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ABSTRACT 4-Nitrophenol, a priority pollutant, is degraded by Gram-positive and Gram-
negative bacteria via 1,24-benzenetriol (BT) and hydroquinone (HQ), respectively. All
enzymes involved in the two pathways have been functionally identified. So far, all Gram-
negative 4-nitrophenol utilizers are from the genera Pseudomonas and Burkholderia. But it
remains a mystery why pnpG, an apparently superfluous BT 1,2-dioxygenase-encoding
gene, always coexists in the catabolic cluster (pnpABCDEF) encoding 4-nitrophenol degra-
dation via HQ. Here, the physiological role of pnpG in Burkholderia sp. strain SJ98 was
investigated. Deletion and complementation experiments established that pnpG is essential
for strain SJ98 growing on 4-nitrocatechol rather than 4-nitrophenol. During 4-nitrophenol
degradation by strain SJ98 and its two variants (pnpG deletion and complementation
strains), 1,4-benzoquinone and HQ were detected, but neither 4-nitrocatechol nor BT was
observed. When the above-mentioned three strains (the wild type and complementation
strains with 2,2'-dipyridyl) were incubated with 4-nitrocatechol, BT was the only intermedi-
ate detected. The results established the physiological role of pnpG that encodes BT degra-
dation in vivo. Biotransformation analyses showed that the pnpA-deleted strain was unable
to degrade both 4-nitrophenol and 4-nitrocatechol. Thus, the previously characterized 4-
nitrophenol monooxygenase PnpAg; is also essential for the conversion of 4-nitrocatechol
to BT. Among 775 available complete genomes for Pseudomonas and Burkholderia, as many
as 89 genomes were found to contain the putative pnpBCDEFG genes. The paucity of
pnpA (3 in 775 genomes) implies that the extension of BT and HQ pathways enabling
the degradation of 4-nitrophenol and 4-nitrocatechol is rarer, more recent, and likely
due to the release of xenobiotic nitroaromatic compounds.

IMPORTANCE An apparently superfluous gene (pnpG) encoding BT 1,2-dioxygenase is
always found in the catabolic clusters involved in 4-nitrophenol degradation via HQ
by Gram-negative bacteria. Our experiments reveal that pnpG is not essential for 4-
nitrophenol degradation in Burkholderia sp. strain SJ98 but instead enables its degra-
dation of 4-nitrocatechol via BT. The presence of pnpG genes broadens the range of
growth substrates to include 4-nitrocatechol or BT, intermediates from the microbial
degradation of many aromatic compounds in natural ecosystems. In addition, the ex-
istence of pnpCDEFG in 11.6% of the above-mentioned two genera suggests that the
ability to degrade BT and HQ simultaneously is ancient. The extension of BT and HQ
pathways including 4-nitrophenol degradation seems to be an adaptive evolution
for responding to synthetic nitroaromatic compounds entering the environment
since the industrial revolution.
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itrophenols, widely used in agriculture and industry, are toxic and widely distrib-
uted in the environment (1, 2). A variety of bacteria have been isolated for their
ability to degrade 4-nitrophenol (PNP) (3-9).

To date, two distinct catabolic pathways for PNP degradation have been elucidated
in detail. In Gram-positive bacteria such as Bacillus sphaericus JS905 (8), Rhodococcus
opacus SAO101 (9), and Arthrobacter sp. strain JS443 (10, 11), PNP is degraded via the
1,2,4-benzenetriol (BT) pathway, in which BT 1,2-dioxygenase catalyzes ring cleavage
(Fig. 1). In this pathway, PNP is sequentially transformed into 4-nitrocatechol (4-NC)
and BT in turn by a two-component PNP monooxygenase such as NpcAB (accession
numbers BAD30042 and BAD30041) from strain SAO101 (9) and NpdA1A2 (accession
numbers ABL75140 and ABL75143) from strain JS443 (10). BT then undergoes ring
cleavage before entering the central metabolism. The BT 1,2-dioxygenases NpcCsao101
(accession number BAD30043) from strain SAO101 (9) and NpdB,s,,; (accession number
ABL75139) from strain JS443 (10) were both functionally identified as catalyzing the ring
cleavage reaction of BT. In contrast, PNP is degraded via the hydroquinone (HQ) pathway by
Gram-negative strains such as Pseudomonas sp. (formerly Moraxella sp.) strain JS425 (6, 12),
Pseudomonas sp. strain WBC-3 (5), Pseudomonas putida DLL-E4 (3), Burkholderia sp. strain
SJ98 (13), Pseudomonas sp. strain 1-7 (7), and Pseudomonas sp. strain NyZ402 (4). To date, all
known Gram-negative PNP degraders are from two common genera, Pseudomonas and
Burkholderia (37, 13). In strains $J98, WBC-3, DLL-E4, NyZ402, and 1-7, it is clearly established
that PNP is catabolized via HQ as the ring cleavage intermediate, and the complete degrada-
tion was catalyzed by PnpABCDEF (3-5, 14) or their homologous enzymes (3, 5, 7), without
the involvement of PnpG or its homologs (Fig. 1).

Interestingly, among the pnp and pnp-like clusters from the identified Gram-negative
PNP utilizers, a pnpG-encoded BT 1,2-dioxygenase homolog always coexists with the other
pnp genes involved in PNP degradation via HQ (Fig. 1). There is no obvious role for PnpG
and its homologous enzymes during PNP degradation via HQ as shown in the top panel (for
Gram-negative strains) of Fig. 11 (3-5, 7). Strain SJ98, a representative of Gram-negative PNP
utilizers, has a catabolic cluster containing pnpABCDEFG (13) (Fig. 1). PnpAg,ss and PnpBs e,
are a single-component PNP 4-monooxygenase and a 1,4-benzoquinone (BQ) reductase,
respectively (14). PnpCDEF from strain SJ98 catalyze HQ ring cleavage and subsequent reac-
tions leading to the central metabolism (13). PnpGg e, (accession number EKS70669) and its
homologs from Gram-negative PNP utilizers showed moderate identities (about 40%) with
the identified BT 1,2-dioxygenases NpcCqpo10; @and NpdB ,,; from Gram-positive bacteria ca-
pable of PNP degradation via BT. Although PnpGg,e, catalyzes the ring cleavage of BT in vitro
(15) like the BT 1,2-dioxygenase PnpGyc; from strain WBC-3 (16), and BT 1,2-dioxygenase
activity was detected in vivo during PNP degradation by Pseudomonas sp. strain JS425 (6),
the physiological role of PnpGsq and its homologs in vivo is unknown.

Here, we establish the physiological role of PnpGg e in vivo and the inducer for the
transcription of the pnpA and pnpG genes from strain SJ98. Furthermore, we also ana-
lyzed the frequency of the coexistence of pnpG and its homologs with the putative
PNP catabolic genes in the reported genomes from two common genera of Gram-neg-
ative PNP utilizers. The findings solve the long-standing mystery that the apparently
superfluous gene (pnpG) always coexists in the catabolic cluster (pnpABCDEF) encoding
PNP degradation via HQ in Gram-negative utilizers.

RESULTS

pnpG is not essential for PNP degradation by strain SJ98. To explore the physio-
logical function of pnpG in vivo, strains SJ98, SJI98ApnpG, and SJ98ApnpG(pRK415-
pnpG) were grown with PNP in minimal medium (MM), and the negative controls were
three strains in MM without PNP. Strain SJ98 and its two variants were all able to utilize
PNP for growth (Fig. 2). In particular, the deletion of pnpG had no effect on the growth
of strain SJ98ApnpG with PNP as the sole carbon source (Fig. 2b). To better illustrate
their growth with PNP, these three strains were incubated with a low initial optical
density at 600 nm (ODg,,) value. They all grew, whereas negative controls did not
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FIG 1 () Catabolic pathways for PNP degradation in Gram-positive and Gram-negative strains. (ll) Proposed
pathway of 4-NC degradation in strain SJ98. (Ill) Comparison of the genetic organizations of PNP catabolic
clusters from different PNP utilizers. (A) The PNP catabolic cluster in Burkholderia sp. strain SJ98 (14, 41); (B) the
PNP catabolic cluster in Burkholderia zhejiangensis strain CEIB S4-3 (42); (C) the PNP catabolic cluster in
Pseudomonas putida DLL-E4 (3); (D) the PNP catabolic cluster in Pseudomonas sp. strain NyZ402 (4); (E) the PNP
catabolic cluster in Pseudomonas sp. strain 1-7 (7); (F) the PNP catabolic cluster in Pseudomonas sp. strain WBC-
3 (5); (G) the PNP catabolic cluster in Pseudomonas sp. strain JS425. The GenBank accession numbers of all the
above-mentioned PNP catabolic gene clusters are shown in Table S1 in the supplemental material. TCA,
tricarboxylic acid.

(see Fig. S1a in the supplemental material), which were similar to those shown in Fig. 2. The
intermediates BQ and HQ accumulated transiently during PNP degradation by all three
strains (Fig. 2). The results established that pnpG was not essential for PNP degradation via
HQ by strain SJ98.

Neither 4-NC nor BT was detected during PNP degradation by strain SJ98 and its
two variants. These results were different from a previous report in which both 4-NC
and BT were detected during PNP degradation in this strain (17).
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FIG 2 Time course assay of PNP degradation and the growth of Burkholderia sp. strain SJ98 and its
derivatives. Strains were grown in MM with 0.3mM PNP as the sole carbon source at 30°C. The
consumption of PNP and the accumulation of BQ and HQ during the growth of strains SJ98 (a),
SJ98ApnpG (with pnpG deleted) (b), and SJ98ApnpG(pRK415-pnpG) (c) were quantified by HPLC. The
symbols indicate the means for three replicates, and error bars indicate standard deviations of the

means (n=3).
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pnpG is crucial for the growth of strain SJ98 on 4-NC. To further explore the phys-
iological function of pnpG in vivo, strain SJ98 and its two variants were grown with 4-
NC (the substrate of the PnpG-like enzyme in Gram-positive strains) in MM, and the
negative controls were these three strains in MM without 4-NC. Strain SJ98 was able to
utilize 4-NC for its growth, but the mutant strain SJ98ApnpG completely lost this abil-
ity. With the complementation of pnpG, the ability was restored in strain SJ98ApnpG
(pRK415-pnpG) (Fig. 3a). To better illustrate their growth with 4-NC, these three strains
were incubated at a low initial ODg, value. The wild-type and complementation strains
grew, whereas the mutant strain and negative controls did not (Fig. S1b), which were
similar to those shown in Fig. 3a. All the results indicated that pnpG was necessary for
the growth of strain SJ98 on 4-NC. Meanwhile, as shown in Fig. 3b, 4-NC was com-
pletely consumed by strain SJ98 and its two variants after 11 h, but only the mutant
strain accumulated the dead-end intermediate BT due to the absence of pnpG. The
lack of stoichiometry between 4-NC consumption and BT accumulation was probably
due to the auto-oxidation of BT (8). These results established the physiological role of
pnpG during the growth of strain SJ98 on 4-NC.

PnpG;,,; catalyzes the oxidation of BT converted from 4-NC in vivo. To capture
the intermediates and identify the oxidation of BT catalyzed by PnpGg,ss during 4-NC
degradation, biotransformation experiments were performed with resting cells of
strain SJ98 and its two variants. As shown in Fig. 4, 4-NC was consumed similarly by
strain SJ98 and its two variants. Additionally, when the activity of nonheme iron-de-
pendent aromatic ring dioxygenases in strains SJ98 and SJ98ApnpG(pRK415-pnpG) was
inhibited by 2,2'-dipyridyl, both could accumulate BT exactly like the mutant strain
SJ98ApnpG (Fig. 4). During the consumption of 4-NC, BT accumulated and then decreased
slightly (Fig. 4), probably due to the auto-oxidation of BT (8). No other intermediates were
detected during the biotransformation. This indicated that PnpGg,e, catalyzes the oxidation
of BT from 4-NC in vivo, analogous to the function of its homologs in Gram-positive PNP uti-
lizers (Fig. 1).

PnpAg,,; catalyzed the oxidation of 4-NC to BT. In addition to PnpA,., catalyzing
the oxidation of PNP to form BQ rather than 4-NC, it catalyzes the transformation of 4-
NC (13, 14). To explore whether PnpAg . is involved in the first step of 4-NC conversion
to BT, biotransformation of 4-NC was performed. Resting cells of Escherichia coli strain
BL21(pGEX-6P-1-pnpA) converted 4-NC to BT, whereas strain BL21 did not (Fig. 5).
Consistent with the presumed auto-oxidation of BT (8), 4-NC conversion to BT was not
stoichiometric. The results established the role of PnpAg g in catalyzing the oxidation
of 4-NC to BT (Fig. 1). Therefore, strain SJ98 expressed the complete pathway for 4-NC
degradation. In contrast, cells of SJ98ApnpA were not able to degrade PNP or 4-NC
(Fig. S2), suggesting that no additional monooxygenases in strain SJ98 catalyze the
conversion of PNP to 4-NC or 4-NC to BT.

Both PNP and 4-NC induced the enzymes of the 4-NC degradation pathway. To
investigate the regulation of 4-NC degradation in strain SJ98, transcriptional analyses
of pnpA and pnpG under various induction conditions were conducted by real-time
quantitative PCR (RT-gPCR). The relative transcription levels of pnpA and pnpG after
induction with 4-NC were 49.6- and 6.4-fold higher than those in uninduced controls,
which means that 4-NC upregulates the genes encoding enzymes for the degradation
of 4-NC (Fig. 6). In addition, PNP stimulated 38.6- and 5.1-fold upregulations of pnpA and
pnpG (Fig. 6). The results of RT-gqPCR indicated that both PNP and 4-NC served as efficient
inducers of 4-NC degradation. Given that all pnp genes from strain SJ98 were in a single op-
eron (13), 4-NC seemed to be able to induce the transcription of the complete pnp gene
cluster involved in PNP and 4-NC degradation, which has not been reported previously.

Genome sequencing and reclassification of strain JS425. Strain JS425, initially
identified as a member of the Moraxella genus, was the first functionally identified PNP
utilizer (6, 12). However, the PNP catabolic cluster or the genome sequence of strain
JS425 was not reported. Therefore, we sequenced the genome. The complete 16S
rRNA gene from this strain exhibited the highest identity (=>99%) to the 16S rRNA genes
from three strains of the genus Pseudomonas (accession numbers DQ453810, DQ785814,
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FIG 3 Time course assay of 4-NC degradation and the growth of Burkholderia sp. strain SJ98 and its
derivatives. Strains were grown in MM with 0.2mM 4-NC as the sole carbon source at 30°C. (a)
Growth curves of strain SJ98 and its derivatives on 4-NC. (b) The consumption of 4-NC and the
accumulation of BT were quantified by HPLC. The symbols indicate the means for three replicates,
and error bars indicate standard deviations of the means (n=3).

and FR682933), indicating that it should be reclassified as a Pseudomonas sp. rather than as
a Moraxella sp. as originally classified (6, 12).

Bioinformatic evidence indicating the coexistence of pnpG and its homologs
with catabolic clusters encoding PNP degradation via HQ from Pseudomonas spp.
and Burkholderia spp. To date, all identified Gram-negative PNP utilizers fall into the
genera Burkholderia and Pseudomonas. In total, 775 complete genomes from Burkholderia spp.
(259 genomes) and Pseudomonas spp. (516 genomes) were obtained from the NCBI complete
genome database (Table S2). All annotated proteins from the 775 complete genomes showed
no more than 30% identities with PnpAg,ss except for PnpA from Pseudomonas putida DLL-E4
(accession number CP007620) (77% identity), PnpA from Pseudomonas sp. strain JS425 (acces-
sion number CP073661) (76% identity), and PnpA from Burkholderia sp. strain Y123 (accession
number CP003087) (96% identity).

Among the 775 Gram-negative genomes, the complete PNP cluster pnpABCDEFG is
retrieved only from genomes of strains DLL-E4, YI23, and JS425, with each protein
exhibiting =40% identities with their counterparts in PnpABCDEFG from strain SJ98
(Fig. 7). If pnpA is omitted, however, genes encoding PnpBCDEFG exist in as many as
59 genomes from Burkholderia and 30 genomes from Pseudomonas (Fig. 7). In addition
to strain Y123, 58 genomes from Burkholderia possessed genes encoding proteins
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FIG 4 Biotransformation of 4-NC by resting cells of Burkholderia sp. strain SJ98 and its derivatives.
Biotransformation was initiated by adding 0.3 mM 4-NC. At appropriate intervals, 0.5-ml samples were
withdrawn from the system, mixed with an equal volume of methanol, and shaken vigorously for
5min to stop the reaction. After centrifugation, the supernatants of samples were used to analyze
the disappearance of the substrate (4-NC) and the appearance of the products (BT) by HPLC.
Quantitative analysis was performed using a standard curve of authentic standards. The symbols indicate
the means for three replicates, and error bars indicate standard deviations of the means (n=3).

exhibiting 25% to 30% identities with PnpAg,,s, and 16 out of 30 genomes from
Pseudomonas possessed genes encoding proteins exhibiting 23% to 30% identities
with PnpAg.e. Moreover, all of the above-mentioned putative enzymes are annotated
as flavin adenine dinucleotide (FAD)-dependent oxidoreductases, and some of the
encoding genes are clustered with or in the vicinity of pnpBCDEF. But due to their low identi-
ties with PnpAg,es, they cannot be certainly considered PnpA homologs. If both pnpA and
pnpB, the two genes encoding the conversion of PNP to HQ, are omitted, cluster pnpCDEFG
is present in 90 genomes (11.6% of 775 genomes), 60 from Burkholderia and 30 from
Pseudomonas (Fig. 7). Interestingly, cluster pnpCDEF without pnpG is found in only 3 genomes
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FIG 5 Biotransformation of 4-NC by resting cells of E. coli BL21(DE3)(pGEX-6P-1-pnpA). Biotrans-
formation was initiated by adding 0.3mM 4-NC. At appropriate intervals, 0.5-ml samples were
withdrawn from the system, mixed with an equal volume of methanol, and shaken vigorously for 5 min
to stop the reaction. After centrifugation, the supernatants of samples were used to analyze the
disappearance of the substrate (4-NC) and the appearance of the products (BT) by HPLC. The symbols
indicate the means for three replicates, and error bars indicate standard deviations of the means (n=3).
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FIG 6 Transcriptional analysis of pnpA and pnpG in Burkholderia sp. strain SJ98 under induced and
uninduced conditions by RT-qPCR. Strain SJ98 was grown in MM with 2mM glucose to an ODy,, of
0.3 and then induced with 0.1 mM 4-NC or 0.3 mM PNP for 5 h. Cells incubated without 4-NC or PNP
induction were used as the negative control. The expression levels of each tested gene were
calculated with the cycle threshold (2722¢") method. The results are the averages from three
independent measurements, and error bars indicate standard deviations of the means (n=3).

(all in Burkholderia) (Fig. 7). Several clusters with partial pnp genes are also present. For
instance, cluster pnpEFG is in 13 genomes (11 from Burkholderia and 2 from Pseudomonas),
pnpBFG is in 2 genomes (Pseudomonas), pnpBEF is in 1 genome (Burkholderia), and pnpEG is in
1 genome (Pseudomonas).

It can be concluded that the BT 1,2-dioxygenase-encoding gene pnpG is always clustered
with the putative cluster pnpCDEF for HQ degradation, but pnpA (3 of 775 genomes) is quite
rare.

550 516 [J Total number of genomes
480 | E Genomes with pnpABCDEFG
m Genomes with pnpBCDEFG
Genomes with pnpCDEFG
m]II Genomes with pnpCDEF (without pnpG)
320
259
1
2 160
2T
z 69
46
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23 |
4
2 -2 | 1
0 —
Pseudomonas Burkholderia

FIG 7 Abundance of the pnp cluster in the genomes from the genera Pseudomonas and Burkholderia.
Among the protein sequences encoded by 775 bacterial genomes from Pseudomonas and
Burkholderia, those from Pseudomonas sp. strain JS425 were sequenced and annotated in this study,
and the others were downloaded from the Complete Microbial Genomes Database of the National
Center for Biotechnology Information (NCBI) in May 2020. All of them were used to build a local
BLAST database. BLASTp searches were performed with PnpA, PnpB, PnpC, PnpD, PnpE, PnpF, and
PnpG against these 775 completely sequenced bacterial genomes. Total number of genomes, the
number of genomes obtained from Burkholderia and Pseudomonas with complete genome sequences
from the NCBI; Genomes with pnpABCDEFG, the number of genomes possessing putative
PnpABCDEFG-encoding genes; Genomes with pnpBCDEFG, the number of genomes possessing
putative PnpBCDEFG-encoding genes; Genomes with pnpCDEFG, the number of genomes possessing
putative PnpCDEFG-encoding genes; Genomes with pnpCDEF (without pnpG), the number of
genomes possessing putative PnpCDEF-encoding genes but without PnpG-encoding genes.
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DISCUSSION

pnpG and its homologs from identified and putative Gram-negative PNP utilizers
are linked to catabolic genes involved in PNP degradation via HQ (Fig. 1). In strain
SJ98, PnpGg s Was established as a BT 1,2-dioxygenase essential for 4-NC rather than
PNP degradation in vivo. PNP was degraded only via HQ, which is different from previ-
ous observations that PNP was degraded via 4-NC and BT (15, 17). PnpAg,e, catalyzed
the reaction of not only PNP to BQ but also 4-NC to BT, which was similar to those of
the other two strains, DLL-E4 and WBC-3 (3, 16). No additional monooxygenases in
strain SJ98 nonspecifically converted PNP to 4-NC (see Fig. S2 in the supplemental ma-
terial). The presence of pnpG and its homologs conferred on strain $J98 and the other
two strains the ability to mineralize 4-NC in addition to PNP. Indeed, it was reported
that many nitroaromatic compounds such as PNP, 4-NC, methylnitrophenols, and dini-
trophenol (DNP) were simultaneously detected in particles associated with biomass
burning (18, 19). Thus, the presence of pnpG and its homologs may provide a selective
advantage to strain SJ98 and other Gram-negative PNP utilizers in environments conta-
minated with mixtures of nitrophenols.

BT is an environmental pollutant (20) and is commonly used in hair dyes (21). It is
also an intermediate or a metabolite during the microbial degradation of several aro-
matic compounds, including resorcinol, PNP, meta-nitrophenol (MNP), 4-NC, 2,4-dini-
trophenol (2,4-DNP), 4-chlorophenol (4-CP), and 4-nitroanisole (Table 1). It is generally
accepted that microbes exist in communities in nature where both xenobiotic pollu-
tants and natural organic compounds are present in mixtures. Several strains possess-
ing only subsets of pathway genes degraded aromatic compounds through the con-
certed actions of various cryptic pathways (22). Thus, the growth of a strain on a single
compound as the sole carbon source is likely to be the exception in natural habitats.
Therefore, for strain SJ98 and other Gram-negative PNP utilizers living in microbial
communities, the presence of pnpG and its homologs probably conferred the addi-
tional ability to utilize BT converted from aromatic compounds by other microbes
(Table 1) in communities. They thus obtained more chances for survival in the environ-
ment contaminated with other aromatics in addition to PNP, 4-NC, and BT. This pro-
vides an example that an extra functional gene could offer the hosts more chances for
survival in a contaminated environment.

Although two other Gram-negative PNP utilizers, strains DLL-E4 (3) and WBC-3 (5, 16),
both possessed the genes for complete 4-NC degradation like strain SJ98, their PNP deg-
radation was not induced by 4-NC, so they cannot degrade 4-NC alone without PNP as
an inducer (3, 16). Unlike the two former strains, the pnp cluster was reported to be
expressed in a single operon in strain SJ98 (13); both 4-NC and PNP induced the tran-
scription of pnp genes in the present study. In contrast, due to the same gene arrange-
ments and similar induced expression characteristics, the pnp genes from strain DLL-E4
(3) may also be located on three operons as reported for strain WBC-3 (16). PnpGg,os and
PnpAg,es both showed about 50% and 80% identities with their homologs from strains
DLL-E4 (3) and WBC-3 (16), respectively. Considering that they share catabolic enzymes
but have different operon organizations, different Gram-negative PNP utilizers can be
thought to have the same origin of pnp catabolic genes but organize them independ-
ently with different transcriptional regulation mechanisms.

As the cluster pnpCDEFG is present in as many as 11.6% (90/775) of the genomes in
the two Gram-negative genera to which all PNP utilizers belong, it can be proposed
that pnpCDEFG in most of these 90 genomes may well form a single operon, the same
as in strain WBC-3 (16). Strains with this compact operon encoding four enzymes can
potentially survive on either HQ or BT, which were intermediates from the microbial
degradation of many aromatic compounds in the soil. During the evolution of the PNP
degradation pathway, the Gram-negative strains containing only pnpCDEFG likely
became PNP utilizers by recruiting pnpAB from other coexisting strains or by the evolution
of FAD-dependent oxidoreductases with another catalytic function. Thus, although pnpG
has no response to PNP degradation via HQ, the preexisting operon pnpCDEFG has naturally
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TABLE 1 Different sources of BT in metabolic pathways®

Strain Substrate Metabolite(s) Reference(s)
Arthrobacter sp. strain JS443 PNP BT 1
Arthrobacter sp. strain Y1 PNP BT 43
Burkholderia sp. strain Ku46 2,4-Dinitrophenol PNP, BT 44
Pseudomonas sp. strain B2 MNP BT 45
Serratia sp. strain DS001 PNP BT 46
Rhodococcus sp. strain BPG-8 Resorcinol BT 47,48
Pseudomonas putida O1 Resorcinol BT 49
Ochrobactrum sp. strain B2 4-NC BT 50
Cupriavidus sp. strain CNP-8 2CANP BT 51
Arthrobacter chlorophenolicus A6 4-CP BT 28
Rhodococcus opacus strain AS2 4-Nitroanisole BT 31
Rhodococcus erythropolis strain AS3 4-Nitroanisole BT 31

aPNP, 4-nitrophenol; BT, 1,2,4-benzenetriol; MNP, meta-nitrophenol; 4-NC, 4-nitrocatechol; 2C4NP, 2-chloro-4-
nitrophenol; 4-CP, 4-chlorophenol.

led to the existence of pnpG in the catabolic clusters in Gram-negative PNP utilizers found in
nature.

On the other hand, it is well known that many natural phenolic compounds are
released from plants through leaching of aboveground parts, root exudation, and
decomposition of plant residues (23-27). In general, soil bacteria are likely surrounded
by phenols from the degradation of lignin (26); their ability to degrade BT and HQ
should thus be ancient. The BT 1,2-dioxygenase might be a remnant from evolution, or
it might be involved in mopping up trihydroxy aromatic compounds. The earliest path-
ways for HQ degradation might have involved hydroxylation to BT (28, 29). Any orga-
nism that recruited or evolved an enzyme for the direct cleavage of HQ would have a
selective advantage because FAD monooxygenases are energetically expensive. The
shunting of half of the reducing equivalents in the reaction from NADH to make water
as a by-product means that those electrons cannot be used for ATP generation during
oxidative phosphorylation. The elimination of one of the monooxygenase reactions by
direct fission of the ring is a more direct route with minimal loss of reducing potential.
With the development of industry and agriculture in the last 100 years, many aromatic
xenobiotics also entered the environment. Bacterial degradation of halogenated aro-
matic compounds (28, 30), aminophenol (29), nitrophenols (8, 9), and methyl parathion
(5) via BT and/or HQ pathways has been reported. Thus, the extension of the BT and/or
HQ pathway for the degradation of these xenobiotics, including nitrophenols, would
likely be rarer and more recent than the occurrence of BT and/or HQ pathways in na-
ture. Many natural or xenobiotic nitroaromatic compounds, such as nitroanisole (31)
and methyl parathion (5), are degraded via nitrophenol. It is tempting to speculate
that the massive use of methyl parathion and similar pesticides stimulated the world-
wide evolution or dispersion of nitrophenol catabolic pathways. The extension of BT
and HQ pathways to include PNP degradation seems to be an adaptive evolution for
responding to synthetic nitroaromatic compounds entering the environment as a
result of human activities in the recent past.

The evolutionary trajectory of the PNP catabolic pathways is likely to remain specu-
lative. It is clear from our results, however, that the current physiological role of pnpG
in PNP catabolic clusters is to extend the capabilities of the system to include the deg-
radation of 4-NC.

MATERIALS AND METHODS

Chemicals, strains, primers, media, and growth conditions. 4-Nitrophenol (PNP) (purity grade,
=99%), 4-nitrocatechol (4-NC) (purity grade, =97%), 1,4-benzoquinone (BQ) (purity grade, =99.5%), hy-
droquinone (HQ) (purity grade, =99%), and 1,2,4-benzenetriol (BT) (purity grade, =99%) were all pur-
chased from Sigma Chemical Company (St. Louis, MO, USA) or Fluka Chemical Company (Buchs,
Switzerland). Restriction enzymes and the In-Fusion HD cloning kit were purchased from TaKaRa
Biomedical Technology Co. Ltd. (Beijing, China). Plasmid DNA extraction and DNA gel extraction kits
were purchased from Omega Bio-Tek Inc. (Doraville, GA). Strains and plasmids are listed in Table 2.
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TABLE 2 Strains and plasmids used in this study

Reference(s)
Strain or plasmid Characteristic(s) and/or relevant genotype or source
Strains
Burkholderia sp. strain SJ98 PNP and 4-NC utilizer; wild type 52
Burkholderia sp. strain SJI98ApnpG $J98 mutant with the pnpG gene deleted This study
Burkholderia sp. strain SJI98 ApnpG(pRK415-pnpG) pnpG gene complemented by pRK415-pnpG in This study
SJ98ApnpG
Burkholderia sp. strain SJ98ApnpA $J98 mutant with the pnpA gene deleted 13
E. coli DH5« supE44 lacU169 (¢80lacZAM15) recA1 endA1 Novagen
hsdR17 thi-1 gyrA96 relA1
E. coli WM3064 Donor strain for conjugation; 2,6-diaminopimelic Novagen

acid auxotroph; thrB1004 pro thi rpsL hsdS
lacZAM15 RP4-1360 A(araBAD)567 AdapA1341::
(erm pir [wild type])
E. coli BL21(DE3) F~ ompT hsdSg(rs~ mg™) gal (Acl857 ind1 sam7 Novagen
nin5 lacUV5-T7 gene 1) dcm (DE3)

Plasmids
pK18mobsacB Widely used gene knockout vector; Km" 35,36
pK18mobsacB-pnpG pnpG gene knockout vector containing 2 DNA This study
fragments homologous to the upstream and
downstream regions of pnpG
pRK415 Broad-host-range vector; Tc" 13,38
pRK415-pnpG Vector for pnpG gene complementation made by This study
fusion of pnpA to pRK415 at Pstl/Kpnl
restriction sites
pPGEX-6P-1 Km'"; source of the tac promoter Amersham
pGEX-6P-1-pnpA Plasmid for expression of pnpA This study

Primers are listed in Table 3. E. coli strains were grown in lysogeny broth (LB) (32, 33) at 37°C. Strain SJ98
and its derivatives were grown in LB or MM (34) with 0.3mM PNP (17) or 0.2mM 4-NC (14) at 30°C.
Media were supplemented with 50 g ml~" kanamycin or 15 ug ml~" tetracycline when necessary.

Gene knockout, complementation, and expression. The gene knockout and complementation
experiments were conducted to identify the physiological role of pnpG in PNP degradation in vivo. Knockout
plasmid pK18mobsacB-,pnpG, was constructed by fusing two PCR products to EcoRI/Pstl-digested
pK18mobsacB (35, 36) with the In-Fusion HD cloning kit. These two PCR products were the upstream and
downstream fragments of pnpG amplified using two pairs of primers, primer pair KO-pnpG-uF and KO-pnpG-
uR and primer pair KO-pnpG-dF and KO-pnpG-dR, respectively. After pK18mobsacB- pnpG, was transformed
into E. coli WM3064 (2,6-diaminopimelic acid auxotroph) (37), transconjugation was done between strains
$J98 and WM3064(pK18mobsacB- pnpG,) as described previously (35) to obtain mutant strain SJ98ApnpG.
pnpG was amplified using primers GC-pnpG-F and GC-pnpG-R and fused to Pstl/Kpnl-digested pRK415 (13,
38) to produce the complementation plasmid pRK415-pnpG. pRK415-pnpG was also transformed into strain
SJ98ApnpG to obtain the complemented strain SJ98ApnpG(pRK415-pnpG) by transconjugation. pnpA was
amplified using a pair of primers, pnpA-F and pnpA-R, and inserted into EcoRI-digested pGEX-6P-1, and
PGEX-6P-1-pnpA was then transformed into E. coli BL21(DE3). All the above-described DNA fragments were
verified by DNA sequencing to ensure that no mutations had been incorporated during PCR amplification.

Measurement of bacterial growth. The growth of strain SJ98 and its derivatives was measured by
the optical density at 600 nm with a Lambda 25 UV-visible (UV-Vis) spectrometer (PerkinEImer, Waltham,
MA). The consumption of PNP and 4-NC as well as the accumulation of BQ, HQ, and BT were monitored
by high-performance liquid chromatography (HPLC) as previously described (17), with modifications. All
the experiments were done in triplicate.

Biotransformation by resting cells. Biotransformation of 4-NC by cells of strain SJ98 and its deriva-
tives was performed as described previously (13), with some modifications. Strain SJ98 and its two var-
iants were grown in MM supplemented with 2 mM glucose and 3 mM (NH,),SO, to an ODy,, of 0.3, and
0.2mM 4-NC was then added for a 6-h induction. Next, cells were separately harvested and washed
twice with MM. The cells were then resuspended in MM to an ODj, of 2.0. Biotransformation was initi-
ated by adding 0.3 mM 4-NC. Before biotransformation, cells of strains SJ98 and SJ98ApnpG(pRK415-
pnpG) were individually preincubated for 10 min with 1 mM 2,2’-dipyridyl, an iron(ll) chelator, to inhibit
the activity of nonheme Fe(ll)-dependent extradiol dioxygenases (39). At appropriate intervals, 0.5-ml
samples were withdrawn, mixed with equal volumes of methanol, and shaken vigorously for 5min to
stop the reaction. After centrifugation at 12,000 x g at 4°C for 10 min, the supernatants of samples were
used for HPLC analysis. Biotransformation of 4-NC by cells of E. coli BL21(DE3)(pGEX-6P-1-pnpA), grown
on LB with isopropyl- 8-p-thiogalactopyranoside (IPTG) induction, was also performed using the above-
described method. Quantitative analyses were performed using a standard curve of authentic standards.
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TABLE 3 Primers used in this study

Applied and Environmental Microbiology

Primer Sequence (5'-3') Purpose

KO-pnpG-uF CTATGACATGATTACGAATTCATCGCTGCCC Amplification of the upstream fragment of pnpG
AAAGGTCTTT for gene knockout

KO-pnpG-uR CTTCGTCTCTGATGTCCTCACGCGATCGAC

KO-pnpG-dF TGAGGACATCAGAGACGAAGAGA Amplification of the downstream fragment of
TGAGCTCTATTAGC pnpG for gene knockout

KO-pnpG-dR GCCAAGCTTGCATGCCTGCAGCAGT
GGATGTTATGGAGGGTCTTT

GC-pnpG-F GCCAAGCTTGCATGCCTGCAGATGAATACG Amplification of pnpG for gene complementation
ACAACTGAGCGCC

GC-pnpG-R AGTGAATTCGAGCTCGGTACCTTAAGCGTTT
GCTCGACTGAGC

SJ98-RTqg-pnpA-F CGTCGCAACGAATGTCTTCTATG Amplification of the 172-bp fragment of pnpA for

SJ98-RTg-pnpA-R CATACGACGACGCACTTCCTC real-time qPCR

SJ98-RTq-pnpG-F GAAGAATGGCGCAAAGGTATTG Amplification of the 116-bp fragment of pnpG for

SJ98-RTg-pnpG-R TCATCGAGCATGATGGACAAG real-time qPCR

SJ98-RTqg-16S-F CGTGTAGCAGTGAAATGCGTAGAG Amplification of the 142-bp fragment of 16S rRNA

S$J98-RTg-16S-R GACATCGTTTAGGGCGTGGAC genes for real-time qPCR

pnpA-F CCGCGTGGATCCCCGGAATTCATGGAAA Amplification of pnpA for expression
CGCTTGAAGGAGTGG

pnpA-R CTCGAGTCGACCCGGGAATTCTTACGCTG
CAAGCTTAAGAGGC

High-performance liquid chromatography. HPLC was performed at 30°C with a Waters e2695 sep-
aration module with a 2998 PDA detector equipped with a C,, reverse-phase column (5um, 4.6 by
250 mm; Agilent Technologies). The mobile phase consisted of a linear gradient of solvent A (0.1% acetic
acid in water) and solvent B (methanol). Solvent B was increased from 30% to 80% in the first 10 min and then
held at 80% from 10 to 15 min. The flow rate was 1.0 ml min~". The injection volume was 10 ul. The substrates
PNP and 4-NC were monitored at 317 nm and 345 nm, respectively, while the products BQ and HQ were both
detected at 260 nm, and BT was detected at 289 nm. Under these conditions, the retention times of PNP, 4-NC,
BQ, HQ, and BT were 8.9 min, 7.3 min, 5.0 min, 3.5 min, and 2.9 min, respectively.

Real-time quantitative PCR. Strain SJ98 was grown in MM with 2mM glucose to an ODy,, of 0.3.
Cells were harvested, washed by centrifugation, and then separately incubated with 0.1 mM 4-NC and
0.3mM PNP for 5 h for induction; cells incubated without 4-NC or PNP were used as a negative control.
The total RNA was isolated from strain SJ98 cells by using an RNA prep pure bacterial kit (Sangon
Biotech, Shanghai, China) and reverse transcribed into ¢cDNA using a PrimeScript RT reagent kit with
gDNA (genomic DNA) Eraser (Perfect real time) (TaKaRa, Dalian, China). Real-time quantitative PCR (RT-
qPCR) was performed with a CFX Connect real-time PCR detection system (Bio-Rad, Hercules, CA) using
iQ SYBR green supermix (Bio-Rad, Hercules, CA) and three pairs of primers, SJ98-RTq-pnpA-F and SJ98-
RTqg-pnpA-R, SJ98-RTq-pnpG-F and SJ98-RTg-pnpG-R, and SJ98-RTg-16S-F and SJ98-RTg-16S-R. The
amount of target mRNA was normalized to that of 16S rRNA with the 222" method (40).

Genome sequencing of strain JS425. Strain JS425 was cultured in 100 ml of LB medium until an
ODy,, of 0.8 was reached, and the cells were washed and harvested prior to genome sequencing. The
genome isolated from strain JS425 was sequenced using an lllumina NovaSeq system and a PacBio
Sequel system at Shanghai Personal Biotechnology Co. Ltd.

Bioinformatics analysis. Among the protein sequences encoded by 775 completely sequenced bac-
terial genomes from Pseudomonas and Burkholderia, those from Pseudomonas sp. strain JS425 were
sequenced and annotated in this study, and the others were downloaded from the Complete Microbial
Genomes Database of the National Center for Biotechnology Information (NCBI) (https://ftp.ncbi.nih
.gov/genomes/genbank/bacteria/) in May 2020. All of them were used to build a local BLAST database.
BLASTp searches were performed with PnpA, PnpB, PnpC, PnpD, PnpE, PnpF, and PnpG against those
annotated proteins from 775 completely sequenced bacterial genomes, and for high accuracy of the
alignment, the E value was less than 10°. The proteins encoded by defined pnp genes exhibited =40%
identities with their counterparts in PnpABCDEFG from strain SJ98.

Data availability. The genome sequence of Pseudomonas sp. strain JS425 has been deposited in
GenBank under accession numbers CP073661 and CP073662. GenBank accession numbers are given in
the text for all mentioned genomes, proteins, and genes. GenBank assembly accession numbers are
given in Table S2 in the supplemental material for all 775 genomes.
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