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Abstract

A new naphthalene bioreporter was designed andtrembesd in this work. A new
vector, pWH1274_Nah, was constructed by the Gihsothermal assembly fused
with a 9 kb naphthalene-degrading gene nahA&hAa nahAb nahAc nahAd nahB
nahF nahC nahQ nahE nahland cloned inté\cinetobacte ADPWH_lux as the host,
capable of responding to salicylate (the centratabwdite of naphthalene). The
ADPWH_Nah bioreporter could effectively metabolizaphthalene and evaluate the
naphthalene in natural water and soil samples. Whsle-cell bioreporter did not
respond to other polycyclic aromatic hydrocarboR&Hs; pyrene, anthracene, and
phenanthrene) and demonstrated a positive respanige presence of 0.01 uM
naphthalene, showing high specificity and senstivihe bioluminescent response
was quantitatively measured after a 4 h exposureaghthalene, and the model
simulation further proved the naphthalene metaboliglynamics and the
salicylate-activation mechanisms. The ADPWH_Nahrdporter also achieved a
rapid evaluation of the naphthalene in the PAH-aomnhated site after chemical spill
accidents, showing high consistency with chemicahlysis. The engineered
Acinetobactewariant had significant advantages in rapid nagletie detection in the
laboratory and potentiah situ detection. The state-of-the-art concept of cloning
PAHs-degrading pathway in salicylate bioreportestaded to the construction and
assembly of high-throughput PAH bioreporter arraygpable of crude oil

contamination assessment and risk management.

Keywords. Naphthalene; whole-cell bioreporteAcinetobacter baylyi Gibson

cloning; polycyclic aromatic hydrocarbons (PAHS)
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHS), a grouppefsistent organic pollutants,
exist extensively in subsurface environments (WilcRO00). PAHs have been
designated by the US Environmental Protection Age(ldS EPA) as priority

pollutants because of their possible carcinoggniamd toxicity to humans and
animals (Boffetta et al. 1997). Naphthalene, a sitat PAH with possible

carcinogenicity, has drawn considerable concereauz® of its high water solubility
and high volatility (Valdman et al. 2004b). As aofethe most widespread xenobiotic
pollutants, the detection and natural attenuatiénnaphthalene are the main

challenges in PAH contamination (Valdman et al.£400

Chemical analysis is the main approach for the dafiete of naphthalene in
environmental samples. Despite their cost and labsr pre-treatment, gas
chromatography/mass spectrometry (GC/MS) (Pottedt &awliszyn 1994) and
high-performance liquid chromatography (Oliferova a. 2005) are the most
commonly applied techniques in environmental momtp (Zhang et al. 2013).
Recently, the increasing attention on geneticaflgimeered whole-cell bioreporters
attributed to their high sensitivity, low cost, enefficiency, and ease of operation
(Song et al. 2009). More importantly, whole-cellot@porters can assess the
bioavailability and toxicity of contaminants in th@atural environments (Deepthike
et al. 2009, Kohlmeier et al. 2008, Tecon et ab90They could further be used for
in situ or online measurement of contaminants and evaluatf their ecological
impacts (Chen et al. 2013, Elad et al. 2011). WHeelé bioreporters are viewed as
supplementary technigues to chemical analysis fmirenmental risk assessment.

Numerous whole-cell bioreporters have been repddesense crude oil and PAHS,
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such asn-alkane (Zhang et al. 2012a), benzene, toluenglbethzene, and xylene
(Keane et al. 2008, Kuncova et al. 2011), naphtteali&ing et al. 1990, Trogl et al.
2012), and phenanthrene (Shin et al. 2011) (AppehdiParticularly, for naphthalene,
Pseudomonas fluorescen$k44 is the most commonly investigated naphthalene
bioreporter (King et al. 1990, Trogl et al. 200/) fluorescen$iK44 can not only be
directly applied in wastewater monitoring (Valdmetral. 2004b) but can also achieve
online naphthalene detection (Valdman et al. 200BAH degradation assessment
(Paton et al. 2009), or immobilized in gel to retas long storage time (Trogl et al.
2005). The bacterial biosensor HK44 has been showespond to sensitively and
guantitatively to naphthlene (Paton et al. 20083leked, while the biosensor in the
study of polar organic contaminants in soil hasnbeported, their application in soil
is less common(Semple et al. 2003). Currently,bilbsensors need to interface with
such target pollutants either following a suitablganic solvent extraction step or
pioneering a technique directly via the gas phasiflr et al. 1994). Most biosensor
of naphthalene applications have remained in rekdab for many reasons, some of
which relate to a lack of standardization, theiclifity in maintaining living microbes,
and also the poor analytical quality of the asspg®r specificities of detection, and

the high detection limits(Werlen et al. 2004b).

Nevertheless, many other types of PAHs are stilletectable by living organisms.
The fusing of reporter genes to the promoters grat#ation genes and the use of
biological signaling chains coupled to fluorescentbioluminescent proteins are
attributed to the construction principle (BelkinG3) van der Meer et al. 2004). For
instance, the conventional methods for naphthabemeporter construction followed
the fusion oflux or gfp reporter gene in the operon (likahR encoding naphthalene

metabolism (Shin 2010), hosted by indigenous naétie-degrading microbes (e.qg.,
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P. fluorescens (King et al. 1990) or genetically engineered niosgiains (e.g.,
Escherichia col (Mitchell and Gu 2005), thereby allowing the exgsion of
biological signals during naphthalene degradati®ipg et al. 2000). The construction
of each bioreporter is unique and laborious forcggePAH molecules. Most PAH
metabolism occurs via the salicylate pathway, idiclg naphthalene (Chen and
Aitken 1999, Harwood and Parales 1996, Johri 1399, Loh and Yu 2000, Yen and
Serdar 1988), and salicylate behaved as a signifisggnaling metabolite for
whole-cell bioreporters. By cloning naphthalenerddgng operons into the salicylate
bioreporter host, whole-cell bioreporters detectamelic salicylate and quantify the
existence of the parent naphthalene in naturalrenwient. This technique is also
applied for the construction of series PAHs whad#-bioreporters for multi sensing

array.

In this study, a new type of naphthalene biorepostas constructed and applied in
groundwater and soil naphthalene contamination omreasent. A Gibson isothermal
assembly (Gibson et al. 2009) was introduced ferdbnstruction of a recombinant
naphthalene-degrading plasmids, pWH1274_Nah, vkighcapability of transferring
naphthalene to the central metabolite salicylatee ew bioreporter, ADPWH_Nah,
was constructed by cloning the pWH1274 Nah veatothie hostAcinetobacter
ADPWH_lux (Huang et al. 2005) and tealARandluxCDABEoperons, which were
inducible by salicylate. Converting naphthalenes#dicylate by the expression of
nahAD operon on the vector, the ADPWH_Nah bioreportes afale to quantitatively
respond to naphthalene and assess naphthalenenauatian in natural water and
soil. The naphthalene-degrading pWH1274_Nah vectold be replaced by other
plasmids with respective PAH metabolic operonsdioieve the biological detection

of targeting PAHs. Our work presented a routine amiple method for the

5



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

construction of various bioreporters responsivditierent PAH molecules, exhibiting

its extensive application possibilities in watedaoil monitoring and assessment.

2. Materials and methods

2.1 Bacterial strains, plasmids, and culture media

The bacterial strains and plasmids are listedable 1. Unless otherwise stated, all
the chemicals are analytical-grade reagents. LBedani (LB) was used as the
cultivation medium for ADPWH_Ilux (Thermo Scientifit/SA). ADPWH_Nah and
ADPWH_1274 were cultivated and induced in LB medisapplemented with 300
ug/mL ampicillin (LBA300); E. coli DH5a (with pWH1274 or pWH1274_NaAD)
was also cultivated in LBA300 medium. Minimal mediuwith 20 mM sodium
succinate (MMS) was used for the induction of bpomter strains, containing 2.5 g
NaHPO,, 2.5 g KHPQO,, 1.0 g NHCI, 0.1 g MgSQ- 7H,0O, 10uL saturated CagGl
(44.8%), 10uL saturated FeS£X20.8%), 1 mL Bauchop and Elsden solution, and 20
mM sodium succinate in 1.0 L deionized water. Miaimedium agar (1.4%, MMA)
was supplemented with naphthalene crystals as ohe sarbon source for the

selection of positivécinetobacterclone with pWH1274_Nah vector.

2.2 Gibson isothermal assembly for p?WwH1274_Nah plasmitruction

The Gibson cloning and construction of naphthalemkole-cell bioreporter
ADPWH_Nabh is briefly illustrated irrig. 1. Our targeting vector, pWH1274_ Nah,
was assembled by thm&hAD operon (9 kbFig. 1A) and pWH1274 plasmid (6 kb,
Fig. 1A), with the one-stepn vitro Gibson recombination method which can
assemble DNA products as large as 900 kb (Gibsal. 2009). pDTG1 plasmids
(Dennis and Zylstra 2004) were extracted frétseudomonas putiddlCIB9816

(Cane and Williams 1982) as the template for ti@hAD operon. The primers
6
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(Sangon Biotech, China) for polymerase chain readi"CR) and Gibson isothermal
assembly are listed iTable 2. The two pairs of primers were designed and
synthesized with a 30+ bp overlapid. 1B). pWH1274 andhahAD operons were
separately amplified by PCR using the primer pdiahA_for/NahD rev and
1274 for/1274 _revlable 2). The PCR system (5(L) contained luL DNA template,
1x reaction buffer, 0.2 mM each of deoxynucleodigehosphate (Fermentas, USA),
0.2 uM each of primer, and 2.5 units Dream Taq DNA padyase (Fermentas, USA).
The reaction was performed with initial denatunatad 95 °C for 4 min, followed by
35 cycles of 95 °C for 30 s, 56 °C for 30 s, andCZor 5 min, and a final additional
extension at 72 °C for 10 min. The amplified pradugere isolated from 1% agarose
gel and further purified with QIAquick gel extramti kit (Qiagen, Germany)
according to the manufacturer’s instructions. Twe fragments were processed and
fused together using a TS5 exonuclease, TagDNA digasd high-fidelity Phusion
polymerase, incubated at 50 °C for 1Zg( 1B). After transformation via heat shock,
the positive clone (DHb pWH1274 _Nah) was selected on LBA300 agar plate and

the plasmid pWH1274_Nah was extracted from H8NVH1274 Nah cells.

2.3 Transformation of pWH1274 and pWH1274_Nah vect&DiWH_lux

The competent cells of ADPWH_lux were preparechasollowing: after growing in
LB medium at 30 °C overnight with shaking at 15trghe 100uL cell suspension
was harvested by centrifugation at 3000 rpm formi@d at 4 °C, washed, and
resuspended in 1 mL 10% glycerol. Theull aliquot of the pWH1274_Nah or
pWH1274 was electro-transformed into 50 competent ADPWH_lux cells.
Subsequently, the cells were transferred into 806f SOC medium and incubated at

30 °C for 2 h. The cell suspension was then spoaadMA with naphthalene crystals
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for the selection of positive transformants capaiflenetabolizing naphthalene. The
plasmid pWH1274 was also electro-transformed tmetobacterADPWH_lux as
the negative control with a similar selection pxenentioned above, except for the
LBA300 agar plate for selection. The confirmatioh successful pWH1274_Nah
vector transformation and function was verifiedthg metabolism of naphthalene and

PCR amplification with NahA_for/NahD_rev primer i

2.4 Bioluminescence induction of ADPWH_Nah by PAHs

Each of the 100 mM PAH and interfering substanteskssolutions were prepared by
dissolving a specific weight (naphthalene 128.2 pygene 202.3 mg, toluene 92.1
mg, anthracene 178.2 mg, phenanthrene 178.2 mgynsahlicylate 160.1 mg, and
sodium benzoate 144.1 mg) in 10 mL dimethyl sullex(DMSO, for naphthalene,
pyrene, toluene, anthracene, and phenanthrene)eionided water (for sodium
salicylate and sodium benzoate). The PAH and ey substances induction
solution was made by series dilution to the finaheaentration of O, 1, 5, 10, 20, 50,
and 100uM with deionized water. After inoculation in LBA30®edium at 30 °C
overnight, 1 mL ADPWH_Nah, ADPWH_1274, and ADPWHX Icell suspensions
were harvested by centrifugation at 3000 rpm fomnii0 at 4 °C, washed twice, and
resuspended in MMS medium of the same volume (Zletngl. 2013). A 2QuL
bioreporter suspension and a 180PAH solution were transferred into each well of
a 96-well black optical-flat microplate (Corning €a, USA). The bioluminescence
and absorbance at 600 nm wavelength §»f the microplate wells were detected
by the Synergy 2 Multi-Detection Microplate Rea@@ioTek Instrument, USA). The
measurement was conducted every 10 min for 5 Htenthcubation temperature was

30 °C. All detections were carried out in triplieat
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2.5 Naphthalene detection in PAHs-contaminated sites

A total of 16 real groundwater samples and 13 saihples were collected from a
PAHs-contaminated site in Chingig. 2, and the locations are listedTable A1 and
Table A2 of Supplementary Material) on 14 July 2014. The sitas historically
contaminated by chemical spills fro@hina Petroleum Lanzhou Petrochemical
Company consequently causing thanzhou Tap Water Crisisn 11 April 2014. Ten
shallow groundwater samples (SWO01, SW03, SW04, SV#806, SW07, SW08,
SW09, SW11, and SW15) were taken at 4.5 m deptd, the other six deep
groundwater samples (DWO02, DWO05, DW07, DW08, DWwaad DW11) were
collected at 8.0 m depth. Thirteen soil sampleb(&, d, e, f, g, h, i, |, k, I, m) were
taken at three depths (0.5, 1.5, and 3 m). The kemmyere stored at 4 °C until further
assessment (within 72 h). The chemical analysRAdis andn-alkane contamination
was conducted by GC/MS following US EPA methodsafxip et al. 2013), and the
results are listed imables A3 and A4. A 2 mL groundwater sample was homogenized
with 40 kHz ultrasound for 300 s and mixed well bgrtexing for 10 s before
bioreporter detection. A 360 mg soil sample mixathvd mL deionized water was
homogenized with 40 kHz ultrasound for 300 s andtexed for 10 s before
bioreporter detection (Zhang et al. 2012a). The AIDP Nah bioreporter strains were
cultivated in LB medium overnight at 30 °C, folloavby centrifugation harvest (3000
rpm for 10 min), and resuspended in MMS medium.OAiR bioreporter suspension
and a 18QiL groundwater sample/the supernatant of the shaitism were transferred
into a 96-well black optical-flat microplate, follang the same procedure for

naphthalene solution detection above.



211 2.6 Quantitative model for ADPWH_Nah's response to niaalene
212 From the mathematical gene regulation model forbibeeporter response to specfic
213  chemicals (Al-Anizi et al. 2014, Zhang et al. 20}, 2ihe direct induction ofalAR

214  operon in ADPWH_lux by salicylate can be expredsgethe following equation.

[S]
215 A[s] = Amjo] +a, - m (1)

216  Here, [S] represents the salicylate concentration in biatepaells (cell') and K;

217 refers to the specific inducer binding rate of tBalR regulon to the salicylate
218 molecule. apg (s cell) is the transcription rate of thealAR operon baseline
219  expression in the absence of the inducer, apdepresents the maximal transcription
220 rate with saturated salicylate induction. Consiugrthe metabolization rate from
221  naphthalene to salicylatenf,_s) by NahAD enzymes, the researchers found that the
222 salicylate concentration was the formula of napletie concentration[], cell™),

223 and Equation (2) then described the quantitatives gexpression of theal ARoperon

224  induced by naphthalene.

p. _ [v)
225 a[N] = am[o] + an, —(mN—S'KI)_1+[N] (2)

226 2.7 Data analysis

227  The distribution of naphthalene in groundwater aoidl samples were interpolated by
228  Kriging method, analyzed, and plotted by Surfer @®lden Software). The SPSS
229 package (version 11.0) was used for statisticalyarsa and ap value<0.05 was

230 considered to indicate statistical significancee Brown—Forsythe and Shapiro—Wilk
231 tests were performed for data equality and norgadind the null hypothesis was

232 rejected forp values less than 0.05.
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3. Resaultsand discussions

3.1 Genetic information of naphthalene bioreporter ADRVINah

Plasmid pWH1274 is a commonly used shuttle veatoiEf coli and Acinetobacter
calcoaceticus (Hunger et al. 1990). TheahAD operon encoding naphthalene
metabolism was amplified by PCR from the pDTGL1 plasin Pseudomonas putida
NCIB9816 {Table 1) (Cane and Williams 1982). To improve the naplehal
metabolization to salicylate, theahAD was cloned into pWH1274 with the
constitutive promoter R (Hansen and Sorensen 2000) via the Gibson iso#ierm
assembly (Gibson et al. 200Fi¢. 1). The pWH1274 and pWH1274 Nah vectors
were then integrated into the salicylate biorepprBPWH_lux, as the negative
control (ADPWH_1274) and positive bioreporter stra(ADPWH_Nah) for

naphthalene sensing.

The existence of nahAD operon in ADPWH_Nah was icodd by PCR with the
primer pairs NahD_rev/NahA forTéble 2), and the results were negative for
ADPWH_lux and ADPWH_1274 (Fig. Al). The PCR prodbatl been sequenced to
verify by the Illumina HiSeq and MiSeq platformsDRWH_Nah can grow on
mineral medium supplemented with naphthalene asstie source of carbon and
energy, during which naphthalene is metabolizedalicylate by NahAD enzymes.
The salicylate molecules further activated the Rsamoter and triggered the
expression of salAR operon and luxCDABE gene, athgp bioluminescent signals
for the detection. The new bioreporter ADPWH_Nahsveanstructed through the
introduction of cloning pWH1274_Nah vector into hésinetobacter ADPWH_lux.
The bioluminescent bioreporter was functional whéme vector converted

naphthalene to salicylate and visible signaling iated by the metabolite salicylate

11
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was observed.

3.2 Naphthalene induction kinetics of ADPWH_Nah

In the absence of naphthalene, ADPWH_Nah, ADPWH413ard ADPWH_lux had
a similar bioluminescent baseline from 50 RLU t® LU (Fig. 3A). Exposed to 50
uM naphthalene, only ADPWH_Nah showed rapid positegponse within 5 min,
and the dramatic increasing bioluminescence lasted2 h and subsequently
maintained a high level of 2500 RLU to 3100 RLBEid, 3A). No response was
observed for ADPWH_1274 and ADPWH_lux to naphthelJemdicating that
naphthalene did not activate tisalAR operon anduxCDABE gene. The results
proved the functions ofahAD operon for naphthalene metabolism, angd Was a
strong promoter fomahAD expression and encoding compared with tfaER

regulator (Mitchell and Gu 2005).

From the response of ADPWH_Nah to different napletieconcentrations$-(g. 3B),
the detection limit of ADPWH_Nah was 0.0M, and the quantification time was 1 h.
The 5uM naphthalene induction was significantly highearththe negative control
within only 5 min after induction. The rapid anchsiive response of ADPWH_Nah
suggested its potential in a real-time naphthaighele-cell bioreporter. Throughout
the induction, no significant growth suppressiorswahservedKig. A2), indicating
limited impacts of naphthalene on the growth andiviies of ADPWH_Nah
bioreporter. The increasing bioluminescence sigiaurred in the first 2 h and the
stable response time was identified from 200 min2#&0 min. The positive
relationship between ADPWH_Nah’s bioluminescenag maphthalene concentration
also indicated that ADPWH_Nah can be utilized ttedenaphthalene in the aqueous

phase.
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ADPWH_Nah was found with high response specifidibyvards naphthalene, as
illustrated inFig. 4. With similar responsive pattern to sodium sab¢gland sodium
benzoate, the three strains had the same mechanfssatAR operon activation by
salicylate or benzoate (Zhang et al. 2012b). Inplesence of different concentrations
of pyrene, toluene, anthracene, and phenanthreb®WH Nah did not exhibit a
significant response. With the response of the thegaontrol ADPWH_1274 to

salicylate and benzoatEif. A3), their disturbance can be mitigated.

3.2 The quantitative response of ADPWH_Nah to naphtieale

Fig. 5 further illustrates the quantitative response ddPAVH_Nah to different
concentrations of naphthalene, sodium salicylatel sodium benzoate. From the
average bioluminescence response ratio betweera20@®40 min (stable response
period), the mathematical model successfully ptedithe behavior of ADPWH_Nah
and the calculation fit well with the experiment@ta. The linear relationship
between bioluminescent response and naphthalenerevasled when naphthalene
concentration ranged from 1M to 50 puM. At higher concentration, the
bioluminescent intensity became saturated, wherdas response ratio of
ADPWH_Nah kept increasing for salicylate. This pbenon was explained by the
limited capacities of thenahAD to metabolize naphthalene into salicylate at high

concentration.

Compared with the response of ADPWH_lux to vari®ddds (Zhang et al. 2012b),
the inductive ADPWH_Nah follows a similar gene egsion rate and specific
inducer binding rate & cell™), as listed inTable 3. The gene expression rate of
ADPWH_Nah for napthlene was 130.24"sell, similar to that of ADPWH_lux to

salicylate (124.274.cell™), indicating the same promoter activationsafARoperon

13
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328

andluxCDABEgene. The specific inducer binding r&teof ADPWH_Nah was 4310

s t.cell; significantly lower than 23,255 scell* (the binding rate of salicylate to
salRregulon in ADPWH_lux). Thex,, of ADPWH_Nah’s response to naphthalene
was 53.2 §-cell*, much lower than that of ADPWH_Nah'’s responseaticglate,
whereas its naphthaleiig (75,301 " cell') was significantly higher than the value
in salicylate induction (5181 5cell™). The results suggested that the insufficient
metabolization rate from naphthalene to salicylatg _s, 0.069 from calculation),
consequently resulted in low available salicylate promote thesalAR operon.
ADPWH_Nah and ADPWH_lux had similar gene expressaias (46.4s-cell*and
40.4 s*-cell*respectively) and specific inducer binding rate$5(&*- cell* and 632

s .cell™*, respectively), further confirming that the exgmies of benM operon in
ADPWH_Nah was stimulated by salicylate, not bengpas in ADPWH_[ux. It was
the direct evidence for theahAD encoding naphthalene metabolic pathway via

salicylate instead of benzoate.

3.3 The response ofADPWH_Nahto PAHs-contaminated site

The distribution of naphthalene in the real PAHstaminated groundwater and soil
samples, via both bioreporter and GC/MS analyss)ahstrated the reliability and
feasibility of whole-cell bioreporter ADPWH_Nah emvironmental monitoring and
bioavailability assessment. With the response efrtagative control ADPWH_1274

in groundwater and soil sampldsd. A4), their disturbance can be mitigated.

At a groundwater depth of 4.5 m, significant tataphthalene concentration ranged
from 6.0 ug/L to 63.4ug/L (Fig. 6B). The highest total naphthalene contamination
was found at SWO07 (6340g/L) and SW03 (42.3g/L). As for bioreporter-estimated

naphthaleneKig. 6A), SW03 had the highest contamination (64diL), whereas

14
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SWO07 had an extremely low level of bioreporterraated naphthalene (3 @/L).
Given that SW03 was the latest contaminated polmgre/the tap water contamination
was found, it is proposed that the majority of PAMare bioavailable after recent
contamination. For SWO07 with long contaminationtdng, the bioavailable fraction
of PAHs was metabolized by indigenous microbes, lawd bioreporter-estimated
naphthalene was found. At a depth of 8.0 m, simspatial distribution of
naphthalene contaminants was identifiédg( 6). The highest bioreporter-estimated
naphthalene and total naphthalene (33.0 and|G§15 respectively) was observed at
DWO08, indicating the vertical transportation of PAEontaminants from surface soil
(SWO08) to deeper soil (DWO08) after long-term cheahgpills. A positive relationship
(Pearson coefficient was 0.548 amu value<0.01) was found between the
bioreporter-estimated naphthalene (bioreporter )daad total naphthalene in
groundwater (GC/MS data). ADPWH_1274 (6 h) in gmbuater samples had a
dynamic growth curve. No significant growth supgres was observed throughout
the measurement, indicating limited impacts of mhplene on the growth and

activities of ADPWH_1274.

At a soil depth of 0.5 m, total naphthalene conegiun ranged from 0.3 mg/kg to
12.4 mg/kg (Fig. 6D). The highest bioreporter-estimated naphthalene tatal
naphthalene (8.86 and 12.4 mg/kg, respectively) etmserved at point g. However,
an extremely low level of bioreporter-estimated hitaplene was found in point j (O
mg/kg) Fig. 6C). Since point g was the latest contaminated pdimd, proposed that
the majority of PAHs were bioavailable after receahtamination. For point j, with
long contamination history, the bioavailable fraotiof PAHs was metabolized by
indigenous microbes. At depths of 1.5 and 3 m, lammspatial distribution of

naphthalene contaminants was identifi€ag( 6). A positive relationship (Pearson
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coefficient was 0.740 anglvalue<0.01) was found between the bioreporterredd

naphthalene (bioreporter data) and total naphtlealesoil (GC/MS data).

The results suggested that biological monitoringa wvhole-cell bioreporter
(ADPWH_Nah) was comparable to chemical analysis.reMinterestingly, the
(bioreporter-estimated)-to-total ratio gave moréorimation on the chemical spill
history of the contaminated sites. The latest aoitated point SWO03 in groundwater
had high (bioreporter-estimated)-to-total ratio oé&phthalene (100%), and an
extremely low level of the ratio was found in SWWith long contamination history
(4.4%). Accordingly, the recent contamination pajnin soil had high bioavailable
fraction of the organic pollutants ((bioreportetimsted)-to-total ratio is 71.5%),
suitable for bioremediation. Oppositely, the PAH#ha sites with long contamination
history, such as point j in soil ((bioreporter-estied)-to-total ratio is 30.2%), had
low bioavailability, and chemical/physical remedhat approaches were suggested.
Overall, the average (bioreporter-estimated)-tattotatio of naphthalene in
groundwater is 74.8%, similar to that in soil (6%)3 indicating that both the
groundwater and soil were from the same sourc@esistorical oil spills. Although
the ratio was a little higher in groundwater, itymiae because more hydrophilic
organic matters moved to groundwater while high eoolar hydrophobic matters
were retained in the soil. Given the rapid detectione (less than 6 h) and low
sample volume requirement (18Q), the whole-cell bioreporter is a supplementary

tool for environmental assessment decision makmygsite management.

3.4 Multi whole-cell bioreporter array for high-througlit PAHs assessment

A multi whole-cell bioreporter array has been agglfor hydrocarbons (Tecon et al.

2010); however, no such high-throughput PAH bioregpoarray exists. From the
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378  conventional approach of bioreporter constructibe, laborious and unique cloning
379  work for the specific PAHs molecule is not suitabide the routine approaches. The
380 performance of different bioreporter strains wasoalaffected by respective
381 environmental factors, such as carbon source opedesmture, and the whole-cell
382  bioreporter array therefore suffers from calibmatiand standardization variations.
383  With the salicylate bioreporter ADPWH_ lux, the adorof ring-hydroxylating
384 dioxygenase genes (Cebron et al. 2008) with streexgjeressed promoter helps in the
385 assembly of a multi whole-cell bioreporter array f@rious PAH molecules. The
386 phnAaBAcAdDHGCFoperon fromAcidovorax NA3 (Singleton et al. 2009) was
387 capable of metabolizing phenanthrene via the daleypathway (Pinyakong et al.
388 2000). To achieve online and high sensitivity, ttieice of reporter gene was
389 important, andacZ, gfp, andlux reporter genes have their respective advantagks an
390 challenges (Kohlmeier et al. 2007). OthmedDBAC in Mycobacterium vanbaalenii
391 PYR-1 (Kim et al. 2006) was also responsible farepg and mineralization, viewed
392 as the candidate for the corresponding circuit comept for the whole-cell
393  bioreporter. By mining the new functional genes fig/&t al. 2010), more metabolic
394  building blocks could be characterized and morecifipewhole-cell bioreporter
395 would be arrayed, based on the salicylate meta&bq@i#thway and response, for

396  high-throughput PAH detection.

397 4. Conclusons

398  This study developed a new whole-cell bioreportePWH_Nah, for the rapid
399 detection of naphthalene in environmental samplBse bioreporter has high
400  specificity to sense naphthalene and successfulljuates the spatial distribution of

401  naphthalene in groundwater after thenzhou Tap Water CrisisThe findings also
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suggest it is possible for multiple PAHs whole-cdlioreporter construction,
metabolizing PAHs by introducing a functional operoto a sensible salicylate to

assemble a bioreporter array for rapid and higbttihput environmental monitoring.
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Table 1Bacteria strains and plasmids used in this study.

Strain/plasmid

Description

Reference

Bacteria

Escherichia coli DH5a  High efficient competent cells.

Pseudomonas putida
NCIB9816

Escherichia coli

DH50_pWH1274 Nah

Naphthal ene degrader with NahAD operon (9 kb)
for naphthal ene metabolization.

Escherichia cells with pWH1274 Nah vector.

Acinetobacter bioreporter responsive to salicylate.

A promoterless luxCDABE from pSB417 was

Tiangen, China

(Cane and Williams
1982)

This study

ADPWH_lux , , (Huang et a. 2005)
inserted between sal A and salR genesin the
chromosome of ADP1.
Acinetobacter bioreporter responsive to
ADPWH_Nah naphthalene. The pWH1274_Nah vector exited in ~ This study
ADPWH_|ux.
Acinetobacter bioreporter as the negative control
ADPWH_1274 of ADPWH_Nah. The pWH1274 vector exited in ~ This study
ADPWH_lux.
Plasmids
DTGL Plasmid with the NahAD operon (9 kb) from (Dennis and Zylstra
P Pseudomonas putida NCIB9816. 2004)
Escherichia coli and Acinetobacter baylyi
shuttle plasmid (6 kb), containing P
o o (Hunger et al.
pWH1274 constitutive promoter and EcoRV restriction site 1000)
for cloning. Ampicillin is used as antibiotic
selection.
NahAD operon cloned into the EcoRV site of _
pWH1274 Nah This study

pWH1274 vector.




Table 2 Primers used in this study.

Primers Sequence (5-3)

NahA _for AGGCTTGGTTATGCCGGTACTGCCGGGCCTCTTGCG
GGATATTGACATATAACGTCGTATTCACG

NahD_rev GCACGCCATAGTGACTGGCGATGCTGTCGGAATGGA
CGATACGATCAGGTCAACCACTTATATC

1274 for ATCGTCCATTCCGACAGCATCGCC

1274 rev

ATCCCGCAAGAGGCCCGGCAGTAC




Table 3. The model parameters of ADPWH_lux and ADPWH_Nah response to

various PAHSs.
Bioreporter strains
Specific inducer binding ratekK;
Inducer Gene expression rate (& cell?)
(s*-cell)
ADPWH_lux  ADPWH_Nah | ADPWH_lux ADPWH_Nah
Salicylate 124.2 1304 23255 5181
Naphthalene - 53.2 - 75301
Benzoate 46.4 404 745 632
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Figure

Fig. 1. Schematics of ADPWH_Nah construction and resporeghanisms. (A) PCR
amplification of pDTG1 (9 kb) for naphthalene-detjrey operonnahAD and
pWH1274 (6 kb) plasmid for transformation vect®) Gibson isothermal assembly
for pWwH1274 _NaAD vector. (C) Naphthalene metaboleamd the induction afal AR

operon by central metabolite salicylate.

Fig. 2. Contaminated sites and sampling points. Lanzhoy i€ilocated in northwest
China (A), and the contaminated site is in the wédgtarea and near the Yellow River
(B). Ten groundwater samples were collected at @ m. depth (C), and six
groundwater samples were collected at an 8.0 mhd@pt Thirteen soil samples

were collected at 0.5, 1.5, and 3 m depths (E).

Fig. 3. (A) Dynamic bioluminescence response of ADPWH_Idadl ADPWH_1274
to naphthalene inducer. The relative biolumineseergsponse to negative control
(DMSO-MMS) ranged from 50 RLU to 200 RLU for ADPWNah, ADPWH_1274,
and ADPWH_lux. In the presence of pPl naphthalene in DMSO-MMS, the highest
bioluminescent signal of ADPWH_Nah was 3077+62 Rklgnificantly higher than
that of ADPWH_1274 (119+3 RLU) and ADPWH_lux (13BtIRLU). (B)
Quantitative response of ADPWH_Nah to a series ahthalene concentrations.
Kinetic responsive curve of ADPWH_Nah in the pregenf 0, 1, 5, 10, 20, 50, and

100uM naphthalene.

Fig. 4. The response of ADPWH_Nah (A), ADPWH_1274 (B) arldPAWH_lux (C)
to various PAH=&nd interfering substances. The three whole-celiepiorters had the

same responsive pattern to sodium salicylate addiisobenzoate, illustrating their
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similar stimulation mechanisms sdl AR operon activation by salicylate or benzoate.
ADPWH_Nah exhibited the unique positive responsedphthalene, but no response

in the presence of pyrene, toluene, anthraceneplaaaanthrene.

Fig. 5. The model simulation of ADPWH_Nah'’s response ffedént concentrations
of naphthalene (0.98, RMSE=3.38), sodium salicylate’®, RMSE=1.58), and
sodium benzoate (R1, RMSE=0.33). The experimental data were the ameer
bioluminescence response ratios of ADPWH_Nah betw260 and 240 min

induction.

Fig. 6. Naphthalene contamination in groundwater and $bi bioreporter-estimated
naphthalene in groundwatepg{L) (A) and soil (mg/kg) (C) were analyzed by
whole-cell bioreporter, and calculated from the welogimulation. The total

naphthalene in groundwaterg(L) (B) and soil (mg/kg) (D) were obtained by GC/MS.
The contaminant distribution was plotted by Suffér (Golden Software). A positive
relationship was found between bioreporter-estichateaphthalene and total
naphthalene in groundwater (Pearson coefficieft548 and value<0.05), and soil

(Pearson coefficient is 0.740 apdalue<0.05).
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PCR
Size (kb
ize (kb) 5 3
" pWHI274
15
: 6 k) NahAD pWHI274
25
5’-3” exonuclease chews back, leaving overhangs
5 3 g
pWHI274
NahAD
NahAD Ligase and polymerase link parts and repair gaps
(9kb)
pWHI1274-Nah
naphthalene

pWHI274_Nah cell membrane

metabolism

Py, activation

Y P
--------- W:>|:>K- naphihalene
bioreporter
sald luxCDABE salR ADPWH_Nah
signal

Fig. 1. Schematics of ADPWH_Nah construction and resporsghanisms. (A) PCR

amplification of pDTG1 (9 kb) for naphthalene-detjrey operonnahAD and

pWH1274 (6 kb) plasmid for transformation vect®) Gibson isothermal assembly

for pWH1274_NaAD vector. (C) Naphthalene metaboleam the induction afal AR

operon by central metabolite salicylate..
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Fig. 2. Contaminated sites and sampling points. Lanzhoy i€ilocated in northwest
China (A), and the contaminated site is in the wégtarea and near the Yellow River
(B). Ten groundwater samples were collected at & m. depth (C), and six
groundwater samples were collected at an 8.0 mhd@pt Thirteen soil samples

were collected at 0.5, 1.5, and 3 m depths (E).
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Fig. 3. (A) Dynamic bioluminescence response of ADPWH_Idadl ADPWH_1274
to naphthalene inducer. The relative biolumineseergsponse to negative control
(DMSO-MMS) ranged from 50 RLU to 200 RLU for ADPWNah, ADPWH_1274,

and ADPWH_lux. In the presence of pPl naphthalene in DMSO-MMS, the highest
5
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bioluminescent signal of ADPWH_Nah was 3077+62 Rklgnificantly higher than
that of ADPWH_1274 (119+3 RLU) and ADPWH_lux (13B+1RLU). (B)
Quantitative response of ADPWH_Nah to a series aghthalene concentrations.
Kinetic responsive curve of ADPWH_Nah in the presenf 0, 1, 5, 10, 20, 50, and

100uM naphthalene.
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Fig. 4. The response of ADPWH_Nah (A), ADPWH_1274 (B) arldPAWH_lux (C)

to various PAHs and interfering substances. Theetlwhole-cell bioreporters had the
same responsive pattern to sodium salicylate addiisobenzoate, illustrating their
similar stimulation mechanisms sl AR operon activation by salicylate or benzoate.
ADPWH_Nah exhibited the unique positive responsedphthalene, but no response
in the presence of pyrene, toluene, anthracenephadanthrene. (Asterisks indicate

significant differenceesponse compared bioreporter A to B/C)
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Fig. 5. The model simulation of ADPWH_Nah'’s response ftedent concentrations
of naphthalene (0.98, RMSE=3.38), sodium salicylate’®, RMSE=1.58), and
sodium benzoate @R1, RMSE=0.33). The experimental data were the ameer
bioluminescence response ratios of ADPWH_Nah betw260 and 240 min

induction.
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Fig. 6. Naphthalene contamination in groundwater and $b#: bioreporter-estimated
naphthalene in groundwatepng{L) (A) and soil (mg/kg) (C) were analyzed by
whole-cell bioreporter, and calculated from the welogimulation. The total

naphthalene in groundwaterg(L) (B) and soil (mg/kg) (D) were obtained by GC/MS.
The contaminant distribution was plotted by Suff€r (Golden Software). A positive
relationship was found between bioreporter-estichateaphthalene and total
naphthalene in groundwater (Pearson coefficieft548 and value<0.05), and soil

(Pearson coefficient is 0.740 apdalue<0.05).

10



Highlights:

« We constructed a novel bioreporter, for rapid detecting naphthalene.

o It suggested a new concept for multiple PAHs whole-cell bioreporter

construction.

« Thebioreporter achieved rapid evaluation of naphthalenein rea site.



