DTT 2 mM
N328204 2mM

2-PCA, 2-phenanthroic acid; 4-PCA, 4-phenanthroic acid; NaHCO3,
Sodium bicarbonate; ATP, Adenosine triphosphate; CoA-SH,
Coenzyme-A; DTT, Dithiothreitol; Na;S,0,, Sodium dithionite.

acid, pH 7.3. The cells were collected in an Eppendorf
cup and centrifuged again for 15 min at 13,000g, 4°C,
and the pellet resuspended in MOPS buffer. The cells
were opened in a French press (Thermo Electron, Wal-
tham, MA) and centrifuged for 15 min at 4°C, 19,000g.
Enzyme assays were composed according to Table 3.
The assay was started by adding the substrate and incu-
bated at 30°C and 900 rpm in a Thermomix Block
(ThermoMixer® C, Eppendorf, Germany). Samples (40 pl)
were mixed with double volume of methanol to stop the
reaction, centrifuged again at 4°C, 13,000g for 15 min
and transferred to LC-Vials.

DNA extraction

DNA from the liquid culture was extracted as described in
Lueders et al. (2003) and Gabor et al. (2003).

Metagenome sequencing

lllumina paired-end library preparation and sequencing.
DNA (30-250 ng) was sheared by sonication to a 100- to
800-bp size range using a E210 Covaris instrument
(Covaris, Inc., Woburn, MA). Fragments were end-repaired,
then 3'-adenylated, and lllumina adapters were added by
using a NEB Next Sample Reagent Set (New England Bio-
labs, USA). Ligation products were purified by Ampure XP
(Beckmann Coulter, USA) and DNA fragments (>200 bp)
were PCR-amplified using lllumina adapter-specific primers
and Platinum Pfx DNA polymerase (Invitrogen, USA). The
amplified library fragments were size-selected on 3% agarose
gel around 300 bp. After library profile analysis with an Agilent
2100 Bioanalyzer (Agilent Technologies, USA) and gPCR
quantification (MxPro, Agilent Technologies, USA) the library
was sequenced using 101 base-length read chemistry in a
paired-end flow cell V3 on the Illlumina Hiseq2000
sequencer*//*(lllumina, USA, version RTA 1.13.48) in order to
obtain overlapping reads and generate long reads of 180 bp.

Nextera mate paired library preparation and sequencing.
The three mate pair libraries were prepared following the
Nextera protocol (Nextera Mate Pair sample preparation kit,
lllumina). Briefly, genomic DNA was simultaneously
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enzymatically fragmented and tagged with a biotinylated adap-
tor. Fragments were size selected (3-5, 5-8 kb and 8-11 kb)
through regular gel electrophoresis and circularized overnight
with a ligase. Linear, non-circularized fragments were digested
and circularized DNA was fragmented to 300—1000 bp size
range using Covaris E210. Biotinylated DNA was immobilized
on streptavidin beads, end-repaired, then 3'-adenylated, and
lllumina adapters were added. DNA fragments were PCR-
amplified using lllumina adapter-specific primers and then puri-
fied. Finally, libraries were quantified by gPCR and library pro-
fles were evaluated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, USA). Each library was sequenced
using 150 or 250 base-length read chemistry on a paired-end
flow cell on the lllumina MiSeq (lllumina, USA).

The 8-11 kb library was sequenced using 151 base-length
read chemistry in a paired-end flow cell on the lllumina MISEQ
sequencer*//*(lllumina, USA, version RTA 1.18.54).

Processing of metagenomics shotgun reads. The raw reads
were processed as in Adam et al. (2017) to reconstruct
nearly complete genomes using the pre-assembly approach
described in Gkanogiannis et al. (2016).
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Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Table S1. Top ten Refseq genomes closest to the dominant
PITCH1 Desulfobacterium in terms of syntenic relationships.
The different columns provide the number (Nb) and percent-
age (%) of genes which are involved in BBH (Bidirectional
Best Hit) relationships between our key player's genome
and the genome it is compared with (named in the last col-
umn), along with the number of synteny groups (Synton Nb,
defined as in Boyer et al., 2005), along with the syntons’s
minimum, maximum and average size (expressed in hum-
ber of genes). Genome of naphthalene degrading bacterium
NaphS2 clearly tops this list.
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