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ARTICLE INFO ABSTRACT
Keywords: Burkholderia sp. ZD1, aerobically utilizes 2-picolinic acid asoarse of carbon, nitrogen and energy, was iso-lated. ZD1
2-Picolinic acid completely degraded 2-picolinic acid when the initial conceotmatranged from 25 to 300 mg/L. Sdecgrowth rate ) and
Burkholderiasp. specfic consumption rate (q) increased continually in the concentratitge of 25100 mg/L, and then declined. Based on
;;ISFRT_:VI'?S the Haldane model and Andresamodel,umaxand gnaxwere cal-culated as 3.9 and lsfg,hespectively. Fourier transform

ion cyclotron resonance mass spectrometry (FT-ICR-MS)usas to determine the main intermediates in the degradation
pathway. Moreover, attenuated totafleetance Fourier transform infrared spectroscopy (ATR-FTIR)inm@svatively used

to deduce the ring cleavage mechanism of N-heterocycle @oliic acid. To our knowledge, this is tfiest report on not
only the utilization of 2-picolinic acid by a Burkholderia sp., &lsb applying FT-ICR-MS and ATR-FTIR for exploring the
biodegradation pathway of organic compounds.

Biodegradation pathway
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1. Introduction

o ) o ) ) 2.2. Enrichment, isolation and idéitation of strain ZD1
Pyridine and its derivatives are important represimmt of N-
heterocyclic aromatic compoundga(ser et al., 1996 Wastes con-taining

o ) L The activated sludge used in this work was collectech fa was-tewater
large amounts of the pyridine ring are generated fnaiming industry, coal

. i - o . treatment plant (located in 2nh, China) that treated waste-water
and shale oil processing, wood-preserving facilitiesanplaceutical, food,  ;qhtaminated with 2-picolinic acid. A certain volui® mL) of the activated
dye, and agriculture@iser et al., 1996; Yaet al., 201} It was reported that g1, qge were aseptically added to 90 mL of the stedlitlS mediumZheng
the/foncgntraiqun of pyndlne'sllnftheastev(\j/au:'rs rarg;(:m;‘rcl)thO_toll%OO et al., 2007 in a 250-mLflask. The MS medium contained (per liter):
mg/L, and pyridines were mainly from production o al chemicals, . . . .
drugs, dyestffs and textile lfuang et al., 201)7 Because of the heterocyclic NagHPOs 12+20, 7 g;KH2P0s, 1 g; CaCh- 220, 10 mg; Fe@, 2 mg; and
structure, pyridine and its derivatives are more soliblevater than their ~ MgSQu-7H0, 20 mg. The pH of the MS medium was adjusted to he. T
homocyclic analogs, and thus, they can be transponee easily to the 250-mLflask was supplemented with 2-picolinic acid tinal concentration
aquatic environ-ment and soiKgiser et al., 1996 Pyridine and its of 100 mg/L and incubated under the aerobic condilioa rotary shaker
derivatives are clad@d as priority pollutants by the United States (ZHWY-2102C, Zhicheng Analytical Instrument Manufamtg Co., Ltd.,
Environmental Protection Agency due to their carcamgty and toxicity ~ Shanghai, China) at 180 rpm and 30 °C. When theireutiecame obviously
(Yao et al.2013. When men were treated orally with 3285 mL of pyridine  turbid, 10 mL of the culture was transferred to 90 mésfi MS medium in a
daily for up to two months, they experienced anorexia, nauseaiting, new 250-mLflask with 100 mg/L 2-picolinic acid. This operation swa
gastric, distress, headache, fatigue, faintness and depre@sihler and repeated until the degradation of 2-picolinic acéie to a stable level, and
Reed, 199 Especially, two cases of liver and kidney damageaneddeath  then the culture was diluted with sterilized Né#t@y-K2HPOy buffer (pH =
occurred. The probable oral lethal dose of pyridivees 0.55.0 g/kg and  7.0) and spread onto agar (1.5%) plates with MS medoml80 mg/L 2-
Lethal Dose Low (LDk) for man was 500 mg/kg p.oBghler and Reed, Picolinic acid. The agar plates were incubated at@@or 2-3 d. There were
three colonies appearing on the agar plates andAidinvas selected for the
- - L . further study. The 16S rDNA sequence of strain ZD1 avaplified by PCR
(ECs0) of pyrldme and pyridine deriva-tives were in tiamge of 0.02749.1 with primers 27F (SAGTTTGATCMTGGC-TCAG-3) and 1492R (5
mmoliL (Liu et al., 199, GGTTACCTTGTTA CGACTT-3.

1990. For estuarine sediment microorganisms, medff@ce concentrations

2-Picolinic acid (2-PA) is an important pyridine dettive, which is
widely used in the production of medicine, pesticidaily chemicals, and
feed additives in livestock and poultry industrii (et al., 2009. Its
hydrophilic nature (water solubility of 887 g/L & 2C) can do great damage One loop of strain ZD1 on the agar plates was tramesfeseptically to
to the environmentT{an and Li, 200% Till now several stu-dies have shown 100 mL sterilized MS medium in a 250-nfilask with 100 mg/L 2-picolinic
that aerobic biodegradation is affiextive method to remove 2-picolinic acid ,.iq After 12 h of cultivation, 10 mL of the culeuwas aseptically inoculated
from water Kaiser et al., 1996; Yao et al., 2018neng et al., 2009ain  jn; 90 mL steriized MS medium in a 250-milask. The flask was
which the microorganisms mainly belong toetgenera of Arthrobacter g, jemented with 2-picolinic acid atffdrentinitial concentrations ranged
(Khasaeva et al.,, 2011; Siegmund et al., 1% Streptqmyce;Zheng el from 25 to 300 mg/L. These cultures were incubate@ ootary shaker (30
a!., Z_O_O%t .Cur.rently, the '_‘”OW'edge gap EfXIStS.On .blodegled.abf 2- °C, 180 rpm). All cultivations were repeated threees. Data were analyzed
picolinic acid with new strains. Particu-larly, infoation is not available on statistically by Origin 7.0 (Origin lab, USA) and teeror bars depicted the
the kinetics of microbial growth and substrate utfl@aas well as metabolic g0, coridence in-tervals. Alask with the same amount of the autoclaved
pathway with the new strains undefférent conditions. Obtaining a strain cells (20 min, 120 °C) was used as abiotic degradaamples were
belonging to a dferent genus and comparing it with previously reported, s qrawn periodically for the analysis of 2-picotiracid concentration, total
strains Khasaeva et al., 2011; Siegmund et al., 1990; Zhealj, 20093 are or-ganic carbon (TOC), growth of strain ZD1, and dibgenase activity
of scientfic signficance since it will be helpful for researchers tdadsish a (DHA). Prior to the analysis of 2-picolinic acid cemtration, TOC and
databank on how many kinds of microbes can utilize @-fpgc acid in DHA, samples were centrifuged under 15 °C at 12,000 figgn20 min to
nature. collect the supernatant, which then wiigred through a 0.22 pm-pore-size
membrane (G-Biosciences Geno Technology Inc., USA) tmaee the
biomass. Degradation of 2-picolinic acid undeffelient pH, temperatures
and salinities were also investigated.

2.3. Growth kinetics and 2-picolinic acid degradatioretics

To fill the knowledge gap, a new 2-picolinic acid-assitimtg strain was
isolated, and cell morphology and strain idicdition were carried out. The
kinetics of cell growth and substrate consumption wediediusystematically.
The main intermediates in the degradation pathway determined and the
ring cleavage mechanism of N-heterocycle of 2-picoletid was deduced.
The objectives of this paper were to quantitatively dbsdtie capacity of the
asisolated strain on removal of 2-picolinic acid frorater, explore how the One loop of Strain ZD1 stock culture on the agatepaas trans-ferred
asisolated strain transfers 2-picolinic acid into carlboxide and water, and aseptically to 100 mL sterilized MS medium in a 2504akk with 200 mg/L
finally evaluate the implications of applying this adadted strain for 2-pico- 2-picolinic acid served as a sole source of carbotrogen and energy. The
linic acid-loaded wastewater treatment and site rertiedia culture was incubated on a rotary shaker at 30 °CL&86d:pm. The culture in

the late exponential phase was aseptically centrifaget?,000 rpm for 20

min and under 4 °C to collect cells. The cells were wedstwice with
2. Materials and methods sterilized ultrapure water (pH = 7.0 and electrialistivity of 18 nf cm).
The resting cells (100 mg, wet cell weight) were suseénid 10 mL of
sterilized phosphate Iffier (NeHPQ4-KH2PQ4, pH = 7.0) and then
incubated with 50 mg/L of 2-picolinic acid at 30 &Ad 180 rpm. Samples
were taken regularly from the cultures and centrifuge 12,000 rpm for 20
min and under 4 °C to collect supernatant. The supmrhavasfiltered
through a 0.22 pm-pore-size membrane. After removét@biomass, some
supernatant was directly used for the analysis of total

2.4. Preparation of the resting cells

2.1. Chemicals

2-Picolinic acid (purity 99%), 6-hydroxypicolinic acfdurity 99%),
2,5-dihydroxypyridine andx-oxoglutaric acid (purity 99%) were ob-tained
from J & K Scientiic Ltd. (Beijing, China). All these substrates were
chromatographic grade. Other chemicals with analytigeghde were
purchased from Tianjin Kermel Chemical Reagent Co., QHina. Ultrapure
water was produced from a UPT-II system (Ulupure Science



organic carbon (TOC) and ammonia concentrations, \&Berether
supernatant was concentrated by freeze-drying (Baogikieab Instrument
Co., Ltd., Beijing, China) at60 °C, vacuum degree 12 Pa for 48 h. The
concentrated samples were analyzed by FT-ICR-MS AfR-FTIR. The
same setup was used for the experiments loydBexy picolinic acid, 2,5-
dihydroxypyridine, and oxoglutaric acid degradation the resting cells of
ZD1.

2.5. Analysis

Residual 2-picolinic acid concentration was determiaed®65 nm by
HPLC (S500, Sykam, Germany) using a Pinnacle Il C18n{5 260 mmx
4.6 mm) (Restek Corporation, Bellefonte, PA, USA)e Thobile phase was a
mixture of water: methanol (v/v, 90: 10) containi@% of formic acid. The
flow rate was 1 mL/min and the column temperature wasC36T-ICR-MS
analyses were performed using a 9.4 T Solari X FT-i@&&s spectrometer
from Bruker Daltonics (USA). The FT-IR spectra were sugad on a Bruker
Tensor 27FT-IR spec-trophotometer (Germany) in AttemuafEotal
Rdflection (ATR, MIRacle, PIKE Co., USA) mode. The resiolntof the FT-

IR was 4.0 criil. The scans number accumulated was 20. The TOC conten
were determined using a multi N/C2100 analyzer (Ailalylena AG,
Germany) Zheng et al., 2009b Ammonia concentration was measured by a
standard methodZfieng et al., 2009c DHA was analyzed by TTC (2,3,5-
triphenyltetramlium chloride)Tluczkiewicz et al., 2016

3. Results and discussion
3.1. Isolation and characterization

A strain able to utilize 2-picolinic acid as a solersewf carbon, nitrogen
and energy under aerobic condition was isolated. SEdtpgraphy shows
that the morphology of this strain was baculiform witlsize of +2 pm.
After incubation on the agar culture medium for 3 8@&°C, the colony was
milk white, rounded protuberance, translucent, and gmwith regular edge.
A phylogenetic tree was constructed, and it was faimad this strain was
related to Burkholderia sp. The homology betweens tkirain and
Burkholderia sp. C10 (2010) reached 99%. Thus it wdentified as
Burkholderia sp. and named as ZD1. The gene bankssiooenumber for
strain ZD1 is KP900019. Burkholderia sp. is widely foimdoil (Compant et
al., 2009, in activated sludgeWang et al., 2019 and on human skin
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Fig. 1. Curves described the cell growth of BurkholdepazD1, degradation of 2-pico-linic
acid (2-PA) and TOC removal rate (initial concentration of 2-picolinic acid in MS medium was

100 mg/L, temperature of 30 °C, pH of 7.0, 0% salinity (w/v, NaCl)). Data were analyzed
statistically and the error bars depicted the 95%idence interval. Each data was repeated

25

tRree times.

a goodfit for the entire growth pfde (including the lag and log phase growth
data) up to Max The linear model could onfit the log phase dataable 1
shows that the values q@f based on logistic model were higher than those
calculated from the linear model at any 2-picolin@daconcentrations. In
order to obtain the maximum spicigrowth rate |§max), the Haldane model

was usedKig. 3. The value of R was 0.987, which demonstrated that the
experimental data were well cor-related by the Hadmodel. By using a

non-linear regression analysis, the kinetic parameters asfollowedymax
=3.9h%, Ks=221.6 mg/L, and K= 35.5 mg/L.

Based on the degradation data showiriln 2a-e, the spefic substrate
consumption rate (q) was calculatédy. 3 shows the re-lationship between g
and the initial concentrations of 2-picolinic acit.was observed that the
values of q increased continually at the initial swtistconcentration of 25
100 mg/L, and then declined at H3D0 mg/L. As seen iffable ] the values
of logistic model baseqi also reached the peak at 100 mg/L and then
decreased. Therefore, it can be concluded whemitia iconcentration of 2-
picolinic acid in MS medium was higher than 100 mgHe inhibitory éf ect

occurred. Based ofRig. 3 the maximum spefic consumption rate fgax)

(Vandamme etal., 20@.7Sevel'a| studies have shown that Burkholderia Sp. iSNas calculated to be 165']nw|th RZ of 0.900, Suggesting a go@d So far

capable of degrading various organic pollutants uredgobic conditions
including phenol DPobslaw and Engesser, 2Q1®phenanthrenelia et al.,
2009, qui-nolone Quan et al., 2000 However, reports on the utilization 2-
pi-colinic acid by Burkholderia sp. are still very few

3.2. Degradation and growth kinetics

The cell growth of ZD1, the consumption of 2-picdtirdicid and TOC
removal results were shown iRig. 1 After 12 h, 2-picolinic acid was
degraded completely. However, the TOC removal rae enly 15%, which
indicated that 2-picolinic acid was transformed inteeotsubstances. After 24
h, the TOC removal rate reached 99%, suggestinglikaetsubstances were
finally mineralized into carbon dioxide and water. DF¥ached a maximum
at 24 h.

Fig. 2a—e shows the cell growth of strain ZD1 and 2-picolimicid
degradation when the initial concentration of 2efiric acid in MS medium
ranged from 25 to 300 mg/L. The degradation rateeesponding to initial
concentrations of 25, 50, 100, 200 and 300 mg/L wa898,799.0%, 98.0%,
99.0%, and 95.6%, respectively. It is noted here tioaabiotic degradation
happened. Estimated values of the sfiegrowth rate|) based on linear and
logistic models Ghoshet al., 201% were listed inTable 1 Here, p was
determined througlinear regressionFig. X demonstrates that the logistic
model pr

there are only a few reports on the aerobic degadaft 2-picolinic acid by
microbes Kaiser et al., 1996; Yao et al., 2013; Zheng et241093. In these
limited reports, the values @fmax and gmax were notgiven. Therefore, it is
hard to compare the growth kinetics of strain ZD1 dsddegradation
capacity with other 2-picolinic acid assimilating stsai We have reported a
nitrobenzene-assimilating strain which was idédi as R. Mucilaginosa
(Zheng et al., 2008 R. mucilaginosa uti-lized nitrobenzene as a solgcgo
of carbon, nitrogen and energy under aerobic cmmdit The value of fax

was calculated to be 1.5hbased on the Andrésymodel. After immobilized
R. mucilagi-nosa on a kind of polyurethane foam, igraéing capacity was
enhanced largely in which the value afgk equaled to 6.0 (Zhenget al.,
20091. As mentioned above, it is hardly to compare thevtiractivity of
strain ZD1 and its degradation ability with otheri2etinic acid assimilating
strains since for other 2-picolinic acid assimilatingisis the data g, hmax

g and gnax are still absent. However, based on the valugs, of and Gnax
released by our previous studgheng et al.,2009b, 2008 it might be
concluded that the growth activity of strad1 and its degrading capacity is
really high and within the expecta-tion.

3.3. Degradation of 2-picolinic acid undeffdirent conditions

The degradation of 2-picolinic acid by strain ZDMandtferent
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Fig. 2. Degradation of 2-piconlinic acid (2-PA) and the growth of strain ZD1. Initial concentration (in mg/L) of 2-PA in MS medi{@n28agb) 50, (c) 100, (d) 200, and (e) 3@&pectively (data
were analyzed statistically and the error bars depicted the 958dexuee interval); (f) growth of strain ZD1 in MS medium witff dient concentration of 2-picolinic acid as a sole source of carbon,

nitrogen and energy. Each data was the mean value of triplicates (n = 3).

pH, temperatures and salinities was investigated in daevaluate the peak intensity at g10 was a little bit higher than it shown in 4 d. Witte
bioactivit_y 'of strain ZD1 ypder hard cpnditio_ns, asvehdn Fig. 4 Strain increase in reaction time, the peak intensity atofbegan to ob-viously
ZD1 exhibited a good activity at a relatively widll and tem-perature range. decline after 12 d. After 15 d all the peaks disapgband the TOC removal
However, the tolerance of strain ZD1 towards salinifig relatively low, and  was more than 98% (not shown). These results demon-sthaite@picolinic

strain ZD1 can survive at salinity less than 1% (w/v, Naterestingly,  acid was finally mineralized and the new com-pound3(f was an
even under low temperature (4 °C) and strong acioiclitions (pH = 3.0), . . . )
strain ZD1 also kept active. Ul-traviolet spectra shihat after 4 d, 2- |ntermed|at(|e| n t?: ddegrad;t|t9n pathwaT:/. Bajed Omah‘_?s Of“_;"ax anbd
s . . . gmax as well as the degradation capacity under severeitimg] it can be
picolinic acid (Ages) degraded slightly and simultaneously a new Compoundconcluded that strain ZD1 has a sfgraint potential to biologically treat 2-
(A310 emerged. When the reaction time was prolonged to Biedpeak  picolinic acid-loaded wastewater and may be used inditien 2-picolinic
intensity of 2-picolinic acid almost kept unchangethpared to it shown in 4 acid contaminated sites. It is noted here that thetamubs (%810 was
d, however, the identified as 6-hydroxy



Table 1
Kinetic parameters for-icolinic acid degradation by strain ZD1.

Ce Initial No max Logistic model Linear model Yield
(mg/L) (CFU/mL) (CFU/ (CFU/
mL) O e )
25 7.05E+07 1.95E 0.367 0.993 0.147 0.985 1.38E
+08 +10
50 7.05E+07 3.28E 0.564 0.986 0.193 0.928 1.29E
+08 +10
100 1.91E+08 5.61E 0.649 0.959 0.147 0.970 1.23E
+08 +10
200 1.22E+08 6.24E 0.487 0.955 0.153 0.983 1.22E
+08 +10
300 7.50E+07 7.75E 0.391 0.975 0.201 0.988 1.19E
+08 +10
* Yield (CFU/mg) equals to CFU/mL divided by VSS (mg/mL).
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Fig. 3. Relationships between spkci growth rate/spefic consumption rate and initial 2-
picolinic acid (2-PA) concentrations. Each data was the mean value of triplicates (n = 3).

picolinic acid by FT-ICR-MS. Many studies have shovmattduring the
aerobic microbial breakdown of heterocyclic subssathe most common
mode of initial attach on the aromatic ring is hydrotigla of carbon adjacent
to the heteroatonKgiser et al., 1996; Yao et a2013.

3.4. Degradation pathway of 2-picolinic acid by straD1

Electrospray ionization coupled to Fourier transforrm ioyclotron
resonance mass spectrometry (ESI FT-ICR-MS) enables thfictetion of
molecular formula with extremely high mass resolution psv{er300,000)
and mass accuracy (< 1 mg/lt)gn et al., 2016Herzsprung et al., 2016; Le

(Guan et al., 2007 and characterization of the covalent interactibatween
cisplatin and Cox17-a key copper chaperone prdteiet al., 2016; and 4)

energy industry (e.g., analysis of oxygen compoundkertotal organic acid
content of crude oils)Rojas-Ruiz and Orrego-Ruiz, 2016

Fourier transform infrared spectroscopy (FTIR) has beed for decades
to investigate the structure and bonding of chemictilsag many desirable
features such as simple sample preparation, few sam-plesreragnt,
delivering reliable and fast results and being nostrdetive Banas et al.,
2017; Ozgenc et al., 20 TCurrently, with the development of IRflextance
technique such as attenuated totafleetance (ATR), FTIR is capable of
directly measuring substances solid Banas et al., 20)7or liquid state
(zZhang et al., 2007 Therefore, the application of ATR-FTIR has been
extended to manffelds such as monitoring the solution concentration durin
a cooling crystallization proces&hang et al., 2017 distinguishing 150
tablets with or without lactoséBénas et al., 20)7 determining changes in
the chemical structure of heat-treated woo@xgenc et al., 2037 and
exploring phosphate adsorption mechanisms at the fdriieywater interface
(Arai and Sparks, 2001

Based on the characteristics of ESI FT-ICR-MS and ATRRFTWe
hypothesized that these technologies can be appliedrtewfield, that is,
deduction of microbial metabolism of aromatic ring compisuander aerobic
conditions. The jusfications are as follows: 1) ESI is regarded dsadt’
ionization technique as it produces minimal frag-mentatib the analytes,
and thus, allows for the detection of intact molecul&szniak et al., 2008
Moreover, FT-ICR allows for direct injection; thus maancise and accurate
raw data of intermediates in the biodegradation payhean be obtained as
compared to liquid or gas chromatographic mass spectnietrwhich
sample pretreatment is neededda( et al., 2016 2) During the
biodegradation process of aromatic ring compounds uredlebia conditions,
the polar groups such as hydroxyl and carboxyl aredtlnlthe aromatic ring
under the catalysis of dioxygenases or monooxygenases,singghat the
po-larity of intermediates is enhanced compared to par@mpounds. Since
FTIR is sensitive to polar groups, it may provide usefal amp-plementary
information on the iderfication of intermediates once ESI FT-ICR-MS
cannot capture any signals. It is noted here that thdekgradation of
aromatic ring compounds occurs in agueous solution; thus, itablkeuto use
infrared technique in ATR mode instead of tradi-tidn@nsmission mode. To
test our hypothesis, we combined ESI FT-ICR-MS and ATRRFT®
determine the main intermediates in the de-gradatidnyagt and to deduce
the ring cleavage mechanism of N-heterocycle of Blpiic acid.

3.4.1. Hydroxylation of 2-picolinic acid to form 6roxy picolinic acid The
mass spectra of 2-picolinic acid, in which the gregieak

magnitude located at m/z 146.02130 corresponded to ], and the peak

magnitude centered at m/z 124.03934 was related to [M

+ H]. 2-Picolinic acid underwent hydroxylation, and rth&-hydroxy

Vot et al., 2016; Wozniak et al., 2008inceeach detected mass peak can be picolinic acid was produced (m/z at 162.01616 remitese[M

analyzed for possible elemental com-position based eddpred chemical
constraints, ESI FT-ICR-MS is regarded as a viable metbodirectly
ascertain molecular composi-tion of each constituentdaraplicated matrix
without any priorex-traction or separation stegsgn et al., 2016; Herzsprung
et al., 201%. Till now, ESI FT-ICR-MS has been successfully applied
various fields, including 1) environmental science, e.g., charaettion of
organic matter at the detailed molecular level in retwaters Altieri et al.,
2009b; Herzsprung et al., 2016; Lv et al., 2016; M@k et al., 2008and
refinery wastewater Hang et al., 2017 atmospheric dissolved organic
nitrogen in precipitation Altieri et al., 2009% and organo-sulfates in
atmospheric samplesp¢hmitt-Kopplin et al., 2019 2) medicine industry
(e.g., investigation of the characteristic fragmenmisiof phillyrin) Cin et al.,
2016; 3) biology (e.g., iderfication of peptide de novo amino acid
sequencing for a seven-protein mixture)

+ Na]"). Many studies have shown that during the aerobicrabial
breakdown of heterocyclic substrates, the most common ofadgial attach
on the aromatic ring is hydroxylation of carbon adjat to the heteroatom
(Kaiser et al., 1996; Yao et al., 2013; Zheng e2al093.

3.4.2. Transformation of 6-hydroxy picolinic acid t&-2lihydroxypyridine
Since 6-hydroxy picolinic acid was ascertained tohe of the in-termediates

in the biodegradation pathway, it was used as a substratentify the

consequent degrading product. A strong peak at m{8201616 (M +
Na]*) referring to 6-hydroxy picolinic acid when theotion time was 0 h.

The peak at 163.01952 was isotopic peak of 6-hydraglipic acid. After 8
h, 2,5-dihydroxypyridine with m/z at 134.02110 (fWNaJ") was produced,
and simultaneously the peak intensity of 6-hydroxwpluiic acid became

weaker. It can be con-cluded that 6-hydroxy foéo acid was
transformed to 2,5-
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Fig. 4. Degradation of 2-picolinc acid by strain ZD1 under (fedént temperatures, (b)ffirent pH, and (c) ffierent salinities (w/v, NaCl). Data were analyzed statistically and the error bars

depicted the 95% cdidence interval. Each data was repeated three times.

dihydroxypyridine, which is consistent with the pr@w reports Kaiser et
al., 1996; Yao et al., 20).3

3.4.3. Production of oxoglutaric acid from 2,5-dihyxypyridine

Since 2,5-dihydroxypyridine was ascertained to be ofethe in-
termediates in the biodegradation pathway, it was @se@ substrate to
identify the consequent degrading product. 2,5-Dibygpyridine with two
strong signals at m/z of 223.07322 and 245.05553 régelyccorresponding
to the [2M + HI and [2M + Na] adducts were clearly detected when the
reaction time was O h. After 7 h, the peaks of 2 %dibxypyridine
disappeared, but new peaks located at m/z of 14792&d 169.01078
emerged. The two peaks respectively at-tributed tqhhe H]* and [M +

Na]* adducts of oxoglutaric acid. These results suggestetl 2t
dihydroxypyridine was transformed into oxoglutaricdaaivhich accords with
the previous reportgiseret al., 1996; Yao et al., 203

The mass error of the intermediates analysis by FT-ICR-MS faund
lower than 2 mg/L and allowed a credible conversibexaperimental mass
peaks into compound formulas with high fidence. It is noted here that
during the degradation process ammonia was de-tectgédsifiown), which
means that 2,5-dihydroxypyridine under-went ring whege and N atom was
released from the N-heterocycle.

3.4.4. Ring cleavage of 2,5-dihydroxypyridine

Till now there are few reports on how the ring d-g8ihydrox-ypyridine
was opened to form oxoglutaric acidafser et al., 1996; Yaet al., 201}
The possible reason is that it is hard for mass spectra to

detect the ring cleavage product since sometimedditfisult to find out the
optimal ionization conditions. In order to explothe ring cleavage
mechanism of 2,5-dihydroxypyridine, we adopted the nee#wofollowsfirst,
we proposed that there may exist four ways for the opgn of 2,5-
dihydroxypyridine based orKaiser et al. (1996) who summarized the
metabolic pathways of N-heterocyclic compounitscluding pyridine,
quinolone, acridine and their derivatives under kiercconditions. The
heterocycle was opened by dioxygenases at the pobtiioveen two carbon
atoms (one C atom is located at ortho position to N athife the other at
meta position) or between N atom and its adjacent @& dkaiser et al.,
1996. As for pathways | and 1V, the ring cleavage of-8iBydroxypyridine
was assumed to happen betweep &d G or between € and G,
respectively. After the release of formamid®lH2CHO) (Kaiser et al., 1996
the products for the two pathways would contain foarbon atoms only,
which is obviously contradictory to the results given Br-ICR-MS since
oxoglutaric acid containfive carbon atoms. As for pathways Il and I, the
ring cleavage of 2,5-dihydroxypyridine was assumedappkn between N

atom and its adjacent C atom, that ig,f@r pathway Il and € for pathway
Ill, respectively. After the release efNH2 and hydrogenatiorK@iser et al.,

1996 the products for pathways Il and Il would be oxogligtacid,which is
in agreement with the results provided by FT-ICR-MS.

Next, we used the technology of Attenuated TotdleRtance FTIR to
determine whether pathway Il or Ill is correct. Trand that appears at 1623

and 1436 criit was attributed to pyridine ring skeleton stretchiitgration.
CeO stretching vibration was recognized by two sorptiands at 1159 and
1049 cni! as well as the band at



2312 cm? was assigned to COAfter 6 h of degradation, the peaks of 2,5-

dihydroxypyridine disappeared, and a new band as16m L appeared,
which was attributed to amide stretching vibratitbrwas found that only the
product of 2,5-dihydroxypyridine ring cleavage basedveay Il possesses
amide group.

Since oxoglutaric acid was ascertained to be oneeointler-mediates in
the biodegradation pathway, it was used as a subdipateentify the
consequent degrading product. Unfortunately, FT-M®-did not provide
any information. However, TOC analysis showed that axagk acid was
finally mineralized into C®and HO. Based on the results provided by FT-
ICR-MS, ATR-FTIR and TOC, the proposed biodegradapathway of 2-
picolinic acid by strain ZD1 was pre-sented. 2-Pidolacidfirstly underwent
hydroxylation to form @hy-droxy picolinic acid. Then 6-hydroxy picolinic
acid was transformed into 2,5-dihydroxypyridine. Undie catalysis of
dioxygenase, the ring of 2,5-dihydroxypyridine wasemgd in which the
cleavage happened between N atom apdAfter the release oNH2 and
hydrogenation, oxoglutaric acid was produced &ndlly mineralized into
carbon di-oxide and water.

Herein, the main intermediates were qualitatively arely and the
biodegradation process of 2-picolinic acid was descréietiolecular level.
Based on the qualitative information, quantitativelygsis will be done later
by monitoring the concentration of each intermediaBure enzyme
responsible for each biotransformation reaction in tgrddation pathway
will be extracted. Kinetics of enzyme-catalyzed réems will be established
and the rate-limiting step in the degradation pathwalybe found out. These
future works might contribute to the construction efig engineering strain
and thefield of biocatalysis. Moreover, bothngx and gnax were calculated,
which will be helpful for ascertaining organic anddhgulic shock loadings
and as well as design of the corresponding wastewatgntent processes in
the future.

4. Conclusions

This paper reported the aerobic degradation of @lipic acid by
Burkholderia sp. ZD1. Growth and degradation kireetivere studied. ZD1
exhibited a good activity under relative wide pHiaemperature ranges. FT-
ICR-MS and ATR-FTIR were used to deduce the biodeajian pathway.
To our knowledge, this is tH@st time to use FT-ICR-MS and ATR-FTIR in
such afield. This work not only clafied the metabolic mechanism of 2-
picolinic acid but also may provide a new method foplesng the
biodegradation pathway of organic com-pounds.
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