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ABSTRACT A soil bacterial consortium that was grown on diesel fuel and consisted of
more than 10 members from different genera was maintained through repetitive subcul-
turing and was utilized as a practical model to investigate a bacterial community that
was continuously exposed to petroleum hydrocarbons. Through metagenomics analyses,
consortium member isolation, growth assays, and metabolite identification which sup-
ported the linkage of genomic data and functionality, two pioneering genera, Sphingo-
bium and Pseudomonas, whose catabolic capabilities were differentiated, were found to
be responsible for the creation of specialized ecological niches that were apparently oc-
cupied by other bacterial members for survival within the consortium. Coexisting genera
Achromobacter and Cupriavidus maintained their existence in the consortium through
metabolic dependencies by utilizing hydrocarbon biotransformation products of pioneer
metabolism, which was confirmed through growth tests and identification of biotrans-
formation products of the isolated strains. Pioneering Sphingobium and Pseudomonas
spp. utilized relatively water-insoluble hydrocarbon parent compounds and facilitated
the development of a consortium community structure that resulted in the creation of
niches in response to diesel fuel exposure which were created through the production
of more-water-soluble biotransformation products available to cocolonizers. That these
and other organisms were still present in the consortium after multiple transfers span-
ning 15 years provided evidence for these ecological niches. Member survival through
occupation of these niches led to robustness of each group within the multispecies bac-
terial community. Overall, these results contribute to our understanding of the complex
ecological relationships that may evolve during prokaryotic hydrocarbon pollutant bio-
degradation.

IMPORTANCE There are few metagenome studies that have explored soil consortia
maintained on a complex hydrocarbon substrate after the community interrelation-
ships were formed. A soil bacterial consortium maintained on diesel fuel was utilized
as a practical model to investigate bacterial community relationships through met-
agenomics analyses, consortium member isolation, growth assays, and metabolite
identification, which supported the linkage of genomic data and functionality. Two
pioneering genera were responsible for the biodegradation of aromatics and alkanes
by initiating biotransformation and thereby created specialized niches that were
populated by other members. A model that represents these relationships was con-
structed, which contributes to our understanding of the complex ecological relation-
ships that evolve during prokaryotic hydrocarbon pollutant biodegradation.

KEYWORDS diesel fuel biodegradation, soil bacterial community, metagenomics

Oil spills are recognized as a global environmental pollution issue because many of
the petroleum hydrocarbon components such as alkanes, aromatic hydrocarbons,

and, especially, polycyclic aromatic hydrocarbons (PAHs) may cause acute toxicity as
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well as genotoxicity to the surrounding organisms in both aquatic and terrestrial
ecosystems (1, 2). Microorganisms that are capable of biodegrading and utilizing
petroleum hydrocarbons as carbon and energy sources have thus been attracting
interest for their potential roles in bioremediation. It has been proposed from numer-
ous previous studies that utilized isolated organisms that diverse bacterial taxa, includ-
ing Actinobacteria, Proteobacteria (Alpha-, Beta-, and Gammaproteobacteria), Bacte-
roidetes, and Firmicutes (see reference 3 and references therein), are representative of
bacteria that are capable of petroleum hydrocarbon biodegradation. A single microbial
species, however, may only be able to biodegrade a fraction of complex oil compo-
nents, and it is therefore more likely that cooperative activities across multiple microbial
groups are required to effectively and/or completely biodegrade complex oil pollutant
mixtures (4, 5). It remains a challenge to fully understand the complex microbial roles
and interactions that develop in microbial ecosystems during oil exposure, especially if
only pure culture-based approaches are conducted.

As a powerful tool to overcome these challenges, recent studies have applied
metagenomics approaches to oil-polluted environments to investigate the indigenous
microbial communities that developed as a response to petroleum hydrocarbon expo-
sure (6). Indeed, metagenomic analyses of microbial community structure and func-
tional genes, as well as metatranscriptomic analyses of hydrocarbon-enriched microbial
communities, have enabled the identification of potential key hydrocarbon degraders,
including uncultivated species, as well as the evaluation of those metabolic capabilities
that drive petroleum hydrocarbon biodegradation (7–10). However, these culture-
independent approaches often only provide indirect evidence of their metabolic
capabilities and interactions among the coexisting microbial members. To further
understand the structural complexity of hydrocarbon-degrading microbial ecosystems,
investigations that combine microbial cultivation-based direct proof of their metabolic
functions in conjunction with in-depth (meta)genomic characterization are required.

In ongoing studies, a hydrocarbon-degrading bacterial consortium that was previ-
ously obtained from soil (11) has been maintained with diesel fuel as the sole carbon
and energy source, and it represented a dynamic microecosystem model of a mature
hydrocarbon-degrading soil bacterial community. This consortium provided a unique
opportunity to study soil consortium community structural characteristics after com-
munity interrelationships were formed by repetitive transfers. It was studied with the
aims to understand community structural dynamics by qualitative analyses and to
elucidate the roles of bacterial members during hydrocarbon biodegradation. For these
purposes, 16S rRNA gene amplicon sequencing was applied to investigate community
structures in the consortium in addition to metagenomic functional gene analyses to
characterize the potential metabolic capabilities of major bacterial members. At the
same time, the growth and hydrocarbon biotransformation capabilities of bacterial
genera isolated from the consortium were evaluated to link genes with function.

RESULTS
Growth and biodegradation of petroleum hydrocarbons by the consortium.

The mature soil consortium that was maintained on diesel fuel for 15 years was grown
on different carbon sources for 4 days, and growth was observed in all cultures whether
the carbon source was diesel fuel, a 4-component synthetic hydrocarbon nonaqueous-
phase liquid mixture (NAPL), n-hexadecane, phenanthrene, naphthalene, or toluene.
Growth was confirmed by turbidity and/or biofilm/floc formation in the medium.
Macroscopic whitish/brownish bacterial flocs were observed in most cultures within 4
days. Diesel fuel biodegradation was monitored by extraction and gas chromatography
analyses, whereby comparison of extracts from the start of the incubation period (Fig.
1A) with abiotic controls (Fig. 1B) and inoculated flasks (Fig. 1C) showed that all
n-alkanes up to at least nC23 were undetectable after only 4 days. Diesel components
up to nC14 were volatilized (Fig. 1B). Branched alkanes such as pristine and phytane
and other unknown compounds were slightly biodegraded or not at all after 4 days
(Fig. 1C).
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Microbial communities that grew on petroleum hydrocarbons. Analyses of
results from bacterial 16S rRNA gene amplicon sequencing showed that 15 bacterial
operational taxonomic units (OTUs) and at least 12 bacterial genera were present when
the consortium was grown on diesel fuel as the sole source of carbon and energy (Fig.
2A). All of these abundant bacterial genera were detected as 1 or 2 OTUs, which
revealed low phylogenetic diversity within each bacterial genus (Fig. 2A; see also Table
S1 in the supplemental material). Pseudomonas was the most dominant (70.7% relative
abundance), followed by Sphingobium (12.3%), Ochrobactrum (6.1%), Achromobacter
(4.6%), Cupriavidus (2.2%), Parvibaculum (1.1%), Olivibacter (1.0%), Bradyrhizobium
(0.7%), Rhodanobacter (0.5%), Dokdonella (0.4%), Mesorhizobium (0.2%), and Sphin-
gomonas (0.1%). The amplicons that originated from the six major bacterial genera in
the consortium (Pseudomonas, Sphingobium, Ochrobactrum, Achromobacter, Cupriavi-

FIG 1 Gas chromatograms showing the biodegradation of diesel fuel by the bacterial consortium.
Chromatograms of the start of the incubation period (A), abiotic control after 4 days (B), and with bacteria
after 4 days (C). The peaks of n-alkanes (C13 to C22), pristane (Pr; 2,6,10,14-tetramethylpentadecane), and
phytane (Ph; 2,6,10,14-tetramethylhexadecane) are indicated.

FIG 2 Major bacterial genera detected in the consortium. (A) Relative abundances (percent total number of bacterial amplicons) of the major OTUs when the
consortium was grown on different hydrocarbon sources: diesel fuel (diesel-1 and -2; duplicates), 4-component NAPL (NAPL), n-hexadecane (HEX),
phenanthrene (PHE), naphthalene (NAP), and toluene (TOL). Amplicons were detected by 16S rRNA gene amplicon sequencing. Bacterial genus of each OTU
is shown in parentheses. (B) Number of metagenome reads mapped to the assembled full-length 16S rRNA genes of major bacterial genera in the consortium
grown on diesel fuel.
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dus, and Parvibaculum) accounted for greater than 97% of the total amplicons se-
quenced from the culture that grew on diesel fuel. When the consortium was cultivated
on 4-component NAPL, Pseudomonas (79.2%) and Sphingobium (10.1%) remained
dominant, while relative abundances of Ochrobactrum (0.6%) and Cupriavidus (0.6%)
decreased, Parvibaculum was almost undetectable (�0.1%), and Mycobacterium (1.8%)
became detectable. When the culture was grown exclusively on n-hexadecane, relative
abundances of Sphingobium, Cupriavidus, and Parvibaculum all decreased to less than
0.1% and Pseudomonas was predominant (84.2%). In contrast, when the consortium
was separately exposed to phenanthrene, naphthalene, or toluene as the sole source of
carbon, Sphingobium grew most dominantly in all cases, accounting for 53.4%, 42.6%,
or 53.5%, respectively, of the total number of bacterial amplicons under each condition.
Achromobacter also conspicuously increased in the cultures exposed exclusively to
aromatic hydrocarbons—18.5% on phenanthrene, 26.1% on naphthalene, and 16.1%
on toluene— but not in cultures exposed to n-hexadecane. Interestingly, Cupriavidus
was enriched only in the presence of toluene (18.9%). Archaeal sequences were not
detected in any of the cultures. These results are summarized in Fig. 2A and Table S1.

Through shotgun sequencing and subsequent de novo assembly from the consor-
tium when it was grown on diesel fuel, a total of 83,291,099 bp of contigs were
obtained (see Table S2). The full-length 16S rRNA genes of nine major bacterial genera
were assembled, and their abundances were quantified (Fig. 2B). These assembled 16S
rRNA genes are identical to the major OTUs detected by the amplicon sequencing
and were further characterized phylogenetically (Fig. 3; Table 1). Consistent with
the amplicon sequencing results, Pseudomonas was detected as the most abundant
genus, followed by Sphingobium as the second most abundant; Cupriavidus, Ach-
romobacter, Ochrobactrum, Rhodanobacter, Dokdonella, Parvibaculum, and Olivibac-
ter were also detected as major bacterial genera (Fig. 2B). These major genera were
identical to or had high identity (�99%) with representative known bacterial
strains, with the exception of Parvibaculum, which had �96% similarity with
Parvibaculum lavamentivorans DS-1 (CP000774) and higher similarities with uncul-
tured bacterial clones detected from a sewage system (AB255109), oyster shell
(EU369117), lake water (DQ015855), hydrocarbon-contaminated sediment (KJ955653),
and a benzene, toluene, ethylbenzene, and xylene (BTEX)-contaminated aquifer
(JF800700), for example.

Reconstruction of metagenome-assembled genomes and bacterial functional
gene analyses. From the metagenomic reads, almost complete (�96% completeness)
high-quality (�2% contamination) genomes of six major bacterial genera (Pseudomo-
nas, Sphingobium, Ochrobactrum, Achromobacter, Cupriavidus, and Parvibaculum) were
reconstructed (Table 1). The Pseudomonas, Sphingobium, Ochrobactrum, Achromobacter,
and Cupriavidus species metagenome-assembled genomes (MAGs) revealed high
(�97%) average nucleic acid identity (ANI) values compared to those of reference
genomes of the closest bacterial strains; however, the Parvibaculum MAG showed only
80.6% ANI with the closest genome (P. lavamentivorans DS-1), indicating that any
phylogenetically related strains of this Parvibaculum strain have not been reported.

As potential marker genes for the key step of aromatic hydrocarbon degradation,
several types of aromatic ring-hydroxylating dioxygenase (ARHD) were detected in the
metagenome reads. These ARHDs may be classified into the following three classes
according to Chakraborty et al. (12) (Fig. 4): class A, annotated as naphthalene 1,2-
dioxygenase (nahAcAd; EC 1.14.12.12), benzene/toluene 1,2-dioxygenase (bnzAB-todC1C2;
EC 1.14.12.3), or 3-phenylpropanoate dioxygenase (hcaEF; EC 1.14.12.19); class B, an-
notated as benzoate/toluate 1,2-dioxygenase (benAB/xylXY; EC 1.14.12.10) or anthra-
nilate 1,2-dioxygenase (antAB; EC 1.14.12.1); and class C, annotated as salicylate
5-hydroxylase (nagGH; EC 1.14.13.172) or anthranilate 1,2-dioxygenase. The Sphingo-
bium MAG encoded seven sets of ARHD large- and small subunits, which were previ-
ously characterized as ahdA1A2a, -b, -c, -d, -e, and -f (bphA1A2a to -f) and xylXY in other
sphingomonads genomes (13, 14). These seven gene sets covered all three ARHD
classes: class A, ahdA1A2a, ahdA1A2b, and ahdA1A2f; class B, xylXY; and class C,
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FIG 3 Neighbor-joining phylogenetic tree of full-length 16S rRNA genes assembled from the metagenome of the consortium when it was grown on diesel
fuel, including the 16S rRNA gene sequences of bacterial isolates obtained from the consortium (bold font) and compared with phylogenetically related
bacterial type strains as references. The tree was created with 1,000 bootstrap iterations, and values below 50% are not reported. NCBI accession numbers are
reported in parentheses.
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ahdA1A2c, ahdA1A2d, and ahdA1A2e (Fig. 4). Other bacterial MAGs (Pseudomonas,
Achromobacter, Cupriavidus, and Parvibaculum) also possessed class B and class C
ARHDs; however, class A ARHDs were not detected in these MAGs except for the
Parvibaculum MAG, which harbored an ARHD gene set distantly clustered in class A and
for which the function is uncertain (Fig. 4; Table 2). No ARHD gene set was found in the
Ochrobactrum MAG.

Class A ARHDs of Sphingobium (ahdA1A2a, -b, and -f) in the consortium are predicted
to be responsible for the initial biotransformation steps of phenanthrene, naphthalene,
and toluene, i.e., the addition of two oxygen atoms to the aromatic rings (15) (step 1
in Fig. 5). Genes for ferredoxin and ferredoxin reductase (ahdA3A4) (16) were also
identified in the Sphingobium MAG. At the same time, the nahB (bphB) gene, which
encodes aromatic dihydrodiol dehydrogenase for the subsequent reaction, was also
found in the Sphingobium and Parvibaculum MAGs. Only Sphingobium possessed all of
the genes necessary for downstream biotransformation of both 3,4-dihydroxy-
phenanthrene and 1,2-dihydroxynaphthalene (nahC [bphC], nahD, and nahE) (step 2 in
Fig. 5). A potential homologue of the nahF gene, which catalyzes the subsequent step
after nahE, was not found in all MAGs. Alternatively, the xylC gene of Sphingobium,

FIG 4 Neighbor-joining phylogenetic tree of concatenated amino acid sequences of ARHD large and small subunits obtained from the
metagenome of the consortium grown on diesel fuel (bold font, colored) and the reference enzymes. Enzymes are classified into class A, B, and
C ARHDs according to Chakraborty et al. (12). The tree was created with 1,000 bootstrap iterations, and values below 50% are not reported.
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FIG 5 Distributions of key aromatic hydrocarbon degradation genes harbored in six high-quality MAGs for Sphingobium, Pseudomonas,
Ochrobactrum, Achromobacter, Cupriavidus, and Parvibaculum spp. reconstructed from the consortium grown on diesel fuel. Arrows

(Continued on next page)
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which encodes benzaldehyde dehydrogenase, was likely involved in this step (step 2)
(17). Class C ARHDs of Sphingobium (ahdA1A2c, -d, and -e) transformed 1-hydroxy-2-
naphthoic acid to 1,2-dihydroxynaphthalene, as well as salicylic acid to catechol (13), in
addition to salicylate 1-hydroxylase encoded by the nahG gene of Achromobacter and
Cupriavidus (step 3 in Fig. 5). Sphingobium also potentially biotransformed 1,2-
dihydroxynaphthalene through an intradiol ring cleavage pathway via phthalic acid to
benzoic acid; however, the genes involved in these steps are unknown (step 4 in Fig.
5) (16).

Genes for toluene methyl monooxygenase (xylMABC) were found only in the Sphingo-
bium MAG, which were likely responsible for biotransformation of toluene to benzoic acid
(step 5 in Fig. 5). Toluene was also likely biotransformed to 3-methylcatechol by phenol/
toluene 2-monooxygenase encoded by the dmpKLMNP genes found in Sphingobium and
Cupriavidus MAGs (step 6 in Fig. 5) or by class A ARHDs of Sphingobium (ahdA1A2a, -b, and
-f). Benzoic acid was likely biotransformed to catechol by benzoate/toluate 1,2-dioxygenase
encoded by the xylXYZ and xylL genes that were found in multiple consortium member
MAGs, including Sphingobium, Pseudomonas, Cupriavidus, and Parvibaculum (xylL not de-
tected), as well as the functionally uncertain class B ARHDs of Achromobacter (step 7 in
Fig. 5).

Genes for biotransformation of phthalic acid to protocatechuic acid (pht2345) were
exclusively found in Cupriavidus MAG (step 8 in Fig. 5). Sphingobium, Achromobacter,
and Cupriavidus possessed the genes for biodegradation of salicylic acid through the
tricarboxylic acid (TCA) cycle via gentisic acid (nag genes) (steps 9 and 10 in Fig. 5) or
via catechol that was further biodegraded through intradiol (cat genes) (step 11 in Fig.
5) or extradiol (xyl genes) (step 12 in Fig. 5) ring cleavage pathways; the xylJK genes
were not found in Achromobacter MAG. Genes for gentisic acid biodegradation (nagILK;
step 10) were found in all MAGs except for the Ochrobactrum MAG, and genes for
protocatechuic acid biodegradation (pca gene) (step 13 in Fig. 5) were found in
Pseudomonas, Ochrobactrum, and Cupriavidus MAGs (Fig. 5; see also Table S3).

As a well-known functional marker gene for alkane degradation, alkane 1-mono-
oxygenase (alkB; EC 1.14.15.3) was detected in Pseudomonas and Sphingobium MAGs
(Table 2). On the other hand, the Parvibaculum MAG possessed multiple (at least five)
copies of the putative homologue gene for another known alkane monooxygenase,
cytochrome P450 CYP153 family monooxygenase (18). The Parvibaculum MAG also
harbored putative flavin-binding long-chain alkane monooxygenase (almA) homo-
logues (19–21), which were also found in Pseudomonas and Cupriavidus MAGs (Table 2).
Genes for the downstream pathways of alkane chain biodegradation, such as those
encoding alcohol dehydrogenase (EC 1.1.1.1), aldehyde dehydrogenase (EC 1.2.1.3), and
acyl coenzyme A (acyl-CoA) synthetase (EC 6.2.1.3), were conserved in all bacterial
MAGs (Table S3).

Growth tests of major bacterial genera isolated from the consortium. Four
bacterial isolates that represented four different major genera in the consortium were
obtained in pure cultures (Pseudomonas sp. strain KK6, Sphingobium barthaii strain
KK22, Achromobacter sp. strain KK8, and Cupriavidus sp. strain KK10) (Table 1 and Fig.
3), and their growth on different hydrocarbon substrates was tested (Table 3). Among
these isolates, strain KK6 exclusively grew on n-hexadecane, and only strain KK22 grew
on phenanthrene, naphthalene, or toluene as the sole source of carbon and energy (16,
22). As representative biotransformation products of these aromatic hydrocarbons,
1-hydroxy-2-naphthoic acid, 1,2-dihydroxynaphthalene, salicylic acid, gentisic acid,

FIG 5 Legend (Continued)
labeled as different colors indicate functional genes found in each MAG. (Step 1) Initial biotransformation step of phenanthrene,
naphthalene, and toluene by class A ARHDs. (Step 2) Transformation of 3,4-dihydroxyphenanthrene and 1,2-dihydroxynaphthalene
via extradiol ring cleavage pathways. (Step 3) Decarboxylation of 1-hydroxy-2-naphthoic acid and salicylic acid. (Step 4) Transfor-
mation of 1,2-dihydroxynaphthalene via intradiol ring cleavage pathway. (Step 5) Methyl-monooxygenation of toluene. (Step 6)
Ring-monooxygenation of toluene. (Step 7) Transformation of benzoic acid to catechol. (Step 8) Transformation of phthalic acid to
protocatechuic acid. (Step 9) Transformation of salicylic acid to gentisic acid. (Step 10) Degradation of gentisic acid. (Steps 11 and 12)
Degradation of catechol via intradiol or extradiol ring cleavage pathways. (Step 13) Degradation of protocatechuic acid.
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phthalic acid, protocatechuic acid, and benzoic acid were utilized in growth tests of the
isolates. Only strain KK22 was confirmed to have the potential to grow on 1-hydroxy-
2-naphthoic acid and 1,2-dihydroxynaphthalene. Strains KK22, KK8, and KK10 were
found to grow on salicylic acid and phthalic acid, although growth of strain KK22 on
phthalic acid was weak. Strain KK6 showed growth on gentisic acid in addition to
strains KK8 and KK10, while strain KK22 did not. Only strain KK6 was confirmed to grow
on protocatechuic acid. All four strains grew on benzoic acid. Strains KK6 and KK22
produced macroscopic biofilms during growth. Furthermore, these two strains showed
hemolytic clearing, which indicated that these strains possessed biosurfactant produc-
tion capabilities. Results of all growth tests are summarized in Table 3.

Identification of biotransformation products of the bacterial isolates. With the
aims to link biodegradation genes to function, the catabolic capabilities of the four
isolated bacterial strains were investigated by extraction, separation, and identification
of biotransformation products from culture medium by liquid chromatography elec-
trospray ionization-tandem mass spectrometry in negative ionization mode [LC/ESI(�)-
MS/MS] when these strains were individually exposed to aromatic substrates as the sole
sources of carbon and energy (Table 3; see also Table S4). 1,2-Dihydroxynaphthalene
and salicylic acid were determined to be metabolites of pathway convergence when
strain KK22 was grown on phenanthrene, naphthalene, or 1-hydroxy-2-naphthoic acid
from these chemical analyses (see Fig. S1). When grown on toluene, benzoic acid
production was confirmed from strain KK22 (Fig. 5; see also Fig. S2). Because catechol
was also predicted to be a biotransformation product of pathway convergence (Fig. 5),
it was targeted in chemical analyses as a biotransformation product of salicylic acid and
benzoic acid by all four strains (see Fig. S3). Analyses revealed that catechol was
detected in all cultures that grew on salicylic acid (strains KK22, KK8, and KK10) or
benzoic acid (all four strains). Additionally, gentisic acid, which was predicted to occur
through biotransformation of salicylic acid (Fig. 5), was only detected in salicylic
acid-grown cultures of strain KK8 (see Fig. S4).

DISCUSSION
Diesel fuel component-degrading bacterial consortium. The consortium grown

on diesel fuel was found to comprise six major bacterial genera (�1% relative abun-
dances) (Fig. 2A) and at least six minor bacterial genera in a hydrocarbon-degrading
community that formed after natural competitive and cooperative relationships were
established. The consortium ecosystem may be considered to be—relative to the soil
ecosystem from whence it came—a selectively enriched bacterial guild that utilized
diesel fuel components as sources of carbon and energy whereby the members
detected had survived in the consortium through numerous transfers by outcompeting

TABLE 3 Summary of the growth test results of bacterial isolates obtained from the consortium

Parameter Pseudomonas sp. KK6 Sphingobium barthaii KK22 Achromobacter sp. KK8 Cupriavidus sp. KK10

Bacterial growth on hydrocarbonsa

n-Hexadecane � � � �
Phenanthrene � �b � �
Naphthalene � �b � �
Toluene � �b � �
1-Hydroxy-2-naphthoic acid � �b � �
1,2-Dihydroxynaphthalene � �/� � �
Salicylic acid � �b �b �b

Gentisic acid � � � �
Phthalic acid � �/� � �
Protocatechuic acid � � � �
Benzoic acid �b �b �b �b

Biosurfactant production (hemolysis)c � � � �

aBacterial growth was evaluated (� or �) by visual inspection of turbidity and/or floc formation after 10 days.
bPresence of biotransformed products in the culture was confirmed by LC/ESI(�)-MS/MS.
cBiosurfactant production was evaluated (� or �) through a hemolytic test using sheep blood agar.
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other organisms. The 16S rRNA gene-based bacterial community analyses indicated
that the consortium, when grown on diesel fuel, was largely dominated by Pseudomo-
nas (�70%), followed by Sphingobium as the second most-abundantly detected genus
(Fig. 2). These two genera were also dominant when grown on a less-complex synthetic
4-component NAPL mixture. When the carbon sources were reduced to single hydro-
carbon substrates, however, Pseudomonas dominated on n-hexadecane and outcom-
peted Sphingobium, while Sphingobium was highly enriched on aromatic hydrocarbon
sources (Fig. 2A). These results indicated that these two genera were largely responsible
for alkane or aromatic hydrocarbon degradation, respectively. Achromobacter and
Cupriavidus were also considered to be candidate aromatic hydrocarbon degraders
based upon bacterial community analysis, whereas Cupriavidus was only enriched on
toluene. Relative abundances of Ochrobactrum did not significantly change among
different carbon sources, which suggested that it was capable of degrading both alkane
and aromatic hydrocarbons or, more likely, that it grew on the products of alkane and
aromatic compound biodegradation by other hydrocarbon degraders such as Pseu-
domonas and Sphingobium. Previous work showed that an alkane-degrading bacterium
Rhodococcus formed bioflocs in association with non-alkane-degrading Ochrobactrum
and Bacillus spp., which utilized the biotransformation products (organic acids) pro-
vided by Rhodococcus, and it was concluded overall that this multispecies association
enhanced alkane degradation (23). Parvibaculum was one of the major bacterial genera
in the diesel fuel-grown culture (1.2%); however, it appeared to have been outcom-
peted in cultures grown on simplified hydrocarbon sources. These results may indicate
that Parvibaculum preferred to grow on carbon sources other than n-hexadecane,
phenanthrene, naphthalene, or toluene and likely occupied a different niche from those
of other major bacteria in the diesel fuel-grown culture.

Multispecies aromatic hydrocarbon biodegradation ignited by Sphingobium.
Consistent with the 16S rRNA gene amplicon sequencing results, metagenomic func-
tional gene analyses of the consortium revealed that the metabolic potential of
Sphingobium lead to the biodegradation of aromatic substrates, which was also sup-
ported by the results of growth tests of the isolates (Table 3). Among the six bacterial
MAGs reconstructed from the consortium, the Sphingobium MAG was highlighted as
the potential key aromatic hydrocarbon degrader, because it harbored three gene sets
of class A ARHDs (ahdA1A2, -a, -b, and -f) and toluene/xylene methyl monooxygenase
genes (xylMABC) as well as gene clusters involved in the downstream degradation
pathways (Fig. 5; see also Table S3 in the supplemental material). Sphingomonad
bacteria such as Sphingomonas, Sphingobium, Novosphingobium, and Sphingopyxis,
which are found in various environments, are known as efficient degraders of aromatic
hydrocarbons, including a variety of PAHs, and the metabolic functions of some
sphingomonad isolates were previously characterized (24). ARHD gene sets harbored
by these sphingomonad genomes were also conserved in S. barthaii KK22 (14) and the
Sphingobium MAG in the consortium. Among the three gene sets of class A ARHDs of
sphingomonads, ahdA1A2b was previously functionally characterized as being capable
of biotransforming ethyl/propylbenzene, cumene, p-cymene, and some PAHs, while
ahdA1A2f was suggested to be more responsible for biotransforming 2-, 3-, 4-, and
5-ring PAHs (15). Based upon this evidence, it was hypothesized that the Sphingobium
in the consortium studied here triggered the biodegradation of various aromatic
hydrocarbon substrates by catalyzing the initial reactions by utilizing the class A ARHDs.
During the utilization and acquisition of carbon and energy by Sphingobium via these
reactions, other consortium members likely utilized the biotransformation products
produced.

According to the genomic evidence, five other major genera potentially utilized
less-complex more-biodegradable forms of aromatic substrates such as benzoic acid,
salicylic acid, gentisic acid, and protocatechuic acid through different types of aromatic
ring-cleaving dioxygenases (Fig. 5; Table 2). Among these five genera, Pseudomonas
aeruginosa strains, Ochrobactrum spp., Achromobacter spp., and Cupriavidus spp. have
been reported in the literature as being capable of biodegrading PAHs (25–28);
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however, isolates of these genera obtained from the consortium studied here did not
show clear growth on phenanthrene, naphthalene, or toluene as the sole source of
carbon and energy (Table 3). Growth tests of these isolates followed by the identifica-
tion of biotransformation products suggested that Sphingobium in the consortium
exclusively biodegraded and grew on multiring aromatic hydrocarbons and toluene
and that coexisting Pseudomonas, Achromobacter, and Cupriavidus were involved in the
downstream reactions. Combined with the bacterial community analysis results of the
consortium, Pseudomonas was predicted to be more adapted to participate in the
downstream pathways of phenanthrene and naphthalene biodegradation via gentisic
acid or protocatechuic acid, while Cupriavidus likely competed with Pseudomonas by
involvement in the toluene biodegradation pathways. Finally, Achromobacter was
involved in both the multiring aromatic and toluene biodegradation pathways. Inter-
estingly, although S. barthaii strain KK22 and Sphingobium in the consortium were
found to possess genes for the biodegradation of salicylic acid via gentisic acid (nag
genes) (steps 9 and 10 in Fig. 5), gentisic acid was not detected from the biodegrada-
tion of multiring aromatics by S. barthaii strain KK22 (16). Moreover, strain KK22 did not
grow on gentisic acid (Table 3), which suggested that biodegradation of salicylic acid
via gentisic acid in the consortium was likely driven by Achromobacter and Pseudomo-
nas and not by Sphingobium.

Phenol/toluene 2-monooxygenase genes (dmpKLMNOP) in the Cupriavidus MAG
were found to be well conserved in other Cupriavidus strains and therefore expected to
catalyze the first step of toluene biodegradation (29), although Cupriavidus sp. strain
KK10 was not confirmed to grow on toluene. Previous reports showed that this strain
biodegraded two-ring aromatic compounds; however, biotransformation was demon-
strated under circumstances whereby a second organic carbon source, (i.e., cosub-
strate) aided biodegradation (30, 31). Cometabolic relationships are considered to
be relatively common during PAH biodegradation and were likely occurring in the
consortium, adding to the challenges of studying these types of microbial ecosys-
tems (32).

Interestingly, the Parvibaculum MAG possessed a putative class A ARHD gene set,
which was clustered with biphenyl degradation genes (bphBCD). Downstream of
bphBCD, degradation genes (bphEFG) were found as a cluster in this MAG; it was
separated from the class A ARHD-bphBCD cluster by a scaffold break but likely be-
longed to the same gene cluster. These gene clusters were exclusively found in
Parvibaculum MAG; therefore, it was likely capable of growth on biphenyl and alkylbi-
phenyls (33) which are present in diesel fuel (34) but not the synthetic NAPL (Fig. 2A).
Interestingly, because Parvibaculum possessed xylXY but not xylL, it was not likely
capable of biodegrading the benzoic acid products of biphenyl biodegradation. These
results suggested that Parvibaculum may have occupied a specialized niche in the
diesel fuel-grown community. Uncultivated Parvibaculum-related strains were previ-
ously discovered in biphenyl-enriched soil bacterial communities (35, 36); however,
their metabolic functions were not characterized in detail.

Overall, results of this investigation strongly suggested that Sphingobium acted as a
pioneer aromatic hydrocarbon-degrading organism in the consortium, which initiated
aromatic hydrocarbon biotransformation and the production of specialized niches that
enabled other members’ survival.

Coexistence of Pseudomonas and Parvibaculum which preferred different-
chain-length alkanes. Different types of known alkane monooxygenase genes were
found in the consortium metagenome. The most typical, alkane 1-monooxygenase
(alkB; EC 1.14.15.3), was encoded in the Pseudomonas and Sphingobium MAGs. Putative
cytochrome P450 CYP153 family alkane monooxygenase homologues were also re-
vealed in the Parvibaculum and Sphingobium MAGs, while putative flavin-binding
long-chain alkane monooxygenase (almA) homologues were revealed in the Pseudomo-
nas, Parvibaculum, and Cupriavidus MAGs (Table 2). The alkane biodegradation capa-
bilities of Pseudomonas aeruginosa and some species of Parvibaculum were previously
reported (37–40), while Sphingobium and Cupriavidus have not been reported to
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biodegrade alkanes to the best of our knowledge. In growth tests of bacterial isolates
on n-hexadecane as a representative alkane in diesel fuel, only Pseudomonas sp. strain
KK6 grew; however, Parvibaculum has not been isolated from the consortium. Consis-
tent with these results, Pseudomonas was highly enriched in the consortium grown on
n-hexadecane, while Sphingobium, Cupriavidus, and Parvibaculum were apparently
outcompeted (Fig. 2A). These results suggested that Parvibaculum preferred or was
dependent upon alkane substrates other than n-hexadecane and was outcompeted by
Pseudomonas when only n-hexadecane was present. Parvibaculum was first reported for
its capability of degrading a commercial surfactant alkylbenzene sulfonate (41), and
the presence of CYP153 alkane monooxygenase genes in addition to almA genes in
Parvibaculum genomes has been reported (21, 42). According to the literature, al-
though alkB-type alkane monooxygenase is capable of hydroxylating alkanes with
chain lengths up to C32, CYP153 is responsible for biodegradation of short- and
medium-chain-length alkanes (�C12) (18), and the almA type biodegrades long-chain-
length alkanes (C32 or longer) (21). Therefore, the lack of an alkB gene in the Parvibacu-
lum genome may explain why it was not detected in the culture grown exclusively on
n-hexadecane. Parvibaculum in the consortium may have been responsible for the
biodegradation of short- and middle-chain-length alkanes; however, it shall require
confirmation.

All six bacterial MAGs harbored genes for the downstream reactions of alkane chain
biodegradation such as alcohol dehydrogenase and aldehyde dehydrogenase, and
consistent with this, Ochrobactrum and Achromobacter spp. were enriched in the
consortium grown on n-hexadecane, potentially, by utilizing the by-products released
from alkane-degrading Pseudomonas. In contrast, Sphingobium, Cupriavidus, and
Parvibaculum spp. unlikely grew in association with Pseudomonas and were therefore
outcompeted (Fig. 2A). Thus, specific interspecies associations among these major
bacterial genera may have been occurring in the consortium, which may be further
investigated by bacterial cocultivation experiments using selected isolates and/or
through microscopic inspection of their spatial distributions in the consortium. Finally,
the actinomycete Mycobacterium sp. was detected as the only Gram-positive organism
in the consortium when it was grown on the 4-component NAPL or n-hexadecane; its
niche in the consortium during hydrocarbon biodegradation is uncertain and shall
require further investigation.

Coexistence and interactions among the diesel fuel-degrading pioneers and
cocolonizers. Results of our combined metagenomics and pure culture-based
growth tests indicated that several major bacterial genera in the consortium were
responsible for diesel fuel biodegradation. In particular, the two dominant genera
in the consortium, Sphingobium and Pseudomonas, likely initiated and led biotrans-
formation of aromatic and alkane hydrocarbons, respectively. Notably, these two
genera generated macroscopic biofilms while growing on petroleum hydrocarbons
and also showed biosurfactant activities. Biofilm formation and biosurfactant pro-
duction that enable bacteria to increase the bioavailabilities of hydrophobic hy-
drocarbons are known as typical strategies for the acquisition of carbon and energy
from hydrophobic organic compounds (43–46). Interestingly, flagellar formation
and chemotaxis genes were well conserved in all bacterial MAGs reconstructed (see
Table S5), which may enable these bacteria to access favorable growth sources.
Hypothetically, when the consortium was exposed to diesel hydrocarbons, pioneer-
ing Sphingobium and Pseudomonas spp. first attached to the hydrophobic NAPL and
started utilizing NAPL components by forming biofilms (bioflocs), and this served as
the “ignition” step for subsequent hydrocarbon biodegradation and utilization by
the consortium. Next, their biofilm matrices (extracellular polymeric substances
[EPS]) adsorbed surrounding hydrocarbons and facilitated other bacterial genera to
cocolonize. The cocolonizers then utilized the hydrocarbon biotransformation prod-
ucts derived from pioneer catabolism and/or their secondary metabolites, (e.g.,
EPS). Although the multispecies biodegradation of alkanes and aromatic hydrocar-
bons took place in the consortium, it required the pioneering organisms, Sphingo-
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bium and Pseudomonas, to initiate hydrocarbon biotransformation, which sup-
ported the ecosystem as a whole through the production of niches specific for other
members (Fig. 6). Furthermore, the coexistence of the cocolonizers in the consor-
tium likely contributed to community ecosystem dynamics by regulating biofilm
formation (47), accelerating hydrocarbon biodegradation (23), and/or reducing
downstream potentially toxic products (48).

Considering that the presence of more than 10 consortium members was confirmed,
each member must have found and exploited a niche(s) that allowed for their survival
in the overall consortium ecosystem, and their survival through occupation of specific
niches (e.g., pioneers and cocolonizers) therefore led to robustness of each group
within the multispecies diesel fuel-degrading bacterial community. Coexistence of a
select few pioneer hydrocarbon degraders and a multispecies cocolonizer cohort may
be a common trait in natural ecosystems exposed to petroleum hydrocarbon pollution
(4, 49). Further experiments using isolated bacterial strains are expected to reveal the
potential bacterial interspecies interactions between the pioneers and cocolonizers,
such as metabolic cross-feeding or cell coaggregation systems (50). The results of this
investigation provided insight into how hydrocarbon-degrading microorganisms may
interact with each other to develop communities, support specialized niches, and
maintain community structural integrity during exposure to petroleum hydrocarbon
pollution in the environment.

MATERIALS AND METHODS
Chemicals. Naphthalene (99% purity), catechol (99%), salicylic acid (�99% purity), benzoic acid

(�99% purity), 2,5-dihydroxybenzoic acid (gentisic acid; 98% purity), phthalic acid (98% purity), 3,4-

FIG 6 Hypothetical model of multispecies bacterial diesel fuel biodegradation by the consortium.
Hydrophobic oil droplets are first colonized by the pioneer aromatic and alkane hydrocarbon-
degrading bacteria, Sphingobium and Pseudomonas, which initiate biotransformation of complex
hydrocarbons by forming biofilms. The hydrocarbon biotransformation products and secondary
metabolites such as biofilm matrices produced by the pioneers, which have relatively higher
bioavailability, are thus utilized by other bacterial cocolonizers. These cocolonizers mainly consisted
of Ochrobactrum, Achromobacter, and Cupriavidus, and their coexistence may enhance further
biofilm formation and accelerate hydrocarbon biodegradation. Another major bacterial genus,
Parvibaculum, was potentially responsible for biodegradation of short- and middle-chain-length
alkanes and/or biphenyl-related compounds.
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dihydroxybenzoic acid (protocatechuic acid; �95% purity), n-hexadecane (�97% purity), toluene (high-
performance liquid chromatography [HPLC] grade), N,N-dimethylformamide (DMF; �99% purity), meth-
anol (LC-MS grade), ethylacetate (HPLC grade), and chloroform (HPLC grade) were purchased from Wako
Chemical (Osaka, Japan). 1-Hydroxy-2-naphthoic acid (�97% purity) was purchased from Kanto Chemical
Co. (Tokyo, Japan). Phenanthrene (98% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
1,2-Dihydroxynaphthalene (�95% purity) and pristane (2,6,10,14-tetramethylpentadecane; �95% purity)
were from Tokyo Chemical Industries (Tokyo, Japan).

Growth conditions of hydrocarbon-degrading bacterial consortium. A hydrocarbon-degrading
bacterial consortium was originally recovered from soil (11, 32, 51) and was maintained on 0.2% (wt/vol)
diesel fuel (filtered sterilized, 0.22 �m) (52) in Stanier’s basal medium (SBM) for approximately 15 years,
during which it was routinely transferred to fresh medium approximately once per month. In this study,
the consortium was transferred to and grown on different carbon sources in 300-ml-volume conical flasks
that contained 100 ml of SBM as follows: (i) with 0.1% (wt/vol) diesel fuel, (ii) with a four-component
synthetic hydrocarbon nonaqueous-phase liquid mixture (4-component NAPL) that consisted of
n-hexadecane (final concentration 700 mg liter�1), phenanthrene (50 mg liter�1), naphthalene (50 mg
liter�1), and toluene (200 mg liter�1) as representative alkane and aromatic hydrocarbon compounds
found in diesel fuel, and (iii) with single hydrocarbon substrates, (a) n-hexadecane (700 mg liter�1), (b)
phenanthrene (50 mg liter�1), (c) naphthalene (50 mg liter�1), or (d) toluene (200 mg liter�1). The
4-component NAPL was prepared by addition of 0.25 g of phenanthrene and 0.25 g of naphthalene to
a mixture of 4.52 ml of n-hexadecane and 1.15 ml of toluene at room temperature and shaken to dissolve
the components. The NAPL was added to SBM at a concentration of 0.1% (wt/vol). When phenanthrene
or naphthalene was added as a single hydrocarbon substrate, it was solubilized in DMF and added to
SBM to a final concentration of 50 mg liter�1. After subculturing the consortium three times under each
of the described conditions, it was grown for 4 days on the respective carbon sources by rotary shaking
at 150 rpm in the dark at 30°C and subjected to microbial genomic DNA extraction and chemical analyses
as described below. For potentially volatile individual carbon sources, e.g., naphthalene and toluene,
silicone stoppers were utilized.

Analyses of diesel fuel biodegradation by the consortium. In 300-ml-volume conical flasks, the
consortium was exposed to 0.1% (wt/vol) diesel fuel as the sole carbon and energy source in a total
volume of 100 ml of SBM under the incubation conditions described above. At the start of the
experiment and after 4 days, whole-flask extractions were conducted with equal volumes of chloroform
by rotary shaking in darkness at 200 rpm and 20°C for 24 h. Abiotic controls consisted of 0.1% (wt/vol)
diesel fuel without cells and were treated identically to exposed cell cultures. One-milliliter volumes of
chloroform extracts were separated from the aqueous phase, transferred to glass LC vials, and treated
with less than 20 mg of anhydrous sodium sulfate.

Samples were analyzed by gas chromatography with flame ionization detection (model GC-2014;
Shimadzu, Kyoto, Japan) that was equipped with a capillary column (ZB-5; Phenomenex, CA, USA) (30 m,
inside diameter [i.d.] of 0.25 mm, 0.25 �m). The carrier gas was helium and the flow rate was 1.0 ml per
min. The injector temperature was 280°C and the detector temperature was 300°C. The temperature
program was as follows: 150°C for 2 min followed by continuous increase of 10°C per min to 280°C, and
a final holding temperature of 280°C for 10 min for a 25-min total run time. Sample injection volumes
were 1 �l each and were applied manually by a 10-�l glass microsyringe fitted with a Chaney adaptor
(Hamilton, Reno, NV, USA). Peak areas and retention times were determined by GC solution software
version 2.4 (Shimadzu). Retention times of naphthalene, n-hexadecane, pristane, and phenanthrene were
confirmed to be 3.4, 6.9, 8.0, and 9.3 min each after preparation in chloroform.

DNA extraction. Bacterial cells were collected by vacuum filtration of cultures through 0.22-�m
polyvinylidene difluoride (PVDF) membrane filters (Durapore; Merck Millipore, Darmstadt, Germany) and
stored at 20°C. Bacterial genomic DNA was extracted using the DNeasy PowerWater DNA isolation kit
(Qiagen, Hilden, Germany) and stored at �20°C for downstream analyses. Biological duplicates were
prepared for the cultures grew on diesel fuel for the subsequent amplicon sequencing analyses.

16S rRNA gene amplicon sequencing. Bacterial 16S rRNA gene amplicon sequencing was
performed using the Illumina MiSeq platform at the Bioengineering Lab Co., Ltd. (Sagamihara,
Japan), and the procedure is summarized as follows: the V4 region of the bacterial and archaeal 16S
rRNA gene was amplified from the extracted bacterial DNA by PCR using the primer set 515f/806r
connected with an adapter sequence for the second PCR (53). The first PCR was performed by using
TaKaRa Ex Taq DNA polymerase (TaKaRa-Bio, Kusatsu, Japan) according to the following protocol:
10 ng of DNA as the template, initial denaturing at 94°C for 2 min, 25 cycles of denaturing at 94°C
for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 30 s, followed by final extension at 72°C
for 5 min. The PCR products were purified using AMPure XP (Beckman Coulter, Brea, CA, USA) and
subjected to the second PCR using TaKaRa Ex Taq HS DNA polymerase (TaKaRa-Bio) according to the
following protocol: initial denaturing at 94°C for 2 min, 12 cycles of denaturing at 94°C for 30 s,
annealing at 60°C for 30 s, and extension at 72°C for 30 s, followed by final extension at 72°C for
5 min. After purification (AMPure XP) and quality check of the PCR products, PCR amplicons were
sequenced using the Illumina MiSeq platform (2 � 300 bp). After quality filtering of the raw
sequence reads using the Fastx toolkit (fastq_barcode_splitter, v.0.0.14), primer sequence trimming,
chimera removal, denoising, and OTU clustering were carried out using the DADA2 plugin in QIIME2
(v.2020.2) (54).

Metagenomic sequencing and genome reconstruction of major bacterial genera. Metagenomic
shotgun sequencing was conducted using the DNBSEQ-G400 platform (MGI Tech Co., Ltd., Shenzhen,
China) at the Bioengineering Lab Co., Ltd., and the procedure was summarized as follows: extracted DNA

Mori and Kanaly Applied and Environmental Microbiology

January 2021 Volume 87 Issue 1 e02268-20 aem.asm.org 16

https://aem.asm.org


samples were fragmented (400 bp), and the shotgun libraries were prepared with the MGIEasy universal
DNA library prep Set. After the circular single-stranded DNA (ssDNA) was created using the MGIEasy
circularization kit, DNA Nanoballs (DNB) were generated using an MGISEQ-200RS high-throughput
sequencing set. Created DNB were sequenced using the DNBSEQ-G400 (2 � 150 bp). Raw sequence
reads were filtered using sickle (v. 1.33) (55) and assembled using SPAdes (v. 3.13.2) (56). Full-length 16S
rRNA genes originating from major bacterial genera were assembled and their abundances were
determined using phyloFlash (v. 3.3b2) (57).

The quality reads were mapped to the assembled contigs using Bowtie2 (58) with default parameters
set for coverage calculation, and genome binning was performed using MetaBAT2 (59) with default
parameters. Metagenome-assembled genomes (MAGs) of major bacterial genera were reconstructed
using the binned genomes and further taxonomic assignment of unbinned contigs. Genome complete-
ness and contamination of these MAGs were evaluated using CheckM (60). Functional genes were
annotated using Prokka (61). Average nucleic acid identities (ANIs) between each MAG and the reference
bacterial genomes were calculated using the ANI calculator provided by the Konstantinidis lab at the
Georgia Institute of Technology (enve-omics.ce.gatech.edu/ani/index).

Phylogenetic analyses. Phylogenetic trees were created based on neighbor-joining using MEGA (v.
7.0.26) with 16S rRNA gene sequences or amino acid sequences of functional enzymes. For these
analyses, relevant sequences obtained from metagenomes were aligned with the reference sequences
using ClustalW in MEGA software, and the trees were generated using a Tamura-Nei model (nucleic acid)
or Jones-Taylor-Thornton model (amino acid) with 1,000 bootstrap iterations.

Bacterial growth and biosurfactant production assays. Bacteria were isolated from the consor-
tium grown on diesel fuel by serial dilution or colony separation on Noble agar (Becton, Dickinson
Biosciences, San Jose, CA) that was supplied with selected hydrocarbons or on complex media such as
nutrient agar in this study and in previous studies; bacteria were phylogenetically identified through 16S
rRNA gene sequencing (Macrogen Japan Co., Kyoto, Japan) (22, 30, 62).

Growth of bacterial isolates on n-hexadecane, phenanthrene, naphthalene, toluene, 1-hydroxy-
naphthoic acid, 1,2-dihydroxynaphthalene, salicylic acid, gentisic acid, phthalic acid, protocatechuic
acid, and benzoic acid was assayed by transferring diesel fuel-grown cultures of each isolate to
100-ml-volume conical flasks that each contained 20 ml of SBM and 25 to 200 mg liter�1 of selected
hydrocarbons. Carbon sources were added to flasks in DMF (�0.1% [wt/vol]), and cultures were
incubated as described above. Bacterial growth was evaluated by visual inspection of turbidity
and/or floc formation for 10 days of incubation and compared to that of biotic (cells only) and
abiotic (carbon source only) controls.

Biosurfactant production was evaluated by streaking bacterial isolates onto 5% sheep blood agar
(Eiken Chemical Co., Tokyo), followed by incubation at 30°C for up to 5 days. Agar plates were examined
for hemolytic clearing surrounding bacterial colonies (63).

Analyses of biotransformation products of bacterial isolates by LC/ESI(�)-MS/MS. Under con-
ditions that were identical to those described for bacterial growth assays, cells were exposed to single
carbon compounds for 12 to 72 h and extracted at neutral pH with equal volumes of ethyl acetate, after
which, culture fluids were reextracted in an identical manner after acidification to pH 2 to 3 with HCl.
Organic layers were recovered, treated with anhydrous sodium sulfate, and evaporated to dryness under
a gentle nitrogen gas stream at room temperature. Residues were resuspended in methanol and
transferred into 1.5-ml-volume brown glass vials.

Extracts were analyzed by liquid chromatography electrospray ionization-tandem mass spectrometry
in negative ionization mode [LC/ESI(�)-MS/MS] by using a Waters 2690 Separations module delivery
system in line with a Waters model 2998 photodiode array detector (Waters Corp., Milford, MA, USA). The
LC system was interfaced with a Quattro Ultima triple-stage quadrupole mass spectrometer (Waters-
Micromass, Manchester, UK). Generally, 20-�l-volume sample aliquots were applied to an XSelect CSH C18

column (4.6 mm i.d. by 150 mm, 3.5-�m particle size; Waters) that was in line with a Security Guard
cartridge system precolumn fitted with a wide-pore C18 cartridge (Phenomenex, Torrance, CA, USA) via
autoinjection. LC was operated at a flow rate of 0.3 ml/min, where the mobile phase consisted of 77%
methanol and 23% water and was administered to the mass spectrometer by electrospray which utilized
nitrogen gas as the nebulizing gas. The ion source temperature was 130°C, the desolvation temperature
was 350°C, and cone voltage was 35 V. Nitrogen gas was used as the desolvation gas, at 600 liters/h, and
cone gas, at 60 liters/h. Argon gas (99.9999%) was used as the collision cell gas. Results from full-scan
analyses were examined to determine the putative mass ions of interest by comparing the results of
analyses of extracts from cells exposed to a particular compound with the results of analyses of extracts
from unexposed cells and abiotic controls.

Putative ions of interest were identified and targeted for tandem mass product ion scan analyses
which were conducted in negative ionization mode by using collision induced dissociation (CID) to
generate spectra to be used in the determination of the molecular structures of unknown biotransfor-
mation products. Collision energies in the range of 8 to 20 eV were utilized.

Data availability. Microbial 16S rRNA gene amplicon sequence data and metagenomics data
obtained in this study were deposited at NCBI under BioProject PRJNA634975. Assembled metagenomic
contigs were further uploaded to the Integrated Microbial Genome and Microbiomes (IMG/MER) data-
base (Joint Genome Institute, IMG metagenome identifier [ID] 3300038749). The draft genome of S.
barthaii KK22 was previously reported (64) (BioProject PRJDB1457 and IMG/MERGenome ID 2571042868).
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