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ABSTRACT Nicotine and nicotinic acid (NA) are both considered to be representatives of N-heterocyclic aromatic compounds, and their degradation pathways have
been revealed in Pseudomonas species. However, the cooccurrence of these two pathways has only been observed in Pseudomonas sp. strain JY-Q. The nicotine pyrrolidine
catabolism pathway of strain JY-Q consists of the functional modules Nic1, Spm, and
Nic2. The module enzyme, 3-succinoylpyridine monooxygenase (Spm), catalyzes transformation of 3-succinoyl-pyridine (SP) to 6-hydroxy-3-succinoyl-pyridine (HSP). There
exist two homologous but not identical Spm enzymes (namely, Spm1 and Spm2) in
JY-Q. However, when spm1 and spm2 were both in-frame deleted, the mutant still
grew well in basic salt medium (BSM) supplemented with nicotine as the sole carbon/
nitrogen nutrition, suggesting that there exists an alternative pathway responsible for
SP catabolism in JY-Q. NicAB, an enzyme accounting for NA hydroxylation, contains
reorganized domains similar to those of Spm. When the JY-Q_nicAB gene (nicAB in
strain JY-Q) was introduced into another Pseudomonas strain, one that is unable to degrade NA, the resultant recombinant strain exhibited the ability to transform SP to
HSP, but without the ability to metabolize NA. Here, we conclude that NicAB in strain
JY-Q exhibits an additional role in SP transformation. The other genes in the NA cluster, NicXDFE (Nic2 homolog), then also exhibit a role in subsequent HSP metabolism
for energy yield. This ﬁnding also suggests that the cooccurrence of nicotine and NA
degradation genes in strain JY-Q represents an advantage for JY-Q, making it more
effective and ﬂexible for the degradation of nicotine.
IMPORTANCE 3-Succinoyl-pyridine (SP) and 6-hydroxy-3-succinoyl-pyridine (HSP) are

both valuable chemical precursors to produce insecticides and hypotensive agents.
SP and HSP could be renewable through the nicotine microbial degradation pathway,
in which 3-succinoylpyridine monooxygenases (Spm) account for transforming SP
into HSP in Pseudomonas sp. strain JY-Q. However, when two homologous Spm
genes (spm1 and spm2) were knocked out, the mutant retained the ability to degrade nicotine. Thus, in addition to Spm, JY-Q should have an alternative pathway
for SP conversion. In this research, we showed that JY-Q_NicAB was responsible for
this alternative SP conversion. Both of the primary functions for nicotinic acid dehydrogenation and the additional function for SP metabolism were detected in a
recombinant strain harboring JY-Q_NicAB. As a result, both nicotinic acid and nicotine degradation pathways in JY-Q contribute to its remarkable nicotine tolerance
and nicotine degradation availability. These ﬁndings also provide one more metabolic
engineering strategy for accumulation for value-added intermediates.
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hree nicotine degradation pathways have been determined in bacteria: the pyridine
(1, 2) and pyrrolidine pathways (3, 4) and their hybridized variant (VPP pathway) (5,
6). The pyrrolidine pathway has been widely shown in the Pseudomonas species (7–9)
and consists of three independent functional modules, Nic1, Spm, and Nic2, representing the up-, mid-, and downstream portions of the pyrrolidine pathway, respectively. The nic1-1 and nic1-2 clusters in Pseudomonas sp. strain JY-Q contain the genes
encoding NicA2/Nox (nicotine dehydrogenase), Pnao/Pao (pseudooxynicotine amine
oxidase), and Sapd/Sap (3-succinoylsemialdehyde pyridine dehydrogenase), which
constitute the Nic1 module accounting for the transformation of nicotine to 3-succinoyl-pyridine (SP) (10, 11). The Spm module contains the complex enzyme Spm (3succinoyl-pyridine monooxygenase), which consists of SpmA (molybdopterin-binding
oxidase), SpmB (molybdopterin dehydrogenase), and SpmC (2Fe-2S-binding ferredoxin),
which account for the conversion of 3-succinoyl-pyridine (SP) to 6-hydroxy-3-succinoyl-pyridine (HSP). The Nic2 module, comprising serial enzymes HspB (6-hydroxy-3-succinoylpyridine monooxygenase), Hpo (2,5-dihydroxypyridine dioxygenase), Nfo (N-formylmaleamic
acid deformylase), Ami (maleamate amidase), and Iso (maleate isomerase), conducts energy
production via conversion of 6-hydroxy-3-succinoyl-pyridine (HSP) to 2,5-dihydroxypyridine
(2,5-DHP) and ﬁnally to succinic acid and fumaric acid (12–15) (Fig. 1).
In Pseudomonas and Bordetella species (16, 17), the nicotinic acid (NA) degradation
pathway has been well identiﬁed and comprises two functional modules, NicAB and
NicCXDFE (17, 18). NicAB hydroxylates NA to 6-hydroxy-nicotinic acid (6-HNA) (18).
NicC transforms 6-hydroxy-nicotinic acid (6-HNA) to 2,5-dihydroxypyridine (2,5-DHP) by
oxidative decarboxylation, and NicXDFE accounts for the transformation process from
2,5-dihydroxypyridine (2,5-DHP) to fumaric acid (17, 19–21). The enzymes in the
NicXDFE module might also have an additional role in transforming nicotine-related
intermediates because of their sequence and functional similarity to those in the Nic2
module (8, 9). This potential function of the NicXDFE module was veriﬁed in our previous study, which showed that the JY-Q mutant with a dual deletion of Spm1 and Spm2
genes in the Nic2 module could also grow on basic salt medium (BSM) containing nicotine (3). Our previous study reported that the nicotine and NA degradation pathways
coexist in a single strain, based on our comparative genomics analysis of JY-Q (3).
Interestingly, JY-Q possesses two sets of homologous gene clusters corresponding
to each of the three modules, Nic1, Spm, and Nic2 (3, 12, 13, 22). The JY-Q mutants
with dual deletion of nicotine dehydrogenase genes (nicA2 and nox) in the Nic1 module
lose the ability to grow on BSM containing nicotine (3). However, the mutant with dual
deletion of the homologous genes (spm1 and spm2) in the Spm module still grows on
BSM containing nicotine (Fig. 2). This result strongly suggests that there is an alternative pathway, instead of Spm, that is responsible for SP catabolism in JY-Q.
In addition, the contribution of other auxiliary factors or regulatory elements, such
as SirA2 (sulfur transferase) and MoaE (molybdopterin synthetase), to SP transformation
in JY-Q needs to be evaluated. SirA2 in Pseudomonas sp. strain HZN6 is essential for
reduction of SP to HSP (22, 23), which is ubiquitous in bacteria and is fundamental for
primary metabolism and cell viability (23–25). MoaE in Pseudomonas putida S16 is crucial for molybdopterin cytosine dinucleotide (MCD) biosynthesis, and MCD, rather
than molybdopterin guanine dinucleotide (MGD), is the cofactor of Spm (22, 26, 27).
In this study, we investigate the functionality of two Spm enzymes and compare
their contributions to nicotine degradation in Pseudomonas sp. JY-Q. A further aim is to
investigate and determine any potential alternative pathway for SP transformation in
the spm deletion mutant of JY-Q. We also attempt to illustrate the genetic and regulatory mechanisms, such as high nicotine tolerance and nicotine degradation ability, in
Pseudomonas sp. JY-Q and to facilitate further improvements of bacterial nicotine
degradation.
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FIG 1 Schematics of nicotine degradation-related genes and metabolic pathways. (a) Genetic organization of gene clusters for modules Nic1, Spm, and Nic2
and for the nicotinic acid degradation pathway in the JY-Q genome. (b) Comparative scheme for pyridine, VPP, and pyrrolidine pathways found in
representative strains capable of nicotine degradation. Highlighted is the pyrrolidine pathway of nicotine metabolism in JY-Q, which comprises three
functional modules (Nic1, Spm, and Nic2, in red, blue, and gray shading, respectively) and the nicotinic acid degradation pathway (shaded in green). Nic1,
nicotine to 3-succinoyl-pyridine (SP); Spm, SP to 6-hydroxy-3-succinoyl-pyridine (HSP); Nic2, HSP to 2,5-dihydroxypyridine (2,5-DHP) and ﬁnally to succinic
acid and fumaric acid. For nicotinic acid degradation, nicotinic acid (NA) is transformed into 6-hydroxynicotinic acid (6-HNA) by NicAB.
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FIG 2 Growth and nicotine degradation proﬁles of strain JY-Q and related Dspm1 and/or Dspm2 deletion mutants. (a)
Transcription difference between two homologous spm genes in the wild type (WT) with 2 g/liter nicotine as the sole carbon/
nitrogen source (left); transcription difference of spm between WT and the mutant with another spm knockout with 2 g/liter
nicotine as sole carbon/nitrogen source (right). (b) Growth difference between the WT and spm mutants on BSM agar plate with
2 g/liter (left) or 5 g/liter (right) nicotine. (c) Growth and nicotine degradation curves of the WT and mutants in liquid BSM with
2 g/liter nicotine. (d) Growth and nicotine degradation curves of the WT and mutants in liquid BSM with 5 g/liter nicotine.

RESULTS
Spm1 and Spm2 both contribute to SP conversion in strain JY-Q. The expression
of spm1 and spm2 was analyzed via reverse transcription-quantitative PCR (RT-qPCR)
analysis to evaluate potential different contributions of homologous genes in the Spm
module. The results showed that the transcription level of spm1 in the JY-Q strain was
signiﬁcantly higher than that of spm2 when nicotine was added as the sole carbon/
nitrogen source in BSM (Fig. 2a). However, when spm1 was knocked out, the resultant
Dspm1 mutant did not exhibit an increase in the transcription level of spm2, nor did
spm2 knockout increase the transcription level of spm1 (Fig. 2a). Furthermore, the nicotine degradation abilities of the mutants with single and dual spm disruptions were
examined. No signiﬁcant growth differences between the wild type (WT) and the mutant
March 2021 Volume 87 Issue 6 e02740-20
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strains were detected on a BSM plate containing nicotine (Fig. 2b). However, in liquid
BSM with 2 g/liter and 5 g/liter nicotine, the mutant strains exhibited decreases in both
the cell growth rate and the nicotine degradation rate (Fig. 2c and d). Effects were more
obvious in liquid BSM with 5 g/liter nicotine. Among all the mutant strains, the spm1
spm2 dual disruption strain showed signiﬁcant decreases in both the cell growth rate
and the nicotine degradation rate. Thus, there is no signiﬁcant difference in the contributions of two homologous spm genes to nicotine degradation, and an additive effect
might be rendered by homologous genes of the Spm module.
Moreover, the mutant with a double spm knockout could still grow and degrade nicotine. This result is different from that observed for P. putida strain S16, whose Dspm
mutant could not grow and no nicotine removal was observed when it was cultured in
minimal salt medium (MSM) supplemented with nicotine (4). Thus, there might be an
alternative pathway in strain JY-Q, rather than Spm, that transforms SP.
SirA2 is essential in JY-Q, but not only for SP transformation. SirA2 has been
reported to participate in SP conversion by Pseudomonas sp. strain HZN6, because the
mutant of HZN6 with a sirA2 deletion (DsirA2 mutant) lost the ability to grow on MSM
containing nicotine (21). Based on comparative genomics analysis, the SirA2 in JY-Q is
98% identical to that in P. putida S16 (28) and 76% identical to that in strain HZN6 (23).
Transcription levels in the wild type and in Dspm1 or Dspm2 mutants were measured to
investigate whether SirA2, instead of Spm, could transform SP. The results showed that
transcription levels of sirA2 in Dspm1 or Dspm2 mutants were both signiﬁcantly lower
than that in the wild type, and its expression in the wild type was not induced by nicotine (Fig. 3a and b). However, sirA2 transcriptional levels in the Dspm1 Dspm2 strain are
nearly identical to that in the WT grown in BSM plus 2 g/liter nicotine. This ﬁnding
showed an increase of the sirA2 transcriptional level in the Dspm1 Dspm2 isolate compared to that in Dspm1 and Dspm2 mutants. The mutant strain with an sirA2 knockout
(DsirA2 mutant) grew on Luria-Bertani (LB) medium. However, it lost its ability to grow
not only on BSM containing nicotine but also on BSM containing glucose or glycerol as
the only carbon source and including (NH4)2SO4 as a nitrogen source (Fig. 3c). This result
suggested that SirA2 in strain JY-Q might play a role in the metabolism of a variety of
nutritional substances and that it also plays a nonexclusive role as the sulfur transferase
in SP metabolism, similar to that in Pseudomonas sp. strains HZN6 and S16 or Escherichia
coli BL21. In addition, multiple-sequence alignment for the above-described SirA2 homologs also showed their similarity (Fig. 3d). SirA has been veriﬁed as a sulfur transferase in
E. coli. Thus, we inferred that SirA2 could be a sulfur transferase and also be an important
component that was related to JY-Q growth on BSM plus nicotine but indirectly participated in nicotine metabolism. Thus, SirA2 in strain JY-Q might be an auxiliary factor or
regulatory element to facilitate SP transformation in nicotine degradation, rather than an
alternative SP a-position hydroxylase. In conclusion, SirA2 is certainly not a substitute for
Spm in JY-Q.
Identiﬁcation of the role of JY-Q_NicAB in nicotine degradation. After we
excluded SirA2, other possible isozymes were mined using self-customized comparative
genomics analysis (29, 30) and by protein family identiﬁcation (31, 32). Using the following criteria, we acquired the likely candidates, namely, (i) subunits coding for homology
domains of SpmABC including 2[Fe-S] as the electron carrier and (ii) a molybdenum-containing hydroxylase. Finally, two possible isoenzymes, the aldehyde dehydrogenases Ald1
(gene locus tag AA098_17805) and Ald2 (gene locus tag AA098_16795) were predicted. The genes corresponding to Ald1 and Ald2 and their neighbors encode signiﬁcant candidates bearing rearranged domains of SpmABC (28) (Fig. 4a). Interestingly,
nicotine dehydrogenase (NdhSML) from Paenarthrobacter nicotinovorans (1) and molybdenum-containing nicotine hydroxylase (VppA) from Ochrobactrum sp. strain SJY1
(27), both showing a-position hydroxylation of the pyridine ring, contained these
functional domains. A gene extremely similar to ald2 (AA098_16795) was also found in
strain S16. However, the AA098_16795 homolog might not be necessary for SP transformation in S16, since no cell growth was observed when spm was deleted (4).
Additionally, ald1 (AA098_17805) and its adjacent gene (AA098_17800) exhibit high
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sequence similarities to nicB and nicA, respectively, in the KT2440 strain. NicA and
NicB are two components of the enzyme NicAB, which is responsible for NA hydroxylation in strain KT2440 (Fig. 4a). The amino acid sequence of Ald1 in JY-Q is 98.15%
identical to that of NicB (Fig. 4b), while 2[Fe-S] subunits in JY-Q are almost the same
as NicA in KT2440. Additionally, the rearranged molybdenum cofactor (Mo-Co) binding motifs (organization 2-1-3) of NicAB were also similar to SpmA (motif organization
1-2-3). In conclusion, Ald1 should be annotated as NicB (Ald1 corresponding to NicB
in JY-Q) as one component of the enzyme NicAB in JY-Q.
In addition, the similarity in structure of the substrates recognized between NA and
SP suggested an additional function for JY-Q_NicAB in SP transformation. We examined
the response of ald1 (nicB) and ald2 in wild-type JY-Q to the addition of nicotine in
BSM. The transcriptional level of ald1 (nicB) was upregulated to a higher level than that
of ald2 in the presence of nicotine (Fig. 5a). Interestingly, when two homologous genes,
spm1 and spm2, were knocked out, the Dspm1 Dspm2 mutant strain exhibited an
increase in ald1 and ald2 transcript levels, indicating a potential complementary function of Ald1 for the Spm module (Fig. 5b). Subsequently, when the genes were deleted,
the resultant Dald1 (DnicB) mutant strain exhibited a signiﬁcant decrease of cell growth
in BSM supplemented with nicotine as the sole carbon source, while the Dald2 mutant
March 2021 Volume 87 Issue 6 e02740-20
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FIG 3 Essentiality examination of sirA2 for nicotine metabolism. (a) Transcription difference of sirA2 in the WT (wild type) on BSM supplemented with only
nicotine or with glucose and (NH4)2SO4. (b) sirA2 transcriptional changes if two Spm modules were deleted individually or together; the WT and spm
mutants were cultured on BSM with 2 g/liter nicotine. (c) Growth difference between the WT and the DsirA2 mutant on BSM plates supplemented with
nicotine (left panel), glucose (middle panel), and glycerol (right panel). (d) Comparison of SirA (sulfur transferase) homologues encoded by strains JY-Q,
HZN6, S16, and BL21.
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FIG 4 Comparative analysis for Spm and two Ald-like alternative candidates. (a) The Spm module is comprised of three enzyme components,
respectively named A, B, and C. 2[Fe-S], as the electron recipient, and one molybdopterin-binding oxidase consisting of three motifs were both

(Continued on next page)
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FIG 5 Examination of JY-Q_NicAB (Ald1) essentiality for nicotine metabolism. (a) Transcription difference of ald1 and ald2 in the WT
on BSM supplemented with nicotine as the sole carbon/nitrogen source or with glucose and (NH4)2SO4. (b) Transcriptional changes of
ald1 and ald2 if spm1 and spm2 are deleted; the WT and spm mutants were cultured in BSM plus 2 g/liter nicotine. (c) Growth curves
of wild-type JY-Q and its mutants in BSM with 2 g/liter nicotine. (d) Growth difference between the WT and Dald1 (upper) on BSM
plates with glucose (left) and glycerol (right); growth difference among the WT and Dald1 or Dald2 mutants (lower) on BSM
supplemented with nicotine.

strain did not (Fig. 5c and d). However, the Dald1 (DnicB) JY-Q strain could be cultured
in BSM supplemented with glucose and glycerol (Fig. 5d). This is different from the
DsirA2 strain, which lost cell growth not only on nicotine but also on glycerol and glucose (Fig. 3c).
The above results largely present the essentiality of nicB in the JY-Q strain for nicotine-related intermediate metabolism. Nevertheless, the copresence of nicotine and NA
degradation genes is meaningfully associated with highly efﬁcient nicotine metabolism
in JY-Q. In conclusion, the whole NA degradation gene cluster, including nicAB and
nicXDFE, could be involved in nicotine metabolism for the JY-Q mutant with spm1 and
spm2 deleted. This leads to a conclusion different from the report that the NA degrada-

FIG 4 Legend (Continued)
characterized for Ald1 and Ald2. The arrangement of these three motifs (indicated by 1, 2, and 3) is different between Spm and Ald. In addition,
three CytC motifs were found in Ald1. The similar CytC domain was encoded by the gene adjacent to ald2. Both SpmABC and Ald2 homologs
were observed in the genomes of strains S16 and JY-Q. Ald1 was only found in strain JY-Q. FAD, FAD binding; SRPBCC, SRPBCC ligand binding.
(b) Multiple-sequence alignment for two NicB proteins retrieved respectively from strains JY-Q and KT2440. Amino acid residual variants in
different motifs are denoted by rectangles. Moreover, absolutely identically and relatively (similar properties) conserved amino acid sites are
indicated by additional asterisk (*) and colon (:) symbols, respectively.
March 2021 Volume 87 Issue 6 e02740-20
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tion-related gene cluster carried by strain KT2440 could not confer nicotine removal
capability (16).
Expansion of JY-Q_NicAB substrate from NA to SP in strain JY-Q. The NicAB function of transforming NA into 6-HNA has been veriﬁed in Pseudomonas species. One
might ask if it really has the function of transforming SP into HSP. A large quantity of
puriﬁed wild or recombinant NicAB enzyme is required to test this hypothesis.
However, Spm and NicAB are both molybdopterin cytosine dinucleotide (MCD)-dependent enzymes. MCD can be produced in Pseudomonas and Arthrobacter species
(31–33), while Escherichia coli can only synthesize Mo-Co MGD (molybdopterin guanine
dinucleotide) (33). Thus, E. coli failed to express functional Spm (4). In this study, P.
putida S-1, isolated by our group from activated sludge, was chosen as the expression
host because of its inability to degrade NA (34, 35).
Next, ald1 plus AA098_17800 (as a whole, JY-Q_nicAB) and ald2 plus AA098_16790
(coding for 2[Fe-S]) were introduced into Pseudomonas putida S-1 using the
pBBR1MCS5 vehicle. The resultant recombinant strains, S-1/pBBR-nicAB and S-1/pBBRald2-2[Fe-S], exhibited white and yellow tints when suspended in liquid culture, respectively, while the wild-type S-1 and S-1/pBBR vehicle strains both exhibited a pink color
(Fig. 6a). Subsequently, whole-cell proteins were harvested, and SDS-PAGE was conducted to verify nicAB expression. The protein of the band highlighted with a red rectangle in Fig. 6b might be NicAB, of which the theoretical molecular weight is
127.7 kDa.
In strain S-1/pBBR-nicAB, SP might be transformed by JY-Q_NicAB and result in
the accumulation of the theoretical product, HSP, because this strain lacks other
genes for NA degradation. Thus, a reaction mixture was prepared, using resting
cells with S-1/pBBR-nicAB and SP with a ﬁnal concentration of 1.0 mg/ml, to test
the function of JY-Q_NicAB. SP removal and HSP production were examined by liquid chromatography-mass spectrometry (LC-MS). Both SP (molecular ion at m/z
178.17 [M-H]2 and fragment ion at 134.17 [M-H]2; Fig. 7a) and HSP (molecular ion
at m/z 194.17 [M-H]2 and fragment ion at 150.17 [M-H]; Fig. 7b) were identiﬁed in
the reaction mixture. The JY-Q_NicAB expressed in strain S-1 could transform SP to
HSP (Fig. 7c). However, HSP could not be observed in the LC-MS spectra for strain
S-1/pBBR-ald2-2[Fe-S]. In conclusion, JY-Q_NicAB exhibited a role in SP transformation (Fig. 7d).
However, it is still necessary to test the function of JY-Q_NicAB for NA transformation into 6-hydroxynicotinic acid (6-HNA), which is the function of NicAB in strain
KT2440 (16, 18). Thus, resting cells of S-1/pBBR-nicAB were prepared and mixed with
NA at a ﬁnal concentration of 1.0 mg/ml in a reaction mixture. NA removal and 6-HNA
production were both detected by LC-MS (Fig. 7e and f). This result indicated that JYQ_NicAB could oxidize NA to 6-HNA.
Taken together, these results indicate that JY-Q_NicAB is a hydroxylase that could
oxidize SP and NA to HSP and 6-HNA, respectively. In other words, JY-Q_NicAB exhibited an additional role for the transformation of succinoyl-pyridine.
Interestingly, SpmABC is the exclusive determinant accounting for the conversion of
SP into HSP in some nicotine-degrading strains, such as S16 (4), while SpmABC in JY-Q
is not the exclusive determinant accounting for the conversion of SP into HSP, and JYQ_NicAB performs a more effective role in transforming SP than the two Spm modules.
In other words, the NA degradation pathway in JY-Q, as a whole, can be regarded as an
alternative/synergistic pathway for nicotine metabolism, in which sequential NicXDFE
might nonexclusively metabolize nicotine-related intermediates for energy production.
In addition, this newly found additional role of NicAB in strain JY-Q provides a ﬂexible
salvage mechanism for the strain, if Spm is impaired, to coordinate ﬁtness demand and
energy production.
DISCUSSION
In the past few decades, three nicotine degradation pathways have been determined in bacteria (4, 36, 37). Most strains of Pseudomonas were found to utilize the
March 2021 Volume 87 Issue 6 e02740-20
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FIG 6 Heterologous expression and SDS-PAGE examination of Ald-like proteins. (a) Tint changes for
liquid culture suspension of strain S-1 after ald1 and ald2 introduction. (b) SDS-PAGE of harvested
whole-cell proteins. S-1-expressed Ald1 is indicated by the red rectangle.

pyrrolidine pathway (7–9), whose regulatory molecular mechanisms have been illustrated in several publications (7, 14, 25, 38). The nicotine-degrading strain
Pseudomonas sp. JY-Q was isolated from tobacco waste aqueous extract (TWE),
which contains high concentrations of nicotine (above 15 g/liter) and glucose (150
g/liter) and is at a low pH (;4). This strain is tolerant and shows the ability to degrade a high content of nicotine, possibly through a special mechanism that has
prompted our investigation.
The remarkable ﬁnding is that there are two duplicated homologous gene clusters
for each of the up-, mid-, and downstream portions (namely, functional modules Nic1,
Spm, and Nic2) of the pyrrolidine pathway in JY-Q (3, 8). Although multiple copies of
some catabolism-related genes are common in eukaryotes, less is known about prokaryotes (29, 36, 37, 39, 40). Recently, there have been a few academic reports of duplicated genes contributing to pollutant catabolism, such as two homologous but not
identical nicotine-degrading gene clusters found in JY-Q (8) and the cooccurrence of
two dibutyl phthalate-degrading clusters in plasmid pQL1 of Arthrobacter sp. strain
ZJUTW (41).
It has also been shown that duplicated homologous gene clusters (or genes) exhibit
additive or synergistic effects in JY-Q. However, the homologous genes (clusters) in
duplicate Nic1, Spm, and Nic2 modules exhibit different levels of effectiveness that
might result from their sequence variants. This ﬁnding also highlights a new strategy to
improve nicotine degradation by introducing adaptability-related determinants and
March 2021 Volume 87 Issue 6 e02740-20
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FIG 7 JY-Q_NicAB could perform an alternative role in transforming SP into HSP. (a) SP standard chemicals identiﬁed by mass
spectrum (MS) technologies. (b) MS-detected HSP resulting from SP hydroxylation mediated by S-1/pBBR-nicAB. (c) SP elimination by S1/pBBR-nicAB (48-h sampling, indicated by red) compared to two controls (0-h sampling of S-1/pBBR-nicAB and S-1/pBBR, indicated by
blue), of which the absorption peak was examined by high-performance liquid chromatography (HPLC). (d) Proposed working model
of SP transformation to HSP by SpmABC and JY-Q_NicAB for SP utilization, and model of NA transformation to 6-HNA by JY-Q_NicAB.
The similar subunits of SpmABC and NicAB were indicated by matching colors. Mo-MCD, sulfurated molybdopterin cytosine
dinucleotide cofactor. E. coli uses molybdopterin guanine dinucleotide (MGD) instead of MCD as the Mo-Co. FAD, FAD binding domain;
2[Fe-S], iron-sulfur cluster. JY-Q_NicAB could transform NA into 6-HNA as well. (e) NA reduction and 6-HNA yield indicated functionality
of JY-Q_NicAB as a nicotinic acid hydroxylase. Red, control group; blue, treatment with S-1/pBBR-nicAB. (f) NA (black) and 6-HNA (blue)
spectra of LC-MS detected in the reaction mixture of NA and S-1/pBBR-nicAB resting cells.
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additional inducers/synergists into both homologous gene clusters, mimicking the
numerous successes described in previous publications (26, 42).
In our previous study, we illuminated two phenomena of interest, namely, (i) NA
degradation-related NicX (a homolog of Hpo belonging to Nic2) contributed to JY-Q
growth with nicotine, and (ii) in-frame deletion of two Spm resulted in a signiﬁcant
decrease in, but not a loss of, the ability to degrade nicotine. There may be a diversiﬁed
alternative strategy instead of the function of Spm.
First, we attempted to survey the substitute pathway for Spm through gene or protein sequence similarity identiﬁcation. SirA2 reportedly participates in the SP conversion by strain HZN6, and SirA2 in JY-Q is 76% identical to that in strain HZN6 (23). The
DsirA2 mutant strain of JY-Q lost the ability to grow on BSM plus nicotine, similarly to
HZN6 (23). However, it lost the ability to grow not only on BSM plus nicotine but also
on BSM containing glucose or glycerol as the only carbon source and with (NH4)2SO4 as
the sole nitrogen source (Fig. 3c). SirA2 in strain JY-Q or in HZN6 might play a role as
the sulfur transferase in SP metabolism. SirA2 was indirectly related to bacterial growth
in this study and might be an auxiliary factor or regulatory element facilitating SP transformation by a-position hydroxylation. In conclusion, SirA2 is certainly not a substitute
for Spm in JY-Q.
As a determinant of NA degradation in KT2440 (16), the NicB homolog showed a
low similarity (24% identity at the protein sequence scale) to SpmA in JY-Q.
However, the rearrangement architecture of NicAB subunits suggests its functional
similarity to SpmABC in JY-Q (Fig. 4a). Possible cooperation of SpmABC and NicAB for
JY-Q may allow the utilization of nicotine. In addition, the NA degradation pathway consists
of two functional modules, NicAB and NicCXDFE. NicAB can oxidize NA but not nicotine.
NicC seems not to be related to nicotine metabolism, because no homolog of NicC (6-HNA
monooxygenase) is found among nicotine catabolism enzymes, based on sequence similarity analysis. NicXDFE can mediate 2,5-DHP conversion to fumaric acids (16), whose function is highly similar to that of module Nic2 (5, 6).
In this study, when nicAB (ald1-2[Fe-S]) in JY-Q was deleted, the mutant did not
grow on BSM supplemented with nicotine as the sole carbon and nitrogen source but
could grow well on BSM supplemented with glucose or glycerol plus (NH4)2SO4 (Fig.
5c and d). These ﬁndings sufﬁciently illustrated the indispensable role of JY-Q_nicAB
in nicotine-related metabolism. VppA (27), Spm (4), and NicAB (16) can account for
a-position hydroxylation of the pyridine loop in VPP/pyrrolidine-related nicotine metabolism and NA degradation. However, strain KT2440 carrying an nicAB prototype
could not grow in minimal salt medium (MSM) supplemented with SP (23). NicB in JYQ is not completely the same (98.15% identity, 1,165/1,187 matching amino acids) as
NicB in KT2440 (18, 19), and the variability of 22 amino acid sites might contribute
to the changes in the compactness and ﬂexibility of NicAB in JY-Q, making it able to
accommodate the binding and reaction of SP, whose chemical structure is similar to
that of NA. However, the possible effect of architectural rearrangement of subunits in
NicB on enzyme function change will require further studies to clarify.
As shown in Fig. 4, NicAB consists of two components, (i) NicA (2[Fe-S]) for electron
recipient/transport and (ii) NicB (Ald1), a hydroxylase-like protein containing a redox
site formed by cofactor molybdopterin cytosine dinucleotide (MCD) and three CytC
(conserved cytochrome c) domains. Ald1 was found to encode the same domains but
with rearranged subunits compared to SpmABC. However, its architecture is identical
to the NicAB progenitor in KT2440. This sequence analysis also underlined the possibility of reorganization for the electron donor/recipient chain. Therefore, E. coli is an inappropriate host cell to perform the NicAB function, because it cannot synthesize this particular cofactor, MCD (26), to bind and thereby activate NicAB (33). In this study, we
thus selected another strain, P. putida S-1, to express nicAB, because S-1 is phylogenetically close to JY-Q but not able to metabolize NA. When nicAB was transferred into the
wild-type strain S-1, which is not capable of SP hydroxylation (veriﬁed by sequential LCMS assay for strain S-1 cultured with SP as the sole carbon and nitrogen source), the resultant S-1/pBBR-nicAB strain exhibited the ability to oxidize SP (Fig. 7), suggesting that
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Ald1 in JY-Q (with high identity to NicB in KT2440) has an expanded function for transformation of SP to HSP. Furthermore, Ald2 was found to be only 30% identical to, but
to have similar domain organization as, Ald1. No HSP production was observed for
strain S-1 bearing ald2-2[Fe-S]. This ﬁnding suggests that this difference might result
from Ald1 C-terminal extended CytC as the electron carrier and a number of variants
for amino acid residues between Ald1 and Ald2.
In short, the enzymes of the NA degradation pathway have an additional role in catalyzing nicotine-related chemicals, such as SP and 2,5-DHP, instead of the enzymes in
modules Spm and Nic2. This ﬁnding provides a novel insight into the association
between nicotine and NA degradation pathways. In strain JY-Q, the NA degradation
pathway seems able to assist the pyrrolidine pathway of nicotine degradation if its
Spm module is interrupted. It is also feasible that two homologous nicotine degradation gene clusters (nic1-spm-nic2) and one NA degradation gene cluster (nicABCXDFE)
in the JY-Q genome cooperate together for its adaptability in encountering the stress
of high nicotine concentrations in tobacco waste extract.
MATERIALS AND METHODS
Chemicals and media. Nicotine (99% purity) was purchased from Fluka Chemie GmbH (Buchs,
Switzerland), and related enzymes for DNA manipulation were purchased from TaKaRa Biotechnology
Co., Ltd. (Dalian, China). 3-Succinoyl-pyridine (SP) was purchased from Toronto Research Chemicals Inc.
(North York, ON, Canada). All other reagents and solvents were of analytical or chromatographic grade
and commercially available.
Luria-Bertani (LB) medium, basic salt medium (BSM), and phosphate-buffered saline (PBS) were
used in this study. Each liter of LB medium contained yeast extract, 5.00 g; tryptone, 10.00 g; and
NaCl, 10.00 g in 1 liter of double-distilled water (ddH2O). Each liter of BSM comprised Na2HPO4, 5.57
g; KH2PO4, 2.44 g; K2SO4, 1.00 g; MgCl2·6H2O, 0.20 g; MnCl2·4H2O, 0.40 mg; CaCl2, 1.00 mg; and
FeCl3·6H2O, 1.00 mg, with ddH2O added up to 1 liter. Nicotine (2.00 or 5.00 g/liter), 10.0 g/liter glycerol, or 4.0 g/liter glucose coupled with 1.00 g/liter (NH4)2SO4 was used as the sole carbon and nitrogen source; they were prepared as BSM plus carbon/nitrogen nutrient medium. PBS (1 liter, pH 7.4)
was prepared as follows: NaCl, 8.00 g; KCl, 0.20 g; Na2HPO4·12H2O, 3.58 g; and KH2PO4, 0.27 g, dissolved in 1 liter of ddH2O.
Strains, plasmids, and growth conditions. Strains and plasmids used in this study are listed in
Table 1. Escherichia coli strains were grown in LB medium at 37°C. Pseudomonas strains were grown at
30°C in LB or BSM with different carbon/nitrogen sources. Pseudomonas sp. JY-Q was previously isolated
from tobacco waste extract (TWE) and is capable of nicotine degradation. Notably, strain JY-Q has been
deposited in the China Center for Type Culture Collection (CCTCC no. M2013236), and its genome has
been archived in GenBank under accession number CP011525 (8). Pseudomonas putida S-1 was isolated
from activated sludge and is capable of malodorous 1-propanethiol degradation (34). E. coli WM3064
was involved in gene deletion and is the auxotroph for 2,6-diaminopimelic acid (2,6-DAP). It is of note
that 0.3 mM 2,6-DAP is essential for further DNA manipulation of strain WM3064 (3). In addition, kanamycin (50 m g/ml) and gentamicin (15 m g/ml) were added for transformant acquisition. Shaking at 180 rpm
was used for culturing if not otherwise speciﬁed (43).
RNA extraction and RT-qPCR. Gene transcriptional changes in Pseudomonas sp. JY-Q and its
mutants were compared in the presence or absence of nicotine. Total RNA was retrieved by using RNA
Isolator (Vazyme Biotech Co., Ltd., Nanjing), and the HiScriptII Q RT SuperMix qPCR kit (purchased from
Vazyme Biotech Co.) was used for reverse transcription. RT-qPCR analysis was performed using the
CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA) with ChamQ SYBR qPCR mastermix
(TaKaRa). The PCR program was customized as follows: 2 min for predenaturation at 95°C, followed by 40
cycles of 20 s for denaturation at 95°C, 20 s for primer annealing at 60°C, and 20 s for elongation at 72°C.
The transcriptional level of 16S rRNA was set as an internal reference. Primers used for RT-qPCR are summarized in Table 2.
Gene manipulation. DNA fragments were cloned from Pseudomonas sp. JY-Q by PCR. UF/UR and
DF/DR primers were designed to amplify up- and downstream fragments, respectively, for gene knockout, and F/R primers were assigned for heterologous expression (Table 2). DNA fragments, the suicide
plasmid pK18mobsacB, and plasmid pBBR1MCS5 were digested with two restriction enzymes and
ligated in vitro. The ligation products were then transferred into E. coli DH5a competent cells, and
transformant screening was conducted by appropriate antibiotic together with PCR veriﬁcation. In this
study, we used a double-crossover homologous recombination method to construct knockout
mutants. The ﬁdelity of recombination derivatives was selected with appropriate concentrations of
kanamycin and 15% sucrose, together with PCR and sequencing veriﬁcation.
For gene expression, pBBR1MCS5-ald1 or -ald2 was transferred into P. putida S-1 competent cells to
constitute the corresponding heterologous expression derivative by preparing electrocompetent cells.
Electroporation was performed at 200 X, 2,700 V, and 25 m F using the Gene Pulser Xcell (Bio-Rad
Laboratory, Hercules, CA).
Protein ectopic expression and SDS-PAGE detection. Pseudomonas putida S-1 and its derivatives
were grown at 30°C to an optical density at 600 nm (OD600) of ;0.6 and then incubated at 20°C for 16 h.
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TABLE 1 Strains and plasmids used in this study
Feature(s)a

Source

Host to replicate plasmids
Host strain for conjugation; auxotroph
Wild type, able to degrade nicotine
spm1 deleted in JY-Q
spm2 deleted in JY-Q
spm2 deleted from JY-Q Dspm1 strain
sirA2 deleted in JY-Q
ald1 (nicB) deleted in JY-Q
ald2 deleted in JY-Q
Wild type, unable to degrade NA
pBBR1MCS5 in S-1
pBBR1MCS5-nicAB in S-1
pBBR1MCS5-ald2 in S-1

TransGen
Lab stock
Lab stock
This study
This study
This study
This study
This study
This study
Lab stock
This study
This study
This study

Plasmids
pK18mobsacB
pK18mobsacB-spm1UD
pK18mobsacB-spm2UD
pK18mobsacB-sirA2UD
pK18mobsacB-ald1UD
pK18mobsacB-ald2UD
pBBR1MCS5
pBBR1MCS5-nicAB
pBBR1MCS5-ald2

Suicide vector, mob1, sacB, Kmr
pk18mobsacB with up- and downstream fragments of spm1
pk18mobsacB with up- and downstream fragments of spm2
pk18mobsacB with up- and downstream fragments of sirA2
pk18mobsacB with up- and downstream fragments of ald1
pk18mobsacB with up- and downstream fragments of ald2
Expression plasmid, Gmr
pBBR1MCS5 containing nicAB
pBBR1MCS5 containing ald2

Lab stock
This study
This study
This study
This study
This study
Lab stock
This study
This study

aKm,

kanamycin; Gm, gentamycin; r, resistance.

The cells were centrifuged at 8,000 rpm for 20 min and resuspended with 20 ml binding buffer. Then, the
suspension cells were crushed by ultrasonication, followed by centrifugation at 12,000 rpm and 4°C for
20 min to prepare crude enzyme solution. Protein samples (10 m l) were mixed with 10 m l loading buffer
and boiled for 10 min before performing SDS-PAGE. For SDS-PAGE, the stacking gel was comprised of
0.5 ml stacking buffer, 0.67 ml 30% acrylamide, 50 m l 10% ammonium persulfate, 50 m l 10% N,N,N9,N9-tetramethylethylenediamine (TEMED), and 2.7 ml ddH2O, and the separation gel was composed of 2.5 ml
separation buffer, 4 ml 30% acrylamide, 0.1 ml SDS, 0.1 ml 10% ammonium persulfate, 50 m l 10% TEMED,
and 3.3 ml ddH2O.
Analytical methods to determine nicotine metabolism characteristics. The growth proﬁle and
degradation ability of the wild type and gene knockout mutants were examined in BSM with nicotine.
Strains were activated in LB medium and recultured to the logarithmic phase by monitoring OD600
using a UV-2550 spectrophotometer; a 2% (vol/vol) inoculation amount was used for 100 ml BSM plus
nicotine. OD600 was detected every 6 h, and supernatant was harvested to determine residual nicotine
concentration. The concentration of residual nicotine was determined by using high-performance liquid chromatography (HPLC) (1260 series; Agilent), then recording and comparing the sample peak
areas and retention times. For HPLC analysis, samples were centrifuged at 12,000 rpm and 4°C for
15 min and harvested through a 0.22-m m ﬁlter. An Agilent SB-C18 column was involved in the HPLCdriven system, and the detector wavelength was set as 254 nm. The mobile phase was composed of
methanol and 0.1 M KH2PO4 (pH 3.0), with a volumetric ratio of 10:90 (vol/vol), of which the ﬂow rate
was 1 ml/min. The retention time of nicotine is about 2.3 min according to the standard chemical information. All experiments were conducted in at least triplicate replicates, and the noninoculated BSM
was taken as the negative control.
Intermetabolite identiﬁcation of SP and NA using LC-MS detection methods. Resting cells of P.
putida S-1 and its derivatives were used in this experiment to determine whether JY-Q_NicAB could
transform SP or NA. Strains were activated and recultured to the logarithmic phase, then centrifuged
at 5,000 rpm for 5 min and washed three times with PBS. Finally, they were resuspended with PBS to an
identical optical density and treated overnight at 4°C to prepare resting cells. The ﬁnal prepared concentration of NA was 1 mg/ml. SP was dissolved in methanol and added into the resting cells to a ﬁnal
concentration of 1 mg/ml. The reaction mixture was incubated at 180 rpm and 30°C for 2 days. Samples
obtained after the reaction were treated with lysozyme for 30 min at 37°C, then centrifuged at
12,000 rpm for 15 min and harvested through a 0.22-m m ﬁlter for subsequent LC-MS analysis. The intermediate metabolites were characterized with the LCQ Deca XP Plus LC-MS instrument (Thermo).
Parallel samples were ionized by the electrospray circuiting positive polarity. The analysis parameters
were set as the manufacturer recommended, and the mobile phase was prepared using a methanolH2O mixture (10:90, vol/vol) supplemented with 8 mM formic acid (23).
Statistical and bioinformatic methods. Statistical analysis was conducted with the GraphPad 6.0
program. One-way analysis of variance (ANOVA) was performed to detect statistical signiﬁcance (*,
March 2021 Volume 87 Issue 6 e02740-20

aem.asm.org

14

Downloaded from http://aem.asm.org/ on March 1, 2021 at Rensselaer Libraries

Strain or plasmid
Strains
E. coli DH5a
E. coli WM3064
Pseudomonas sp. strain JY-Q
Dspm1
Dspm2
Dspm1 Dspm2
DsirA2
Dald1 (DnicB)
Dald2
Pseudomonas putida S-1
S-1/pBBR
S-1/pBBR-nicAB
S-1/pBBR-ald2
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TABLE 2 Primers for RT-qPCR and gene knockout
Sequences (59–39)b

Product
length (bp)

CACACTGGAACTGAGACACG, TGCTTTACAATCCGAAGACC
AACGTGCCCAGTTTCCGTA, TGACTCAGGCAATCACCAGT
ACACCACCATGGAAACCGAA, CGGCTGGAATGGAAGGTGAA
GGCGAAAGTGCGGAAGTCG, ACTGCTCAAGGCCAAGATGGA
TGCTGGCGGTGGATGAAT, CTTGCCTGTGAATGGCTTCC
CAGCCAGTTTCGCTGGATT, TCTTCGTTGCGCAGGCT

127
122
106
103
155
168

Primers for gene knockout
spm1-UF, spm1-UR
spm1-DF, spm1-DR
spm2-UF, spm2-UR
spm2-DF, spm2-DR
sirA2-UF, sirA2-UR
sirA2-DF, sirA2-DR
ald1-UF, ald1-UR
ald1-DF, ald1-DR
ald2-UF, ald2-UR
ald2-DF, ald2-DR

ctatgacatgattacgaattcGCAACTGCGATGACAAGGCT, tttagcccagCCAATCTCTGTAGATTTTATGGAAGATT
cagagattggCTGGGCTAAATCTCCTGCAATG, caggtcgactctagaggatccGGGCGTGATTTCGTAGAGCG
ctatgacatgattacgaattcACAACTCTTTGCGGGTCTGC, cagcattgcaTTGCGCAAGACTCAAAGCCA
tcttgcgcaaTGCAATGCTGGTCCTTAACGT, caggtcgactctagaggatccGAGCGAAACCTTGGAGCAATC
gagctcggtacccggggatccGCATCAAGTCGCACGAGAACT, ctgcgGTCTTTTCCAAGGATCGTCAATG
atccttggaaaagacCGCAGGGTCTCCAAAGGC, acgacggccagtgccaagcttGGTTACGGGTGTCGGCAAT
gagctcggtacccggggatccGCTACCGTATTCGCGGGTAA, tgagccGGCTTTCTCCGGGTCTCG
acccggagaaagccGGCTCAGCGGCGCAAGCC, acgacggccagtgccaagcttTGGCAGTGTTGGCTATCTGGC
gagctcggtacccggggatccTGGCTTCGAGACGGAGATTG, ttgtgcgaTCAGGCTTGCTCCCCCTG
agcaagcctgaTCGCACAAGGGACGCCTC, acgacggccagtgccaagcttCTGTCATCCAGCGCCTTTTC

459
524
450
532
1,383
873
724
682
771
695

Veriﬁcation primers for gene
knockout
yz-spm1-F, yz-spm1-R
yz-spm2-F, yz-spm2-R
yz-sirA2-F, yz-sirA2-R
yz-ald1-F, yz-ald1-R
yz-ald2-F, yz-ald2-R

CCGCCCTTTAGGTGCAATTT, TTTCAGGTCGCACTCCCGAA
CCGTTCATCCCTAGCACCTC, AAAGATGCCACGCCTCCAAT
CAGCAGGTGGTGGTGTACTT, CGATTTGCGCCAGGTTGTAG
ATTTCCACCGGCCGTTCA, AACGCACCTGTCCGATAACC
ATGTCTTCGGGCAGTTCGAC, TAGCGATTCGGCCTGGTATT

1,408
1,615
2,674
1,947
1,999

gtcgacggtatcgataagcttgaATGCAAACAACCGTCTCCCTG, cgctctagaactagtggatccTCAGTGGCTGCC
AGGGTTG
gtcgacggtatcgataagcttgaATGGAACTACGCATCAACCAGAA, cgctctagaactagtggatccTCAGCTGAAG
GTGTGGCGG
GTGTGGTCAGGTACGCAGAA, TGGTGGACTGGATGACGTTG

4,034

Primers for gene expression
nicAB-CF, nicAB-CR
ald2-CF, ald2-CR
nicAB-yzF, nicAB-yzR
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Primer paira
Primers for RT-qPCR
16S-F, 16S-R
qspmA1-F, qspmA1-R
qspmA2-F, qspmA2-R
qsirA2-F, qsirA2-R
qald1-F, qald1-R
qald2-F, qald2-R

2,711
889

aPrimer

designations are based on the Pseudomonas sp. strain JY-Q genome (GenBank accession number CP011525).
bUnderlined nucleotide abbreviations indicate restriction cleavage sites, and lowercase nucleotide abbreviations indicate homologous segments for plasmid-bearing
sequences.

P , 0.05; **, P , 0.01; ***, P , 0.001). All data are shown as the mean plus or minus standard error (SE),
with triplicate independent experiments. Sequence alignments were conducted using MUSCLE (44) and
BLASTp (45).
Data availability. The genome sequence of Pseudomonas sp. JY-Q has been archived in GenBank
under accession number CP011525.
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