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ABSTRACT Picolinic acid (PA) is a natural toxic pyridine derivative. Microorganisms can
degrade and utilize PA for growth. However, the full catabolic pathway of PA and its
physiological and genetic foundation remain unknown. In this study, we identified a
gene cluster, designated picRCEDFB4B3B2B1A1A2A3, responsible for the degradation of
PA from Alcaligenes faecalis JQ135. Our results suggest that PA degradation pathway oc-
curs as follows: PA was initially 6-hydroxylated to 6-hydroxypicolinic acid (6HPA) by PicA
(a PA dehydrogenase). 6HPA was then 3-hydroxylated by PicB, a four-component 6HPA
monooxygenase, to form 3,6-dihydroxypicolinic acid (3,6DHPA), which was then con-
verted into 2,5-dihydroxypyridine (2,5DHP) by the decarboxylase PicC. 2,5DHP was fur-
ther degraded to fumaric acid through PicD (2,5DHP 5,6-dioxygenase), PicE (N-formyl-
maleamic acid deformylase), PicF (maleamic acid amidohydrolase), and PicG (maleic acid
isomerase). Homologous pic gene clusters with diverse organizations were found to be
widely distributed in Alpha-, Beta-, and Gammaproteobacteria. Our findings provide new
insights into the microbial catabolism of environmental toxic pyridine derivatives.

IMPORTANCE Picolinic acid is a common metabolite of L-tryptophan and some aro-
matic compounds and is an important intermediate in organic chemical synthesis.
Although the microbial degradation/detoxification of picolinic acid has been studied
for over 50 years, the underlying molecular mechanisms are still unknown. Here, we
show that the pic gene cluster is responsible for the complete degradation of pico-
linic acid. The pic gene cluster was found to be widespread in other Alpha-, Beta-,
and Gammaproteobacteria. These findings provide a new perspective for understand-
ing the catabolic mechanisms of picolinic acid in bacteria.

KEYWORDS Alcaligenes faecalis, bacterial degradation, pathway, pic gene cluster,
picolinic acid

Picolinic acid (PA) is a dead-end metabolite of L-tryptophan via the kynurenine
pathway in humans and other mammals (1, 2). It is often detected in various

biological media, such as cell culture supernatants, serum, and human milk (3). PA can
also be produced through other biological processes, such as the microbial degrada-
tion of 2-aminophenol, nitrobenzene, catechol, anthranilic acid, and 3-hydroxy-
anthranilic acid (4–7) (see Fig. S1 in the supplemental material). Furthermore, PA is an
important intermediate in the organic synthesis of pharmaceuticals (e.g., carbocaine),
herbicides (e.g., picloram and diquat), and fungicides (e.g., 3-trifluoromethyl picolinic
acid) (8, 9). Due to its chelating properties, PA has also been added to chromium and
iron preparations to treat diabetes and anemia (10, 11). Nevertheless, many studies
have shown that PA is highly toxic to organisms. PA inhibits the growth of normal rat
kidney cells and the proliferation of T cells, enhances seizure activity in mice, and
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induces cell death via apoptosis (12–14). In particular, PA showed high antimicrobial
activity at concentrations as low as 8 �g/liter (15–17).

PA cannot be metabolized in the human body and is excreted through urine or sweat
(18). Nevertheless, many microorganisms, such as Alcaligenes (19), Arthrobacter (20), Burk-
holderia (21), and Streptomyces (22), and an unidentified Gram-negative bacterium (desig-
nated the UGN strain) were shown to degrade PA (23). Through identification of metabo-
lites, a bacterial degradation pathway for PA was proposed (Fig. 1): PA is 6-hydroxylated
to 6-hydroxypicolinic acid (6HPA), which is 3-hydroxylated to 3,6-dihydroxypicolinic acid
(3,6DHPA), which is further decarboxylated to 2,5-dihydroxypyridine (2,5DHP), a central
degradation intermediate of many pyridine derivatives (24, 25). However, little is known
about this catabolic pathway at genetic level.

In our previous studies, the bacterial strain Alcaligenes faecalis JQ135 was isolated
from municipal wastewater and was shown to efficiently degrade and utilize PA (26,
27). A mutant of strain JQ135 that was unable to grow on PA was screened through
random transposon mutagenesis (28). Bioinformatic analysis indicated that the trans-
poson was inserted into a gene designated picC. PicC was found to be a decarboxylase
that catalyzes the decarboxylation of 3,6DHPA to 2,5DHP, which is the third step in PA
degradation (28). However, the complete catabolic pathway of PA and its underlying
genetic foundation are still unknown. In this study, we found that picC is located within
the pic gene cluster (Fig. 1), and the function of each gene in this cluster was identified
via in vitro enzymatic assays and gene disruption. In addition, the distribution and
organization of pic clusters in other bacteria were also investigated.

RESULTS AND DISCUSSION
Identification of a gene cluster involved in PA degradation. Previous studies

have shown that the 3,6DHPA decarboxylase PicC was involved in PA metabolism (28).
In this study, we investigated the genes located upstream and downstream of picC
through bioinformatic analysis. The results showed that picC was located in a gene
cluster (designated pic) (Fig. 1), consisting of 12 genes, including a putative regulatory

FIG 1 PA degradation in A. faecalis JQ135. (A) The proposed PA catabolic pathway and corresponding enzymes. (B) Genetic organization of the pic gene
cluster. Genes are annotated according to the color scheme in panel A. (C and D) Agarose gel electrophoresis of RT-PCR products generated using RNA
of A. faecalis JQ135 cells grown with PA (C) or citrate (D). Lane M, DNA marker; lane 16S, positive control. Lanes 1 to 13 correspond to the regions marked
in panel B.
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gene picR and 11 putative catabolic genes (picA1, picA2, picA3, picB1, picB2, picB3, picB4,
picC, picE, picD, and picF). The predicted functions of these genes are summarized in
Table 1. Reverse transcription-PCR (RT-PCR) analysis showed that all of the pic genes
were induced by PA but not by citrate (Fig. 1). The above results strongly suggested
that the pic cluster was involved in PA catabolism in A. faecalis JQ135.

The picA1A2A3 genes encode the PA dehydrogenase (PicA). Previous studies
have reported that PA was initially 6-hydroxylated to 6HPA (19, 23, 27, 29). The
hydroxylation of N-heterocyclic aromatic compounds is usually catalyzed by multicom-
ponent molybdopterin-containing dehydrogenases (30, 31). In the pic gene cluster, the
picA1, picA2, and picA3 gene products showed the highest similarities (�40%) to the
respective subunits of three-component molybdopterin-containing dehydrogenases,
such as the carbon monoxide dehydrogenase and caffeine dehydrogenase (Table 1).
PicA1 and PicA2 were predicted to contain binding domains for the molybdopterin
cytosine dinucleotide (MCD) and flavin adenine dinucleotide (FAD), respectively, and
PicA3 contained two predicted [Fe-S] clusters (Fig. 2). Thus, picA1, picA2, and picA3 were
predicted to encode a three-component molybdopterin-containing dehydrogenase
that catalyzes the initial step in the PA catabolic pathway. When picA1A2A3 were
deleted, the resulting mutant JQ135 ΔpicA1A2A3 lost the ability to grow on PA but
could still grow on 6HPA (see Fig. S2 in the supplemental material). The complemented
strain JQ135 ΔpicA1A2A3/pBBR-picA1A2A3 regained the ability to grow on PA. More-
over, the picA1A2A3 genes were then cloned into pBBR1MCS-5 (pBB-picA1A2A3) and
transferred into Pseudomonas putida KT2440, which does not degrade PA, 6HPA, and
3,6DHPA (30). High-performance liquid chromatography (HPLC) results showed that the
recombinant KT/pBBR-picA1A2A3 strain acquired the ability to convert 1 mM PA into
approximately equivalent amounts of 6HPA (Fig. 3). Liquid chromatography-time of
flight mass spectrometry (LC/TOF-MS) analysis also showed that the product was 6HPA
{the molecular ion peak ([M�H]�) 140.0345}. When lacking one component, the
recombinants KT/pBBR-picA2A3 and KT/pBBR-picA1A2 did not show the conversion
ability (data not shown), indicating that all of the three components were essential.

To investigate the PA dehydrogenase activity of KT/pBBR-picA1A2A3, the recombi-
nant strain was cultured in mineral salts medium (MSM) containing 1.0 mM citrate and
1.0 mM PA for 12 h, and the cell lysate of KT/pBBR-picA1A2A3 was tested for PA
dehydrogenase activity with phenazine methosulfate (PMS) as an electron acceptor.
The Km value for PA at pH 7.0 and 25°C was 0.65 � 0.14 �M, and the Vmax was
44.89 � 2.45 mU/mg (Fig. S3). No PA dehydrogenase activity was detected under
anaerobic conditions, which was similar to results for the nicotinate hydroxylase (NicAB)
in P. putida KT2440 (30). All of these results demonstrated that the picA1A2A3 genes are
responsible for the hydroxylation of PA to 6HPA in A. faecalis JQ135.

The picB1B2B3B4 genes encode a four-component 6HPA monooxygenase
(PicB). The second step in PA catabolism is predicted to be the 3-hydroxylation of 6HPA

TABLE 1 The pic genes and assigned functions in Alcaligenes faecalis JQ135

Gene (locus tag)
Product
(aa)a Assigned function

Sequence
identity (%) Homologous protein in UniProtKB/SwissProt (accession no.)

picR (AFA_15150) 186 MarR-type negative regulator PicR 33 MexR (P52003)
picC (AFA_15145) 323 3,6DHPA decarboxylase 37 2,3-Dihydroxybenzoate decarboxylase (P80402)
picE (AFA_15140) 274 N-Formylmaleamic acid deformylase 60 NFM deformylase (Q88FY3)
picD (AFA_15135) 350 2,5DHP 5,6-dioxygenase 55 2,5-DHP dioxygenase (Q88FY1)
picF (AFA_15130) 216 Maleamic acid amidohydrolase 43 Maleamic acid amidohydrolase (Q88FY5)
picB4 (AFA_15125) 172 6HPA monooxygenase subunit IV 35 Anthranilate 1,2-dioxygenase small subunit (Q84BZ2)
picB3 (AFA_15120) 429 6HPA monooxygenase subunit III 45 Salicylate 5-hydroxylase, oxygenase large subunit (O52379)
picB2 (AFA_15115) 425 6HPA monooxygenase subunit II 36 Benzene 1,2-dioxygenase ferredoxin reductase (B1LNJ8)
picB1 (AFA_15110) 104 6HPA monooxygenase subunit I 46 Naphthalene 1,2-dioxygenase ferredoxin (Q51493)
picA1 (AFA_15100) 800 PA dehydrogenase large subunit 39 Caffeine dehydrogenase large subunit (D7REY3)
picA2 (AFA_15095) 278 PA dehydrogenase small subunit 33 Carbon monoxide dehydrogenase medium chain (P19914)
picA3 (AFA_15090) 395 PA dehydrogenase medium subunit 46 Carbon monoxide dehydrogenase small chain (P19915)
picG (AFA_16520) 253 Maleic acid cis-trans isomerase 99 Maleic acid isomerase (O24766)
aaa, amino acid.
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FIG 2 Bioinformatic analysis of PicA. (A) Molecular architecture of several multicomponent molybdenum-containing hydroxylases. Subunits I, II, and III
are molybdopterin cytosine dinucleotide (MCD)-, FAD-, and two [Fe-S] cluster-containing components, respectively. SpmABC (GenBank accession numbers
AEJ14617 and AEJ14616), 3-succinoylpyridine dehydrogenase from P. putida; CDHABC (D7REY3, D7REY4, and D7REY5), caffeine dehydrogenase from Pseudomo-
nas sp. strain CBB1; NDHLMS (CAA53088, CAA53087, and CAA53086), nicotine dehydrogenase from Arthrobacter nicotinovorans; KDHLMS (WP_016359451,
WP_016359456, and WP_016359457), ketone dehydrogenase from A. nicotinovorans; CODHLMS (P19913, P19914, and P19915), carbon monoxide dehydrogenase
from Hydrogenophaga pseudoflava; XDHABC (Q46799, Q46800, and Q46801), xanthine dehydrogenase from E. coli; QoxLMS (CAD61045, CAD61046, and
CAD61047), quinaldine 4-oxidase from Arthrobacter ilicis. The letters depicted below the proteins indicate the subunit names of the corresponding proteins. The
conserved domains are as follows: MPT, domain for binding to the molybdopterin cytosine dinucleotide cofactor (MoCo); FAD, FAD-binding domain; [FeS],
ferredoxin-like [2Fe-2S]-binding domain; SRPBCC, SRPBCC ligand-binding domain. (B) Phylogenetic analysis of PicA and related molybdenum-containing
hydroxylases: PicA1 and the Moco binding subunit of other enzymes (a); PicA2 and the FAD binding subunit of other enzymes (b); PicA3 and the [2Fe-2S]
binding subunit of other enzymes (c). The phylogenetic trees were constructed by using the neighbor-joining method (with a bootstrap of 1,000) with software
MEGA, version 6.0. The bar represents the number of amino acid substitutions per site.
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to 3,6DHPA (23). BLAST homology searches against the NCBI database showed that
picB1, picB2, picB3, and picB4 had high levels of identity (35% to 45%) at the amino acid
level with the respective components of four-component Rieske non-heme iron aro-
matic ring-hydroxylating oxygenases (RHOs) (Table 1; Fig. 4). RHOs are usually involved
in the hydroxylation of aromatic compounds (32–34). Therefore, the genes picB1B2B3B4
were predicted to encode a four-component RHO catalyzing the 3-hydroxylation of
6HPA to 3,6DHPA. The picB1B2B3B4 genes were deleted from the genome of A. faecalis
JQ135, and the resulting mutant JQ135 ΔpicB1B2B3B4 lost the ability to grow on PA or
6HPA but could still grow on 3,6DHPA (Fig. S4). The complemented strain JQ135
ΔpicB1B2B3B4/pBBR-picB1B2B3B4 regained the ability to grown on PA and 6HPA. The
picB1B2B3B4 genes were cloned into pBBR1MCS-5 and transferred into P. putida

FIG 3 Conversion of PA into 6HPA by recombinant strain KT/pBBR-picA1A2A3. (A) The time course of PA degradation and 6HPA accumulation. Filled symbols,
PA degradation by KT2440 (Œ) and KT/pBBR-picA1A2A3 (�); open symbols, product 6HPA by KT2440 (o) and KT/pBBR-picA1A2A3 (e). (B) HPLC profiles of PA
degradation and 6HPA accumulation by the KT/pBBR-picA1A2A3 strain. The detection wavelength was set at 280 nm. (C) LC/TOF-MS profile of the
transformation product 6HPA. AU, arbitrary units.

FIG 4 Genetic organizations of the PicB-encoding genes compared with similar Rieske non-heme iron aromatic ring-hydroxylating
oxygenase genes (A) and the corresponding enzyme reactions (B). The arrows in panel A indicate the size and direction of each gene.
Homologous genes are shown in the same color. Fd, ferredoxin; Red, reductase; OL, oxygenase large component; OS, oxygenase small
component. Double vertical gray lines indicate discontinuous genes. Numbers below the arrows indicate the percent amino acid sequence
identity with the ortholog picB gene product. BphA1A2A3A4 (GenBank accession numbers Q53122, Q53123, Q53124, and Q0S032),
biphenyl 2,3-dioxygenase from Rhodococcus jostii; HcaA1A2CD (P0ABR5, Q47140, P0ABW0, and P77650), 3-phenylpropionate dioxygenase
from E. coli; AndAaAbAcAd (Q84BZ0, Q84BZ1, Q84BZ3, and Q84BZ2), anthranilate 1,2-dioxygenase from Burkholderia cepacia; NagAaGHAb
(O52378, O52379, O52380, and O52381), salicylate 5-hydroxylase from Ralstonia sp.; CmtAaAbAcAd (Q51973, Q51974, Q51975, and
Q51978), p-cumate 2,3-dioxygenase from Pseudomonas putida.

Catabolism of Picolinic Acid in Alcaligenes faecalis Journal of Bacteriology

August 2019 Volume 201 Issue 16 e00077-19 jb.asm.org 5

https://www.ncbi.nlm.nih.gov/protein/Q53122
https://www.ncbi.nlm.nih.gov/protein/Q53123
https://www.ncbi.nlm.nih.gov/protein/Q53124
https://www.ncbi.nlm.nih.gov/protein/Q0S032
https://www.ncbi.nlm.nih.gov/protein/P0ABR5
https://www.ncbi.nlm.nih.gov/protein/Q47140
https://www.ncbi.nlm.nih.gov/protein/P0ABW0
https://www.ncbi.nlm.nih.gov/protein/P77650
https://www.ncbi.nlm.nih.gov/protein/Q84BZ0
https://www.ncbi.nlm.nih.gov/protein/Q84BZ1
https://www.ncbi.nlm.nih.gov/protein/Q84BZ3
https://www.ncbi.nlm.nih.gov/protein/Q84BZ2
https://www.ncbi.nlm.nih.gov/protein/O52378
https://www.ncbi.nlm.nih.gov/protein/O52379
https://www.ncbi.nlm.nih.gov/protein/O52380
https://www.ncbi.nlm.nih.gov/protein/O52381
https://www.ncbi.nlm.nih.gov/protein/Q51973
https://www.ncbi.nlm.nih.gov/protein/Q51974
https://www.ncbi.nlm.nih.gov/protein/Q51975
https://www.ncbi.nlm.nih.gov/protein/Q51978
https://jb.asm.org


KT2440. HPLC analysis showed that the recombinant KT/pBBR-picB1B2B3B4 strain could
degrade 6HPA with the appearance of one new peak in the HPLC chromatogram (Fig.
5). LC/TOF-MS analysis showed that this peak corresponded to 3,6DHPA [with a
molecular ion peak ([M�H]�) at 156.0295]. After degradation for 24 h, 0.75 mM 6HPA
was depleted, and an approximately equal molar concentration of 3,6DHPA accumu-
lated. Moreover, the recombinants KT/pBBR-picB2B3B4 and KT/pBBR-picB1B2B3 could
not convert 6HPA (data not shown), suggesting that all four of these components were
essential. These results indicated that the picB1B2B3B4 genes encode a four-component
RHO-type monooxygenase responsible for the conversion of 6HPA into 3,6DHPA in A.
faecalis JQ135.

Interestingly, cell lysates of KT/pBBR-picB1B2B3B4 grown in the presence of 6HPA
were unable to convert 6HPA even though several cofactors (e.g., FAD, flavin mono-
nucleotide [FMN], NADH, or NADPH) were added. Previous studies have attempted to
purify the 6HPA monooxygenase from cell lysates of Arthrobacter picolinophilus DSM
20665 and the UGN strain; however, these studies were also unable to detect the PicB
activity (23, 35). These results suggested that the PicB was unstable and readily lost
activity.

PicDEF and PicG (MaiA) convert 2,5DHP into fumaric acid. Our previous study
demonstrated that 3,6DHPA was converted to 2,5DHP by PicC in A. faecalis JQ135 (28).
2,5DHP is a central intermediate of many pyridine derivatives, including nicotinate (30),
nicotine (36), 2-hydroxy-pyridine (24), and 5-hydroxypicolinic acid (26). Bacterial catab-
olism of 2,5DHP has been previously studied, and two 2,5DHP catabolic pathways have
been reported: the hydroxylation and maleamate pathways. In the hydroxylation
pathway, 2,5DHP is hydroxylated to 2,3,6-trihydroxypyridine, which spontaneously
converts to a blue pigment (25). In the maleamate pathway, however, 2,5DHP is cleaved
to N-formylmaleamic acid (NFM) by a dioxygenase, and NFM is then converted by a
deformylase to maleamic acid, which is further deaminated by an amidohydrolase to
maleic acid (24, 25, 30, 36, 37). Previous studies have shown that the four enzymes
involved in this pathway are highly conserved (Fig. S5). In the pic gene cluster, three
genes, picD, picE, and picF, are located downstream of picC (Fig. 1). PicD, PicE, and PicF
show high similarities (40 to 60%) to 2,5DHP 5,6-dioxygenase, NFM deformylase, and
maleamic acid amidohydrolase, respectively (Table 1; Fig. S5). This strongly implies that
2,5DHP is degraded via the maleamate pathway in A. faecalis JQ135. We overexpressed
PicD in Escherichia coli BL21(DE3), and SDS-PAGE analysis showed an intense band at
the predicted size of 6�His-tagged PicD (38 kDa) (Fig. S6). Purified PicD was able to
convert 2,5DHP (Fig. S6), as measured spectrophotometrically by a decrease in absor-
bance at 320 nm (36, 37). No blue pigment accumulated in the enzymatic reaction,
further suggesting that 2,5DHP was degraded via the maleamate pathway and not the
hydroxylation pathway. Unfortunately, the expected product (NFM) was not detected,
which might be due to the instability of NFM. PicD had a Km value of 65.72 � 6.27 �M
and showed no activity without the addition of Fe2� (Fig. S6), which resembles

FIG 5 Conversion of 6HPA into 3,6DHPA by recombinant strain KT/pBBR-picB1B2B3B4. (A) The time course of 6HPA degradation and 3,6DHPA accumulation.
Filled symbols, 6HPA degradation by KT2440 (�) and KT/pBBR-picB1B2B3B4 (}); open symbols, transformation product 3,6DHPA by KT2440 (Œ) and
KT/pBBR-picB1B2B3B4 ({). (B) HPLC profiles of 6HPA degradation and 3,6DHPA accumulation by the KT/pBBR-picB1B2B3B4 strain. The detection wavelength
was set at 310 nm. (C) LC/TOF-MS profile of the transformation product 3,6DHPA.
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previous reports of other 2,5DHP dioxygenases (30, 36, 37). To further investigate the
function of the picEDF genes, a DNA fragment containing picEDF was cloned into
Sphingomonas wittichii DC-6, which cannot degrade 2,5DHP (Fig. S7) (38). Recombinant
DC-6/pBBR-picEDF acquired the ability to convert 2,5DHP to maleic acid (Fig. S8);
however, the recombinant strain could not utilize 2,5DHP as a carbon source for growth
(Fig. S7), which might be due to its inability to further degrade maleic acid to fumaric
acid. These results further confirmed that the picEDF genes were responsible for
conversion of 2,5DHP to maleic acid.

Maleic acid can be isomerized into fumaric acid, an intermediate of the Krebs cycle.
However, the pic cluster lacks an isomerase-encoding gene. Bioinformatic analysis
revealed that the gene AFA_16520 (maiA, also named picG in this study) in the genome
of A. faecalis JQ135, which is physically separated from the pic cluster, shares 99%
similarity at the amino acid level with a maleic acid cis-trans isomerase MaiA from A.
faecalis IFO13111 (39). Our previous study showed that PicG was essential for the
utilization of PA, nicotinic acid, and 5-hydroxypicolinic acid (26). To further investigate
the function of picG, this gene was deleted from A. faecalis JQ135, resulting in the
mutant JQ135 ΔpicG. The mutant strain could still degrade 2,5DHP but lost the ability
to utilize the substrate for growth and accumulated maleic acid in the culture (Fig. S8).
This result indicated that PicG was responsible for the isomerization of maleic acid to
fumaric acid. Furthermore, a DNA fragment containing the picEDFG genes was cloned
into Sphingomonas wittichii DC-6. Recombinant DC-6/pBBR-picEDFG acquired the ability
to utilize 2,5DHP for growth (Fig. S7). These results confirmed that PicDEF and PicG
(MaiA) are responsible for the conversion of 2,5DHP to fumaric acid.

Diversity of pic genes in other bacteria. Six complete genome sequences of A.

faecalis strains (ZD02, P156, DSM 30030, J481, FDAARGOS_491, and BDB4) are available
in NCBI, and pic gene clusters were identified in all of these genomes (Fig. 6; Table S1).
Orthologous pic gene clusters were also found in other Alpha-, Beta-, and Gammapro-
teobacteria (21 genera and over 160 strains) (Table S1). Most of these strains belong to
the order Burkholderiales of the class Betaproteobacteria, including the following gen-
era: Achromobacter, Alcaligenes, Advenella, Bordetella, Burkholderia, Caballeronia, Cupria-
vidus, Pandoraea, Paraburkholderia, Polaromonas, Pseudacidovorax, Pusillimonas, Ralsto-
nia, and Variovorax. Interestingly, some of these strains are toxic-compound degraders
(e.g., Achromobacter xylosoxidans A8 and Variovorax sp. strain JS1663 (40, 41), human
pathogens (e.g., Bordetella pertussis Tohama I and Bordetella bronchiseptica RB50) (42),
and nematicidal bacteria (e.g., A. faecalis ZD02) (43), whereas other strains represent
typical soil bacteria (e.g., Pseudomonas), plant rhizosphere-associated bacteria (e.g.,
Bradyrhizobium), arctic bacteria (Octadecabacter arcticus 238) (44), and Antarctic bac-
teria (Hoeflea sp. strain IMCC20628) (45).) Three of predicted degraders listed in Table
S1 (A. faecalis ATCC 8750, Cupriavidus pinatubonensis JMP134 [46], and Pusillimonas sp.
strain T2) were tested for their abilities to utilize PA. The results confirmed that these
threes strains could utilize PA as a sole carbon source (Fig. S9). Previous reports also showed
that bacteria in the Aerococcus, Arthrobacter, and Streptomyces genera could degrade PA
(20, 22, 29). However, no orthologues of the A. faecalis pic genes were found in these
bacteria, suggesting that other new and unknown catabolic genes may exist.

The genetic organization of the pic gene clusters in these bacteria was highly diverse
(Fig. 6). The picA genes usually adjoin picB genes, except in Cupriavidus strains. In most
genera, picG was located between picC and picE. However, in Alcaligenes, Pusillimonas,
and some Achromobacter strains, picG was located at a site distant from the pic gene
cluster. In �eta- and Gammaproteobacteria, PicB consists of four components. Interest-
ingly, in Alphaproteobacteria, including the Bradyrhizobium, Hoeflea, and Octadecabac-
ter genera, PicB consists of two components in which the large subunit PicB123 appears
to be a fusion of PicB1, PicB2, and PicB3 (Fig. S10).

Conclusions. PA is generated through cell metabolism or synthesized artificially in
industry and is thus ubiquitous in the environment. The degradation and detoxification
of PA by microorganisms have been studied for more than 50 years (29). This study
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revealed that the pic gene cluster is responsible for the complete degradation of PA.
PicA initially 6-hydroxylates PA to 6HPA, and then PicB 3-hydroxylates 6HPA to
3,6DHPA, which is then decarboxylated to 2,5DHP by PicC. 2,5DHP is further converted
to fumaric acid via the maleamate pathway by the catalysis of PicD, PicE, PicF, and PicG.
The genetic functions of picA and picB genes are reported here for the first time. In
addition, the findings of homologous pic gene clusters in other Alpha-, Beta-, and
Gammaproteobacteria help us understand the growth, competition, and environmental
adaptability of bacteria in nature.

MATERIALS AND METHODS
Chemicals. PA, 6HPA, and 2,5DHP were purchased from J&K Scientific, Ltd. (Shanghai, China).

3,6DHPA was chemically synthesized (28), and other reagents were purchased from Sangon Biotech Co.,
Ltd. (Shanghai, China).

Strains, plasmids, and culture conditions. All bacterial strains and plasmids used in this study are
listed in Table 2. Mineral salts medium (MSM) and Luria-Bertani (LB) medium have been previously
described (26). Alcaligenes faecalis JQ135 is a wild-type PA-degrading strain (27). Alcaligenes faecalis ATCC
8750 was obtained from the China General Microbiological Culture Collection Center. Cupriavidus
pinatubonensis JMP134 was a gift from Luying Xun (Shandong University) (46). Pusillimonas sp. strain T2
is a nicotinic acid-degrading bacterium (47). P. putida KT2440 is a model Gram-negative organism that
cannot degrade or convert PA (30). Sphingomonas wittichii DC-6 is a chloroacetanilide herbicide degrader

FIG 6 Predicted PA catabolism gene clusters in bacterial genomes. �, �, and � indicate the Alpha-, Beta-, and Gammaproteobacteria. I to XV, the 15 different
types of PA catabolism loci. Abbreviations and representative strains are as follows: Afa, Alcaligenes faecalis JQ135; Pus, Pusillimonas sp. strain T2; Axy,
Achromobacter xylosoxidans A8; Var, Variovorax paradoxus S110; Pac, Pseudacidovorax sp. strain RU35E; Aka, Advenella kashmirensis W13003; Ama, Achromobacter
marplatensis B2; Api, Achromobacter piechaudii ATCC 43553; Bbr, Bordetella bronchiseptica RB50; Bpa, Bordetella parapertussis ATCC BAA-587; Bpe, Bordetella
pertussis Tohama I; Ban, Bordetella ansorpii NCTC13364; Bps, Bordetella pseudohinzii HI4681; Cup, Cupriavidus necator N-1; Ral, Ralstonia pickettii DTP0602; Var2,
Variovorax sp. JS1663; Pol, Polaromonas sp. strain OV174; Cab, Caballeronia arvi LMG 29317; Bce, Burkholderia cepacia JBK9; Pfu, Paraburkholderia fungorum NBRC
102489; Psp., Pandoraea sputorum DSM 21091; Pfl, Pseudomonas fluorescens C8; Hoe, Hoeflea sp. IMCC20628; Lve, Loktanella vestfoldensis SMR4r; Oar,
Octadecabacter arcticus 238; Pse, Paracoccus seriniphilus DSM 14827; Abr, Afipia broomeae GAS525; Bra, Bradyrhizobium canariense GAS369; Bsp., Bradyrhizobium
sp. strain C9. The detailed genomic accession numbers and the gene locus tags are listed in Table S1 in the supplemental material. Identities (percent) of amino
acid sequences between Pic proteins of strain A. faecalis JQ135 and representative homologs are listed in Table S2.
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that is unable to degrade PA or 2,5DHP (38). E. coli DH5� acted as the host for the construction of
plasmids. E. coli BL21(DE3) was used for protein overexpression. E. coli strains were grown in LB medium
at 37°C. Antibiotics were added as required at the following concentrations: chloramphenicol (Cm),
34 mg/liter; gentamicin (Gm), 50 mg/liter; kanamycin (Km), 50 mg/liter; and streptomycin (Str), 50 mg/
liter.

General DNA techniques. Routine isolation of genomic DNA, extraction of plasmids, restriction
digestion, transformations, PCR, and electrophoresis were performed according to standard procedures
described by Sambrook et al. (48). Primer synthesis and the sequencing of PCR products or plasmids were
performed by Genscript Biotech (Nanjing, China). The primers used in this study are listed in Table 3.

TABLE 2 Strains and plasmids used in this study

Strain or plasmid Description
Reference or
sourcea

Alcaligenes faecalis strains
ATCC 8750 Strr; type strain CGMCC 1.924
JQ135 Strr; PA-degrading bacterium, Gram negative, wild type CCTCC M 2015812
JQ135 ΔpicA1A2A3 Strr; picA1A2A3 deletion mutant of JQ135 This study
JQ135 ΔpicA1A2A3/pBBR-picA1A2A3 Strr Gmr; JQ135 ΔpicA1A2A3 complementation with pBBR-picA1A2A3 This study
JQ135 ΔpicB1B2B3B4 Strr; picB1B2B3B4 deletion mutant of JQ135 This study
JQ135 ΔpicB1B2B3B4/pBBR-picB1B2B3B4 Strr Gmr; JQ135 ΔpicB1B2B3B4 complementation with pBBR-picB1B2B3B4 This study
JQ135 ΔpicG Strr; maiA(AFA_16520) deletion mutant of JQ135 26

Pseudomonas putida strains
KT2440 Cmr; metabolically versatile saprophytic soil strain, PA-nondegrading bacterium ATCC 47054
KT/pBBR-picA1A2A3 Cmr Gmr; KT2440 containing plasmid pBBR-picA1A2A3 This study
KT/pBBR-picA1A2 Cmr Gmr; KT2440 containing plasmid pBBR-picA1A2 This study
KT/pBBR-picA2A3 Cmr Gmr; KT2440 containing plasmid pBBR-picA2A3 This study
KT/pBBR-picB1B2B3B4 Cmr Gmr; KT2440 containing plasmid pBBR-picB1B2B3B4 This study
KT/pBBR-picB1B2B3 Cmr Gmr; KT2440 containing plasmid pBBR-picB1B2B3 This study
KT/pBBR-picB2B3B4 Cmr Gmr; KT2440 containing plasmid pBBR-picB2B3B4 This study

Sphingomonas wittichii DC-6 Strr; chloroacetanilide herbicide degrader, PA-nondegrading bacterium KACC 16600
DC-6/pBBR-picEDFG Strr Gmr; S. wittichii DC-6 containing pBBR-picEDFG This study
DC-6/pBBR-picEDF Strr Gmr; S. wittichii DC-6 containing pBBR-picEDF This study

Pusillimonas sp. strain T2 Nicotinic acid-degrading bacterium CCTCC M 2014272
Cupriavidus pinatubonensis JMP134 Hydrogen sulfide-oxidizing bacterium 46

E. coli strains
DH5� �� �80dlacZΔM15 Δ(lacZYA-argF)U169 recA1 endA hsdR17(rK

� mK
�) supE44

thi-1 gyrA relA1
TaKaRa

BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) TaKaRa
SM10 �pir Donor strain for biparental mating Lab stock

Plasmids
pET29a(�) Kmr; expression plasmid Novagen
pJQ200SK Gmr Mob� orip15A lacZ�� sacB; suicide plasmid Lab stock
pBBR1MCS-5 Gmr; broad-host-range cloning plasmid Lab stock
pJQ-ΔpicA1A2A3 Gmr; picA1A2A3 gene deletion plasmid; the upstream region of picA1 gene and

downstream region of picA3 gene fused into SacI/PstI-digested pJQ200SK
This study

pJQ-ΔpicB1B2B3B4 Gmr; picB1B2B3B4 gene deletion plasmid; the upstream region of picB1 gene
and downstream region of picB4 gene fused into SacI/PstI-digested
pJQ200SK

This study

pBBR-picA1A2A3 Gmr; the fragment containing the picA1A2A3 gene inserted into XhoI/HindIII-
digested pBBR1MCS-5

This study

pBBR-picA1A2 Gmr; the fragment containing the picA1A2 gene inserted into XhoI/HindIII-
digested pBBR1MCS-5

This study

pBBR-picA2A3 Gmr; the fragment containing the picA2A3 gene inserted into XhoI/HindIII-
digested pBBR1MCS-5

This study

pBBR-picB1B2B3B4 Gmr; the fragment containing the picB1B2B3B4 gene inserted into XhoI/HindIII-
digested pBBR1MCS-5

This study

pBBR-picB1B2B3 Gmr; the fragment containing the picB1B2B3 gene inserted into XhoI/HindIII-
digested pBBR1MCS-5

This study

pBBR-picB2B3B4 Gmr; the fragment containing the picB2B3B4 gene inserted into XhoI/HindIII-
digested pBBR1MCS-5

This study

pET-PicD Kmr; NdeI-XhoI fragment containing picD gene inserted into pET29a(�) This study
aCGMCC, China General Microbiological Culture Collection; CCTCC, China Center for Type Culture Collection; KACC, Korean Agricultural Culture Collection.
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Construction of recombinant plasmids and heterologous expression. Genes from A. faecalis
JQ135 were PCR amplified using the corresponding primers (Table 3). Amplified DNA fragments were
cloned into digested plasmids using a ClonExpress MultiS One Step Cloning kit (Vazyme Biotech Co., Ltd.,
Nanjing, China).

The plasmid pBBR1MCS-5 (49) was used for heterologous expression in P. putida KT2440. PCR
products and XhoI/HindIII-digested plasmids were ligated, and the resulting recombinant plasmids were
transferred into P. putida KT2440 by biparental mating using SM10 �pir.

To test the components of the PA dehydrogenase, pBBR1MCS-5-based plasmid clones containing
different gene combinations (picA1A2A3, picA1A2, and picA2A3) were transferred into P. putida KT2440 to

TABLE 3 Primers used in this study

Primer Sequence (5¡3) Description

kopicA1A2A3-UF AGCTTGATATCGAATTCCTGCAGCTGATTTTGCCAAGATCTATC To construct plasmid pJQ-ΔpicA1A2A3
kopicA1A2A3-UR TCTAGAACTAGTGGATCCTTCCATCGGCAACATGCACTGC
kopicA1A2A3-DF GGATCCACTAGTTCTAGACCGTCGTGGCCGAGTTCAATCC
kopicA1A2A3-DR AGGGAACAAAAGCTGGAGCTCGGCAGGCAACATGAACAGCAC
kopicB1B2B3B4-UF AGCTTGATATCGAATTCCTGCAGACTCGGAGCGCGACTGCTCAC To construct plasmid pJQ-ΔpicB1B2B3B4
kopicB1B2B3B4-UR TCTAGAACTAGTGGATCCGTATAAGTCCGTGGTTTGCATC
kopicB1B2B3B4-DF GGATCCACTAGTTCTAGAGTTTCGGAAATTTTTATCCAGT
kopicB1B2B3B4-DR AGGGAACAAAAGCTGGAGCTCTCTGCGCGTAAGGCACCAGTTC
picA1A2A3-F CAGGAATTCGATATCAAGCTTTACGACAAGTCTCAGGAGCTGTGG To construct plasmid pBBR-picA1A2A3
picA1A2A3-R GGTACCGGGCCCCCCCTCGAGGTACCATTGCACTTCCAGCCAGG
picA1A2-F CAGGAATTCGATATCAAGCTTTACGACAAGTCTCAGGAGCTGTGG To construct plasmid pBBR-picA1A2
picA1A2-R GGTACCGGGCCCCCCCTCGAGGTCGCGGCTGGTGGCCAACATGC
picA2A3-F CAGGAATTCGATATCAAGCTTATCGCCCAATACGGAGTTTGG To construct plasmid pBBR-picA2A3
picA2A3-R GGTACCGGGCCCCCCCTCGAGGTACCATTGCACTTCCAGCCAGG
picB1B2B3B4-F GGTACCGGGCCCCCCCTCGAGGTTGCGGCCGTTGCCGATTTCAG To construct plasmid pBBR-picB1B2B3B4
picB1B2B3B4-R CAGGAATTCGATATCAAGCTTGGAATCAGAAGACCTTCTGACTC
picB1B2B3-F GGTACCGGGCCCCCCCTCGAGGTTGCGGCCGTTGCCGATTTCAG To construct plasmid pBBR-picB1B2B3
picB1B2B3-R CAGGAATTCGATATCAAGCTTACGATCCAACGTGGCACAGTAC
picB2B3B4-F GGTACCGGGCCCCCCCTCGAGGTAGAAACTGGCCCTGCACAAACTGG To construct plasmid pBBR-picB2B3B4
picB2B3B4-R CAGGAATTCGATATCAAGCTTGGAATCAGAAGACCTTCTGACTC
picEDF-F CAGGAATTCGATATCAAGCTTCATCGGCAGCAATATTCTGATCACC To construct plasmid pBBR-picEDF
picEDF-R GGTACCGGGCCCCCCCTCGAGGTCACATCGTTCTTCTCAAATAC
picEDFG-F1 CAGGAATTCGATATCAAGCTTCATCGGCAGCAATATTCTGATCACC To construct plasmid pBBR-picEDFG
picEDFG-R1 CCAAGCATCGTCGCACATTTCCCACATCGTTCTTCTCAAATAC
picEDFG-F2 GGAAATGTGCGACGATGCTTGG
picEDFG-R2 GGTACCGGGCCCCCCCTCGAGGTGGCAGGGCTGTGTACTGCTAAG
expPicD-F CTTTAAGAAGGAGATATACATATGAGCACATTTTTGTATGGC To construct plasmid pET-PicD
expPicD-R GTGGTGGTGGTGGTGGTGCTCGAGCACCAAGCGCTGGCCCAG
RT-16S F CGCGGTAATACGTAGGGTG To amplify fragment 16S shown in Fig. 1
RT-16S R AACTTCACGCGTTAGCTGCG
RT-1 F TCGTCGGGGTTGATACGACG To amplify fragment 1 shown in Fig. 1
RT-1 R GGCCGACATCCTGGGTCCAGTG
RT-2 F GTACGTCGTGCTGTCGCAGACT To amplify fragment 2 shown in Fig. 1
RT-2 R ATAGAACGGCACATCCAGCTT
RT-3 F GGCAGTAACTTGGGGTTTTGTGG To amplify fragment 3 shown in Fig. 1
RT-3 R AGAAGGCGCGCATATCCTCAG
RT-4 F AGATTGCCGCTCAGTCCATGG To amplify fragment 4 shown in Fig. 1
RT-4 R TCACGAATCGCAGGGAATTC
RT-5 F GCAACGGCACGTGAGCAG To amplify fragment 5 shown in Fig. 1
RT-5 R CAACCGCTGGTAACCGCAC
RT-6 F ATACCGGGAACACCAGATCGTTCG To amplify fragment 6 in Fig. 1
RT-6 R ATTGAGGCCGAGGGTAATTTCATGC
RT-7 F GCATACTTGTCCTCGGACTTGG To amplify fragment 7 in Fig. 1
RT-7 R ACCAGTGGTCTTACAGCCTGAAGG
RT-8 F ATCCTGCCCGACAATGGCG To amplify fragment 8 in Fig. 1
RT-8 R CACTGTCATTGAAGCGAATG
RT-9 F AGGCCTGGCTAAAGTCAGCC To amplify fragment 9 in Fig. 1
RT-9 R AAATTTCCGAAACCGATGC
RT-10 F CGCCGCCCGTGCTGACCGC To amplify fragment 10 in Fig. 1
RT-10 R GCAGGCGGCCTTCATTGC
RT-11 F CCCACGCTCAGATTGAAGA To amplify fragment 11 in Fig. 1
RT-11 R ACATCCACAGACTCAATAAAC
RT-12 F GAACGGCTTTACGACGTTTG To amplify fragment 12 in Fig. 1
RT-12 R TCCAACGTGGCATTGCCCTTGAAGG
RT-13 F CCGCATGAGCGTGATGGC To amplify fragment 13 in Fig. 1
RT-13 R TCGTGGTTCAGGCGCTTGAC
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yield the recombinants KT/pBBR-picA1A2A3, KT/pBBR-picA1A2, and KT/pBBR-picA2A3, respectively. Simi-
larly, to test the components of the 6HPA monooxygenase, the strains KT/pBBR-picB1B2B3B4, KT/pBBR-
picB1B2B3, and KT/pBBR-picB2B3B4 were constructed.

For overexpression of the picD gene in E. coli BL21(DE3), the complete open reading frame (ORF)
without its corresponding stop codon was amplified and inserted into NdeI/XhoI-digested plasmid
pET29a(�), resulting in the plasmid pET-PicD. The induction and purification of 6�His-tagged PicD from
E. coli BL21(DE3) (containing pET-PicD) were performed as previously described (26). Purified 6�His-
tagged PicD was then analyzed by 12.5% SDS-PAGE. Protein concentration was determined using the
Bradford method (50).

Gene knockout and genetic complementation of A. faecalis JQ135. Deletion mutants of the
picA1A2A3 and picB1B2B3B4 genes in A. faecalis JQ135 were constructed using a two-step homologous
recombination method with the suicide plasmid pJQ200SK (51). Using the deletion of picA1A2A3 as an
example, two homologous recombination-directing sequences (500 to 1,000 bp) were amplified using
primers kopicA1A2A3-UF/-UR and kopicA1A2A3-DF/-DR, respectively. The two PCR fragments were
subsequently ligated into SacI/PstI-digested pJQ200SK yielding pJQ-ΔpicA1A2A3. The plasmid pJQ-
ΔpicA1A2A3 was then introduced into A. faecalis JQ135 cells. Single-crossover mutants were screened on
LB plates containing Str and Gm. Gentamicin-resistant colonies were then subjected to repeated
cultivation in LB medium containing 10% sucrose and no gentamicin. Double-crossover mutants, which
had lost their vector backbones and were sensitive to gentamicin, were selected on LB-Str plates.
Deletion of the picA1A2A3 genes was confirmed by PCR. This procedure resulted in construction of the
deletion mutant strain JQ135 ΔpicA1A2A3.

Knockout mutants were complemented with the corresponding gene(s). For example, the complete
picA1A2A3 genes were amplified with primers picA1A2A3-F/-R and then ligated with XhoI/HindIII-digested
pBBR1-MCS5, generating pBBR-picA1A2A3. The pBBR-picA1A2A3 vector was transferred into the mutant strain
JQ135 ΔpicA1A2A3 to generate the complemented strain JQ135 ΔpicA1A2A3/pBBR-picA1A2A3.

Preparation of resting cells and biodegradation assays. Resting cells were prepared as follows.
Alcaligenes, Pseudomonas, and Sphingomonas strains and their derivates were grown in 250-ml Erlen-
meyer flasks with 100 ml of LB medium at 30°C and 180 rpm. When late exponential phase was reached,
the cells were harvested by centrifugation at 4°C and 6,000 rpm for 10 min. The cells were washed twice
with MSM and finally resuspended in MSM. The optical density at 600 nm (OD600) was adjusted to 2.0.
These cells were named resting cells.

For the growth experiment, resting cells (such as JQ135 ΔpicA1A2A3) were added to MSM with 1 mM
substrate (PA, 6HPA, or 3,6DHPA) for preincubation. After 24 h, the precultured cells were recollected,
washed with MSM, and resuspended in MSM at a final OD600 of 2.0. Precultured cells were used for
inoculation of MSM with 1 mM substrate. The initial OD600 was set at 0.15 to 0.2.

For biotransformation experiments, resting cells (such as KT/pBBR-picA1A2A3) were added to MSM
with 1 mM substrate (PA or 6HPA) and 1 mM citrate for preincubation. After 12 h, the precultured cells
were recollected, washed with MSM, and resuspended in MSM. The initial OD600 was set as 2.0, and then
1 mM substrate was added.

The growth and biotransformation experiments were all conducted in triplicate in 50-ml Erlenmeyer
flasks with 20 ml of MSM at 30°C and 180 rpm. Samples (0.5 ml per time point) were collected periodically
from the cultures. The growth of cells was monitored by measuring the OD600. The concentrations of
substrate or products were measured by HPLC.

RT-PCR. A. faecalis JQ135 resting cells were inoculated into 50-ml flasks with 20 ml of MSM
containing 1 mM PA or citrate and cultured at 30°C and 180 rpm. The initial OD600 of the cultures was
adjusted to 0.5. After 8 h, 5 ml of the culture was harvested by centrifugation at 4°C and 12,000 rpm for
10 min. Total RNA was isolated using an RNA isolation kit (TaKaRa), and reverse transcription-PCR
(RT-PCR) was carried out with a PrimeScript RT reagent kit (TaKaRa) according to the manufacturer’s
protocol. The cDNA was then used as a template in the following PCR amplification reaction mixtures:
10 �l of 2�SYBRPremix Ex Taq (TaKaRa), 0.8 �l of primers (10 �M), 2 �l of cDNA, and 7.2 �l of H2O. The
primers used for RT-PCR are listed in Table 3. All samples were run in triplicate.

Enzymatic assays. PA dehydrogenase (PicA) assays were performed using cell extracts of KT/pBBR-
picA1A2A3. Resting KT/pBBR-picA1A2A3 cells were added into MSM containing 1 mM citrate and 1 mM
PA. Following incubation for 12 h, cells were harvested by centrifugation at 6,000 rpm for 10 min at 4°C.
Cell pellets were then resuspended in 50 mM phosphate buffered saline (PBS) (pH 7.0) and disrupted by
sonication in an ice water bath. Cell-free extracts were obtained by centrifugation of cell lysates at
16,000 � g for 30 min at 4°C. The supernatant was used for PA dehydrogenase assays, while PicA activity
was analyzed spectrophotometrically at 25°C by the formation of 6HPA at 310 nm (� � 4.45 cm�1 mM�1)
using a UV2450 spectrophotometer (Shimadzu) in 1-cm-path-length quartz cuvettes (23). The 1-ml
reaction mixture contained 50 mM PBS (pH 7.0), 1 to 10 �g of total protein from the cell extract, 1 mM
PA, and 1 mM electron acceptor PMS, and the reaction was started by adding PA. One unit of activity was
defined as the amount of enzyme that catalyzed the formation of 1 �mol of 6HPA in 1 min.

For the 6HPA monooxygenase (PicB) assays, cell extracts of KT/pBBR-picB1B2B3B4 were used. The
preparation of cell extracts was the same as that for KT/pBBR-picA1A2A3. PicB activity was analyzed
spectrophotometrically by observing the formation of 3,6DHPA at 360 nm (� � 4.4 cm�1 mM�1) (28). The
1-ml reaction mixture contained 50 mM PBS (pH 7.0), 1 to 10 �g of total protein from cell extract, 1 mM
6HPA, and 1 mM electron donor (NADH, NADPH, FAD, or FMN), and the reaction was started by the
addition of 6HPA. One unit of activity was defined as the amount of enzyme that catalyzed the formation
of 1 �mol of 3,6DHPA in 1 min.
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The 2,5DHP dioxygenase (PicD) assays were performed similarly to those previously performed for
NicX from P. putida KT2440 (30) and VppE in Ochrobactrum sp. strain SJY1 (36). A 1-ml reaction mixture
containing 50 mM PBS (pH 7.0), 0.2 mM 2,5DHP, 0.1 �g of purified PicD, and 1 mM Fe2� was incubated
at 25°C. Activity was assayed spectrophotometrically by measuring the reduction in absorbance at
320 nm (� � 5.2 cm�1 mM�1), which corresponded to the disappearance of 2,5DHP (30, 36, 37). One unit
of activity was defined as the amount of enzyme that catalyzed the consumption of 1 �mol of 2,5DHP
in 1 min.

Analytical methods. The determination of PA and 6HPA, 3,6DHPA, 2,5DHP, and maleic acid was
performed by UV-visible spectroscopy, HPLC, and LC/TOF-MS analysis as described previously (28).

Data availability. The pic gene cluster sequence and the complete genome sequence of Alcaligenes
faecalis JQ135 have been deposited in the GenBank/DDBJ/EMBL database under the accession numbers
KY264362 and CP021641, respectively.

Comparisons of the Pic proteins were performed against the nonredundant protein (nr) sequence
database using BLASTP (protein-protein BLAST) on the NCBI website, employing an expect (E) value
inclusion threshold of 10. Conserved protein domains were analyzed using the Conserved Domain
Database (CDD [https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi]). The genome sequence acces-
sion numbers of other strains and the corresponding locus tags of the pic gene clusters are listed in Table
S1 in the supplemental material.
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