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Abstract:

The xenobiotic priority pollutant pentachlorophehak been used as a timber preservative in

a polychlorophenol bulk synthesis product contajraiso tetrachlorophenol and
trichlorophenol. Highly soluble chlorophenol sditsve leaked into groundwater, causing
severe contamination of large aquifers. Naturaratation of higher-chlorinated phenols
(HCPs: pentachlorophenol + tetrachlorophenol) stohically polluted sites has been
inefficient, but a 4-year full scale situ biostimulation of a chlorophenol-contaminated

aquifer by circulation and re-infiltration of aesdtgroundwater was remarkably successful:
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pentachlorophenol decreased from 400 ffgd.<1 pg L* and tetrachlorophenols from 4000
ng L* to <10 pg L. ThepcpB gene, the gene encoding pentachlorophenol hydrseyléhe
first and rate-limiting enzyme in the only fully &tacterised aerobic HCP degradation
pathway - was present in up to 10% of the indigermacteria already 4 months after the start
of aeration. The novel quantitative PCR assay tiedetbhepcpB genein situ also in the
chlorophenol plume of another historically pollutegluifer with no remediation history.
Hotspot groundwater HCPs from this site were degptafficiently during a 3-week
microcosm incubation with one-time aeration bubttrer additives: from 5400 pg'ito

1200 pg [* and to 200 ug tin lightly and fully aerated microcosms, respeeiyy coupled

with up to 2400% enrichment of tipepB gene. Accumulation of lower-chlorinated
metabolites was observed in neithesitu remediation nor microcosms, supporting the
assumption that HCP removal was due to the aed#gcadation pathway where the first step
limits the mineralisation rate. Our results demmatstthat bacteria capable of aerobic
mineralisation of xenobiotic pentachlorophenol &tdachlorophenol can be present at long-
term polluted groundwater sites, making bioremealielby simple aeration a viable and

economically attractive alternative.

Keywords: in situ bioremediationpcpB gene; pentachlorophenol hydroxylase; quantitative

PCR; lon PGM amplicon sequencirighingomonas sensu lato



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

1. INTRODUCTION

Pentachlorophenol (PCP) is a xenobiotic with novkmaatural sources (Crawford et al.
2007). Due to its high toxicity and poor biodegtaitiey PCP is a commonly used model
pollutant in environmental research. Large-scatelpction and use as a timber preservative
from the 1930s to the 1980s, typically in a chldrepol mixture with 2,3,4,6-
tetrachlorophenol (TeCP) as the main componeni|tegkin persistent environmental
pollution (Bryant and Schultz 1994; Mannistdal. 2001, Rautio 2011). In the phenolic form
PCP is very poorly soluble in water, but withq€ 4.74 the majority of it is present as the
phenolate form in near-neutral environments, reangehe sodium and potassium salts over
four orders of magnitude more soluble and pronmottuting large aquifers (Olaniran and
Igbinosa 2011). The same applies to 2,3,4,6-TeGR pK, of 5.38. Some 30 years after
banning, these higher chlorinated phenols (HCRs}#@t found to contaminate soil and
groundwater at Finnish sawmill sites where chloegi impregnants were used (Sinkkonen

et al. 2013).

One reason for the environmental persistence of M&Pbe the lack of microbial degraders
capable of catabolising the xenobiotic thermodyaity stable molecule at the prevailing
conditions. PCP biodegradation is well possiblanaerobic conditions, but it leads to lower-
chlorinated compounds (Bouchasttal. 2000; D’Angelo and Reddy 2000). The long-term
persistence of the compound in boreal oxygen-daeftajroundwaters (constantly around
+8°C) and successful degradation after water aeratnd fertilisation (e.g. Jarvinehal.

1994, Tiirolaet al. 2001a) indicates that aerobic organisms may hdetocess at low
temperatures. On the other hand, aerobic degradatiohlorophenols may compete with
ferrous iron oxidation for the supplied oxygen (kaegwaldtet al. 2007 and references

therein).Even though PCP degradation has beerestadtively already in the 1980s, the
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genes encoding a PCP mineralisation pathway hase fioly described only i§phingobium
chlorophenolicum L-1 (Copleyet al. 2012; Hlouchovat al. 2012, and references therein). Its
aerobic oxidative dechlorination pathway initiatedpentachlorophenol hydroxylase (PcpB)
is notably inefficient, with PCP turnover to tetnéarobenzoquinone proceeding with g; bf
0.024 &. Interestingly, the same enzyme initiates degiadatf TeCP, hydroxylating it
directly to tetrachlorohydroquinone, the secondahelite in the PCP mineralisation pathway
(Hlouchovaet al. 2012). TeCP may even be the preferred substaaterding to Tiirolaet al.
(2002b) PcpB is only expressedNovosphingobium lentum MT1 when induced by 2,3,4,6-
TeCP. Both degradation monitoring in bacterial iigcultures (2,3,4,6-TeCP;
Novosphingobium lentum MT1)(Tiirola et al. 2002a) as well as kinetic studies with the
purified enzyme (2,3,5,6-TeCBphingobium chlorophenolicum L-1)(Hlouchovaet al. 2012)
have confirmed PcpB to be more reactive on TeCR BH@P. We are not aware of any other
pathways for TeCPs biodegradation that have bearacterised on a genetic and enzymatic
level. Also trichlorophenol can be hydroxylated®gpB (Hlouchovat al. 2012), but other
pathways exist including that of betaproteobackgeausCupriavidus initiated by

trichlorophenol monooxygenase TcpA (Sanchez andz&emn 2007).

pcpB gene homologues have been detected in muBgigigomonas sensu lato (i.e.
sphingomonad) isolates that degrade PCP in culboté,in the United States and Canada
(Crawfordet al. 2007) as well as Finland (Tiirok al. 2002b). However, there are only two
earlier works reporting cultivation-independented#ion of thepcpB gene (PCR
amplification, cloning and sequencing), in Canadrared slurry bioreactors (Beaulietial.
2000) and in Montana soil biopiles (Crawfatdal. 2007). Quantitative polymerase chain
reaction (QPCR) assays have greatly aided tegtiatfication and monitoring of

bioremediation of various recalcitrant pollutamsychloroethene-degradimehal ococcoides
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with reductive dehalogenase genes as one of thehbenk examples (Ritalaldi al. 2006).
For HCP degraders, no such assays have been d@aitabur knowledge, there are no
earlier reports of PCR determination of the presgabundance or diversity of any HCP
degradation gene at original polluted sites orruHCP biodegradation. Investigation of
HCP degrader communities have relied on likelydmlaand often cumbersome laboratory

cultivation protocols (Bécaeet al. 2000, Mannistét al. 2001).

The aim of the current work was to establish prol®that enable cultivation-independent
investigation of sphingomonads apapB gene carrying organisms. Novel assays were set up
to cover the known diversity of thpepB gene, amplifying shorter (qPCR) and longer
(sequencing) fragments of thepB gene. We hypothesised thepB gene to be directly
detectable at historically contaminated groundwsitess and its relative abundance in
bacterial community to increase upon oxygenatiothefwater. Firstly, the novel assays were
tested on plume microbial community samples fromsRla site with long-term chlorophenol
contamination but no bioremediation history. Se¢gmgloundwater from Pursiala was
incubated aerobically in microcosms to quantifyrades in chlorophenols and degrader
communities. Thirdly, we report chlorophenol disgipn andocpB gene abundance in
Karkdla, another long-term contaminated aquifeatf tinderwent 4-yean situ biostimulation
by aeration. Our study sheds light on the potefdiaherobic degradation of HCPs and the

responsiblen situ degrader communities.

2MATERIALSAND METHODS
2.1 Sitesand sampling
We studied two former sawmill sites in Finland wa&Y5, a commercial fungicide

consisting mostly of tetrachlorophenol (2,3,4,6-Pge@5-80%), pentachlorophenol (5-15%)



126  and trichlorophenol (2,4,6-TriCP, 5-15%), had based for timber treatment, resulting in
127  persistent soil and groundwater pollution. In PalesiMikkeli (N61.672, E27.290) KY5 was
128 used for 32 years (1954-1986, with estimated 5804Lkg &) and in Karksla (N60.866,

129 E25.268) for 54 years (1930-1984, with estimat@®@-10 000 kg &)(Rautio 2011). At both
130  sites, the highest reported groundwater chlorophasentrations have been around

131 100 000 pg [*. Groundwater chemistry at both sites has beeavieltl up regularly through
132  an extensive system of sampling wells establisheddnitor the plume. The well casings
133 extended 1 m above ground, they were capped akddand only accessed by certified

134 sampling personnel, who changed sampling hose ketwells to minimize risk of cross-

135 contamination.

136  In Pursiala, site investigation and follow-up hegealed no evidence of significant

137  chlorophenol degradation or biotransformatinsitu (Rautio 2011). Five wells P1-P5,

138 representing a 350-meter long contamination gradoewards the CP hotspot, were sampled
139  for microbial analyses in April 2013. In June 2 siala well P5 (hotspot) was sampled
140 again for well bottom sediment slurry (1 L), as Mas for groundwater (4 L) 1 m above the
141 well bottom, to test the presence of aerobic PGfpatiation potential. Sampling glass bottles
142  were filled to the top and stored in the dark &C4or 7 d before the start of the incubations.
143  For both samplings, we received well-specific baiokgd data from the collaborating

144  consultant companies who analysed groundwater ssntgken minutes prior to the sediment
145  sampling.

146

147  In Karkola, the hotspot (most contaminated soif baen removed, preventing further CP
148 emissions. Aerobic full-scale closed cirahesitu bioremediation (biostimulation) was started
149 in June 2012 to clean up the polluted aquiferpfeihg the principle scheme in Figure 1.

150  Anaerobic contaminated water is pumped up fronrélsbarge well, fully aerated by simple
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mechanical ejector (10-12 mg ©Y), and reinjected through an infiltration well loed 200

m upstream in the CP plume. Aerated water infittratate has been approx. 63 df.
Changes in groundwater table and properties dih@gourse of remediation were followed
up with an extensive system of monitoring wellg(Fe S1). In addition, two wells were
sampled for microbial analyses in October 2012 Amd 2013 (4 and 10 months of
remediation, respectively): well K1 just next tdilination well and well K2 halfway between

the infiltration and recharge wells.

Standardised methods and accredited commercialdedv@s were used in the groundwater
analyses. CPs were quantified with GC-MS accorthngSN EN 12673, with a detection
limit of 0.05 pg L* for each congener. Groundwater\@as measured according to SFS-EN
25813, alkalinity according to SFS 3005:1981 ardide iron according to SFS 3027:1976.
Groundwater humic substances were not analysedsistudy, but according to earlier
references little organic substrates other thaarophenols are present at either of the sites

(Rautio 2011; Tiirolaet al. 2002a).

Samples for microbial analyses (DNA extraction) eveollected by pumping sedimented
particles (‘sediment slurry’) from the bottom oktlgroundwater wells established to monitor
the plume, at 13-41 m depth, to get more micrdbi@inass than that present in the
groundwater alone. Another reason for samplinglsokias to target sphingomonads, which
were assumed to be sessile instead of planktonito@R and Armentrout 1999; Tiirolet al.
2002a). Well-bottom sediment slurry was collectgdiling a sterile 50-ml plastic tube to

the top, leaving minimal headspace. Chlorophen@sasumed to be highly soluble in these
groundwaters of near-neutral pH, but if either tadisolubility or biodegradation would

affect the chlorophenol concentrations experiermedroundwater (planktonic) vs. sediment
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slurry (sessile) bacteria, this should show asdkfit CP congener distributions in the two
matrices. An in-house modification of the standaethod (Sinkkonest al. 2013) was used
for CP test extractions from slurries from two K@igkwells sampled in October 2012; the
relative abundances of the different chloropheoolgeners were very similar in water (ug L
! . accredited commercial laboratory) and sedimiemties (mg kg dwt - in-house method),

with Pearson correlation above 0.99.

2.2 Nucleic acid extraction

The sampled slurries were allowed to settle inddudk at 4 °C for 4-6 d, after which the clear
supernatant was decanted and discarded. SedimehtidN extracted in duplicate with MO
BIO PowerSoil DNA Isolation Kit (MO BIO, Carlsba@A, USA). A sufficient pellet for
DNA extraction was collected by centrifuging muléi2-mL volumes of the sedimented
slurry at 10 000 g according to manufacturer’s mpee@ndations. To maximize DNA yield
from clayey low-biomass subsurface sediments, wkaced the kit's PowerBead Tubes
with ‘G2 Beadbeating Tubes’ purchased from GEUSébbhagen, Denmark. The G2 tubes
are MO BIO PowerLyzer tubes with added G2 bloclaggnt (modified and fragmented
salmon sperm DNA) to prevent immediate irreversdasorption of released DNA on clay.
The sample pellets and PowerSoil Bead Solution fiteerPowerLyzer Tubes were added to
G2 tubes, vortexed briefly and allowed to standsfonin before addition of C1 solution and
continuation of the extraction according to the afanturer’s protocol. Cells were disrupted
by FastPrep FP120 Homogenizer (MP Biomedicals}fos at 6.0 ms DNA was stored at -

20 °C in aliquots.

DNA vyield and quality were analysed with the QuBinRicoGreen dsDNA Assay Kit

(Invitrogen, Thermo Fisher Scientific) and by agargel electrophoresis. The yields varied



201 from 0.04 to 12.6 pgbdry sediment but did not correlate with well degroundwater @
202 PCP or total CP concentrations. Because sedimewilgay by pumping slurry from the

203 groundwater well bottom is unlikely reproduciblerepresentative in terms of particle size
204  distribution, and because DNA extraction efficiemeyinot be expected to be equal in

205 sediments of different grain sizes and organic enatbntents, we report the final sediment
206 results not as absolute (per sediment dry weighttab relative abundances.

207

208 2.3 pcpB geneprimer design

209  ThepcpB gene sequences were retrieved from GenBank, imgusBquences from pure
210 cultures as reviewed by Crawfoetlal. (2007) as well as clones of Beauletwal. (2000) and
211  Crawfordet al. (2007), and aligned in ARB 5.2 (Ludwégal. 2004). The alignment of the
212  pcpB gene homologs detected by Saboo and Gealt (19%8ptaobacteria not able to

213 degrade PCPS chlorophenolicum L-1 pcpB gene positions 365-784) did not overlap with the
214  majority of the other sequences and could thudbeatsed to exclude these non-

215 sphingomonad non-degradmpB gene variants. As the forward primer pcpB-G by Bieau
216 etal. (2000) (GGSTTCACSTTCAAYTTCGAS. chlorophenolicum L-1 pos. 250-269)

217  covered the full known diversity, only reverse pensifor g°PCR (short amplicon) and

218 diversity analyses (longer amplicon) were desigfiedble 1), taking into account both

219 coverage as well as thermodynamic propertiescanmplementarity of the primer pair using
220  NetPrimer (Premier Biosoft, 2013). PrimerBLAST (&teal. 2012) was used to tastsilico
221 the specificity of both primer pairs. Specificiti/the pcpB gene primers was tested also
222 vitro with non-CP contaminated reference samples.

223

224 2.4 Gene enumeration by quantitative PCR: pcpB, sphingomonads, Bacteria

225 ThepcpB gene was quantified with pcpB-G and pcpB_356r. @R tested also with the
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longer amplicon, which showed separation of thegascomparable to the shorter amplicon
(copy number Spearman correlation 0.87, p=6xh&14 Karkola DNA extracts), but lower
amplification efficiency, as expected. Sphingomanagre quantified with the family-

specific 16S rRNA gene primers of Zhetal. (2012) SA429f (5’
TAAAGCTCTTTTACCCG3’) and SA933r (5’AAACCACATGCTCCAC3’). (Note that in
the original reference, the reverse primer is giagim forward strand). Bacterial 16S rRNA
genes were quantified with primers pE (5AAACTCAABBAATTGACGG3') and pF’
(5’ACGAGCTGACGACAGCCATG3)) (Sinkkonermt al. 2014) with product length of
approx. 170 bp, NetPrimer ratings of 85 and 84 wilcross-dimers, and coverage of 94% of
Bacteria according to SILVA TestPrime (SILVA 117 RefNR dadése, one mismatch

allowed).

All gPCR reactions were run with LightCycler 96 @Re) in white LightCycler 8-Tube Strips
(Roche) for increased sensitivity. Triplicate réacs of 20 pL consisted of 1x FastStart
Essential DNA Green Master (Roche) supplemented &i22% BSA (Fermentas, Thermo
Fisher Scientific), 0.5 uM of both primers (OligomEelsinki, Finland) and 2 pL of template
(0.4-16 ng). The program consisted of preincubadito®s °C for 10 min; cycling of melting
at 95 °C for 10 s, annealing for 20 s and elongaditor2 °C for 20 s (30 s for the longer
sphingomonad-16S rRNA amplicon); melting to 97 t©.4 s" with 5 readings’s The
optimised annealing temperatures were 53 °C, 5&mMC57 °C, and cycle numbers 40, 40 and
30, for thepcpB gene, sphingomonad-16S rRNA gene and bacteriatRBI& gene primers,
respectively. Genomic DNA of fully sequenced stsgarchased from DSMZ (Leibniz
Institute DSMZ-German Collection of Microorganisarsd Cell CultureBraunschweig,
Germany), extracted with GeneJET Genomic DNA Reatfon Kit (Fermentas, Thermo

Fisher Scientific) and quantified with Quant-IT &&reen dsDNA Assay Kit (Invitrogen,



251  Thermo Fisher Scientific), were used as stand&addi orophenolicum L-1 (DSM 6824) for
252 thepcpB gene (3.2x193.2x106 copies) and sphingomonad-16S rRNA gene (9.8916x16
253 copies),Cupriavidus necator JMP134 (DSM 4058) for bacterial 16S rRNA gene x8@-

254  8.0x10 copies). Triplicate no-template-controls (withu@ed threshold cycle >6.7 cycles
255  higher than for the most dilute sample) and dupiséandard series 1R0.985) were

256 included in each run using dilution aliquots ofleatandard, which was re-melted a

257 maximum of three times to minimize degradation.UResvere analysed with LightCycler 96
258 SW v.1.1 (Roche). The amplification efficienciesrare90% for thgcpB gene and

259  sphingomonad-16S rRNA gene and nearly 100% forebiattl6S rRNA gene, with y-

260 intercepts of the standard curves at 34, 38 ard/Gies, respectively. Bacterial 16S rRNA
261 gene copy numbers were found to correlate withaeklDNA concentration (Spearman

262  correlation 0.95, p=4x13) n=18 DNA extracts), supporting the reliabilitytbfs qPCR assay.
263

264  2.5High throughput sequencing by lon PGM: pcpB gene and bacterial 16SrRNA gene
265 ThepcpB gene was amplified with pcpB-G and pcpB_512r in DEAgine DYAD (MJ

266 Research, St. Bruno, Canada) at 50 puL volume diatools buffer, 1 U Biotools

267 Polymerase (Biotools Ultratools for 16S rRNA geBatools, Spain), 0.2 mM of each dNTP
268 (Fermentas, Thermo Fisher Scientific), 0.04% BSérifentas, Thermo Fisher Scientific),
269 and 1.0 uM of both primers (Oligomer, Helsinki, leimd). The PCR program consisted of
270 preincubation at 94 °C for 5 min; 40 cyclesgB gene) or 35 cycles (sphingomonads) of
271 melting at 94 °C for 45 s, annealing at 55 °C fors4and elongation at 72 °C for 30 s (40 s for
272 longer sphingomonad-16S rRNA amplicon); final elatign at 72 °C for 5 min. The

273 amplicons were cleaned up with High Pure PCR Priodudfication Kit (Roche) for lon

274  Torrent PGM (Life Technologies, Thermo Fisher Stifar) sequencing. Barcoded

275 sequencing adapters were ligated to the PCR predigatg the lon Xpress Plus gDNA
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fragment library kit with lon Xpress barcode adapig.ife Technologies, Thermo Fisher
Scientific). lon PGM Template OT2 400 (Life Teclogies, Thermo Fisher Scientific) was
used for the emulsion PCR and lon PGM 400 Sequgrin(Life Technologies, Thermo
Fisher Scientific) for final sequencing, which wdme on the lon 314 Chip (Life

Technologies, Thermo Fisher Scientific) using thre Torrent PGM.

Bacterial 16S rRNA gene was amplified as in Mikkoegal. (2011) with primers fD1

(5" AGAGTTTGATCCTGGCTCAG3") and PRUN518r (5’ATTACC@EIGCTGCTGG3) in
final volume of 50 pL of 1x Biotools buffer, 1 Udbols Ultratools Polymerase (Biotools,
Spain), 0.2 mM of each dNTP (Fermentas, ThermodfiSicientific), 0.05% BSA
(Fermentas, Thermo Fisher Scientific), 0.6 uM ahbarimers (Oligomer, Helsinki, Finland)
and 0.5-2 ng of template DNA. The cycling condisomere as for thpcpB gene except that
the annealing and elongation steps were both lamincycle number was limited to 28. To
shorten the fragment size suitable for the sequgnhemistry, the products were re-
amplified using barcoded adapter primers A_nn_fD1
(5'CCATCTCATCCCTGCGTGTCTCCGACTCAGNNAGAGTTTGATCMTGGICAGS'),
where nn refers to a 10-12 bp long barcode. Shg#nimproduct, Pippin prep purification of
the 460-540 bp long constructs (Sage Science,rBewA, USA) and ligation of the
adapter P1 on the other side of the construct was tbr pooled samples as previously
described (Maket al. 2016) utilizing the chemistry of the lon XpredadgDNA fragment
library kit (Life Technologies, Thermo Fisher Sdién). Downstream reactions were

performed as described for thepB gene amplicons.

2.6 lon Torrent amplicon sequence data analysis

High-throughput sequence data was analysed in m{8uhlosset al. 2009). ThepcpB gene
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sequence data were filtered based on quality argthigminimum quality window
average=20 at window size=10; maximum primer mishre® and barcode mismatch=2;
maximum homopolymer length=6, no ambiguous basaspmam length=200), the primers
and barcodes were trimmed out, and the data wesbe@d to 175 sequences per sample.
Unigue sequences were aligned in ARB with the ezfeepcpB gene sequences used in

primer design.

Raw bacterial 16S rRNA gene amplicon sequences precessed in mothur with the default
methods (Schlosa al. 2011): filtered based on quality and length (minm quality window
average=15 at window size=10; maximum primer anddsie mismatch=1, maximum
homopolymer length=8, no ambiguous bases, mininength=150) and screened to leave
only well-aligned sequences (132-249 bp). These wezclustered with maximum
difference=2 (approx. 99% identity), chimeras waeéected and removed, remaining
sequences were classified against Greengenes taypbased on which sequences of
chloroplasts, mitochondri@drchaea, Eukaryota and unknown kingdom were removed. The
remaining 60 000 sequences were classifidgbateria and 94% could be identified to
phylum level. ClearCut was used to calculate Neagindoining tree based on uncorrected
pairwise distances between aligned sequences vizataarefied to 969 sequences per sample
prior to calculation of phylogeneticdiversity (command: phylo.diversity). Bacterial.6
rRNA gene sequences framsitu samples with MIMARKS details have been submitted t

NCBI Sequence Read Archive under BioProject PRINIZ3.

2.7 Microcosm incubationsfor Pursiala groundwater
Three replicate incubation glass bottles of 162 odhsed airtight with butyl septum, were

filled to the top with partly or fully aerated wétb groundwater, inoculated with 1% v/v
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settled sediment slurry of 14% dry matter aeraitdlgl {vigorous bubbling and stirring at 300
rpm for 2 h to minimize chemical oxygen demand upaubations), and amended with 10%
ignited sand (w/v, grainsize 0.5-1.2 mm, Saint-GiohEeber, Helsinki, Finland) to facilitate
mixing. Preparations and incubations were carrigcad 15 °C. The two initial aeration levels
used were low, with 2 mgt0, (16-20% air saturation at 15 °C), and high, withng L*

0, (101-104% air saturation). Bottles were incubdted®1 d in the dark, mixing every other
day by gently rotating each bottle 7 times. Oxygencentration was monitored with non-
invasive sensor spots and Microx transmitter (PneS@ermany). After the last day mixing,
sediment was allowed to settle for 1 h before diéeg®0 mL water for chlorophenol
analysis. The remaining contents of the bottle vgbiaken horizontally at 200 rpm for 5 min
to gently detach microbes from the surfaces anddgamize flocs before sampling the water

and suspended sediment for DNA-based analyses.

Concentrations of chlorophenols were analysed tlmgroundwater before and after
incubations by SGS Inspection Services (Kotka,dfd) according to CSN EN 12673. DNA
was extracted from the initial sediment slurry LtBL, matching the inoculation volume)
with MO BIO PowerLyzer PowerSoil DNA Isolation KiMO BIO, Carlsbad, CA, USA), and
from the initial groundwater (150 mL) and incubaveater (40 mL) with MO BIO
PowerWater DNA Isolation Kit (MO BIO, Carlsbad, CWSA). ThepcpB gene was
guantified as described above, except for usingiMaXSYBR Green/Fluorescein gPCR
Master Mix (Thermo Scientific) and Bio-Rad CFX96dR&ime System (Bio-Rad
Laboratories, Inc.). Bacterial communities wererabterized by lon PGM high throughput
sequencing of 16S rRNA gene V1-V2 region, amplifieéan 2.5 ng of template DNA using
Maxima SYBR Green/Fluorescein gPCR Master Mix (Tin@iScientific) to amplify first

with general bacterial primers 27F (5’ AGAGTTTGATCIBGCTCAG3’) and 338R
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(5TGCTGCCTCCCGTAGGAGTSR) for 30 cycles (annealk® °C) and to append the
sequencing primers and barcodes in additional BsyProducts purified with Agencourt
AMPure XP purification system (Beckman Coulter L8eiences, Indianapolis, IN, USA)
were pooled for 400 bp library sequencing, temptagpared with lon PGM Hi-Q View OT2
Kit and sequenced with lon PGM Hi-Q View Sequendfitgon lon 316 Chip v2 chip (all
Life Sciences, Thermo Fisher Scientific). The dages analysed in mothur as described

above.

3RESULTS

3.1 Potential aerobic HCP degradersin chlorophenol plume

The gPCR amplification efficiency with the newlywaéoped primers for pentachlorophenol
hydroxylase genep(pB gene) was ~90% using the standard curve of thiéyesontrol

strain §hingobium chlorophenolicum L-1). Both the novel primers produced amplicons of
expected size with pcpB-G (Table 1). Product mgltemperatures were the same for all the
samples, and within 0.5 °C from the melting temherof the positive control (i.e.

standard). Specificity of the primers was succelysterified bothin silico (no false positives
from sequence databases) amditro (no PCR product detected from non-PCP contaminated

reference samples: sandy and humus soils with ahadwt hydrocarbon contamination).

ThepcpB gene, however, was successfully detected and djedby direct gPCR in the CP
plume at the historically polluted Pursiala sitel&ive abundance of the gene in the bacterial
community was highest in the second-most contamihsampling well (2%. of bacterial 16S
rRNA gene copy number), and approx. tenfold lowethie hotspot, possibly related to lower
oxygen concentration (Table 2). TpepB gene copy numbers were at the detection limit of

the assay at the midpoint of the studied 350-n@tnme (slightly above the limit of 20 copies
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uL™ in one duplicate DNA extract, below it in the ath@nd below detection limit at the two

sampling wells furthest from the hotspot (HCP <30L{ and Q <1 mg LY.

As expected, the number of bacterial 16S rRNA g@eesjuantity of extracted DNA was
unchanged in the plume, but the abundance of sphingads varied hundredfold (Table 2).
Significant positive correlation was observed b&msphingomonad antpB gene assay
results (Spearman rho=0.73, p=0.016, n=10 extrd@te)eobacteria represented over 50% of
the bacterial community characterised by high-tghqaut sequencing (Figure S2).
Betaproteobacteria was the most abundant class (especBuikholderiales), whereas the
relative abundance @fl phaproteobacteria (especiallySphingomonadales) increased up the
plume. The abundaigphingomonadaceae OTUs that could be classified down to the genus

level were identified as eith&hingomonas or Novosphingobium.

3.2 HCP degradation in aerated microcosms

Regardless of detection of thepB gene, there was no prior knowledge of the viabéity

HCP degradation potential of thesitu bacterial community at the Pursiala site, where no
bioremediation had been studied or attempted. \iemed to the site three years after the
initial analysis and resampled the hotspot weltd’&st biotic effects of groundwater aeration
in microcosms. PCP concentration was unchanged|(440"), whereas TeCPs were reduced
by more than half, still remaining at extreme carication of 4900 pg L. With proportions

of 8% and 86% of the total chlorophenol concertra{6700 pg LY), respectively, this

isomer distribution resembles relatively closelgttbf the original KY5 impregnant.

Vigorous 2 h aeration in the laboratgusr se, without incubation, did not cause groundwater
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HCP loss (PCP concentration of fully aerated wats 450 pg I* and TeCPs 4800 pgl),
whereas following 3-week incubation at 15 °C in daek decreased both total PC and HCP
concentrations by up to 96% (Figure 2). The origgraundwater PCP concentration
decreased on average by 13% in the bottles ofidialiaeration level (final range 330-440
ng L) and TeCPs concentration by 83% (final range 22001 g ). In the bottles of high
initial aeration level, PCP decreased on averagglBy (final range 200-240 ug*.and

TeCPs on average by 100% (final range 5-6 1y Trichlorophenols decreased on average
by 82% and 99% in the microcosms of high and latialnaeration level, respectively.
Proportion of PCP enriched during incubation, beliigs1% of total CPs in the less and 95%

in the fully aerated bottles.

Fully aerated bottles remained aerobic throughtmeiiricubation (endpoint air saturation
64%), whereas oxygen was depleted from the lesgekbottles in the middle of the
experiment. However, known anaerobic PCP degradatetabolites 2,3,4,5-TeCP and 2,4,5-
TriCP (Field and Sierra-Alvarez 2008) did not acalate but reduced on average by 12%
and 49%, respectively. Moreover, also total tricbjhenols decreased on average by 82%,
dichlorophenols by 37% and monochlorophenols by @D%e less aerated bottles, showing
no indication anaerobic dehalogenation after oxyadggrietion. pH varied from 7.8 to 8.1, at
which chlorophenols are highly soluble, and loshesto sorption were likely minimal as no
foreign organic matter was added to the glassdstfl.5% AgN@used to kill abiotic control
bottles, on the other hand, had dropped pH torésijering PCP and TeCPS in poorly
soluble protonated forms. This unfortunately pregdraccurate quantification of possible

abiotic losses.

The relative abundance §bhingomonadaceae in both initial sediment and water upon start



426  of the incubation was 4%, increasing on averad®8 and 27% in the microaerophilic and
427  fully aerated bottles, respectively (each based 000 bacterial 16S rDNA sequences)
428  (Figure 2). ThepcpB gene copy number was 1.7%pies (ng extracted DNA)in the

429 initial sediment and similar 1.5x1@opies (ng extracted DNA)or 6.7x16 mL™) in the

430 initial water, increasing on average by 2400% (&8x30 copies mL') and by 360% (to

431 7.8x1d copies mLY) in the microaerophilic and fully aerated bottlesspectively.

432

433 3.3HCP degradation upon in situ aeration

434  Small-scale aeration tests similar to the one desgtrabove had earlier been performed at the
435  Karkola site (data not shown), encouraging inibiatof full-scale aquifer aeration by closed
436  circle groundwater circulation in June 2012. A#&rmonths ofn situ biostimulation,

437  groundwater total CP concentration at the samplialyjin the middle of the Infiltration and
438 Recharge wells had decreased from 6000 to <1001 FeCPs from 4000 to <10 ug-L

439 and PCP from 400 to <1 pg'l(Figure 3). Before aeration the percentage of B@Rf total
440 CPs had been stably 4.5% for three years. Aftestidme of the remediation its relative

441 abundance increased slightly (8-month average 5.6&txlso this most chlorinated isomer
442  was degraded rapidly with a dissipation curve rdsigrg that of TeCPs. Also total

443 chlorophenol concentration decreased (fourth yeerage in well K2 56 pgt), indicating
444  that chlorophenols were not only dechlorinatedrbuteralised. No major changes were
445  observed in groundwater chloride concentrationpr@p 20 mg L' close to infiltration well
446 and at recharge well, and 25 mg &t K2 between them) were observed, possibly dieeto
447  comparatively low concentration of contaminantswideer, a decreasing trend over time was
448  seen in groundwater alkalinity in all the three maning wells, likely caused by HCI

449  produced upon chlorophenol mineralisation (Figug S

450
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Oxygen concentration in well K1 increased from i L™ to 9.7 mg [* during the first
month of remediation, and groundwater close tdtration well remained well-aerated (>5
mg L) throughout the 4 years. In well K2 oxygen concatitins were mostly above
detection limit (0.2 mg L, up to 2.7 mg ) during the first 15 months of remediation, but
undetectable after that. Differences in groundwaégation from the infiltration well to the
recharge well were evidenced by differences in gdwater iron content, which was <1 mg
L™ in well K1 but approximately 7 mgtin the recharge well (Figure S3). Iron precipiati
in and around the infiltration well gradually deases infiltration capacity, and regular
removal of the iron sludge and occasional acid vedghe well screen were required to

maintain infiltration capacity stable for four ysar

Microbial communities in Karkola were sampled 4 da@dmonths after the start of thesitu
aeration. ThecpB gene was detected in high abundance of up to dgpenaent of bacteria
both next to the infiltration well (K1, aerobic zgnand halfway between infiltration and
recharge wells (K2, transition zone), tenfold highlbundance than in the Pursiala well with
the highespcpB gene abundance (Table 3). Again significant pasiterrelation was
observed between the sphingomonad @i gene copy numbers (Spearman rho=0.76,
p=0.031, n=8 extractshlphaproteobacteria (especiallySphingomonadal es) were on average
more abundant than in Pursiala (Figure S2), coardipg with higher sphingomonad
abundance (Table 3). Well K1 October sample badteammunity resembled those of
Pursiala, whereas in the next April the candid&@duym TM7 had become curiously
abundant. In the transition zone well K2 Epsilonpobacteria (specifically the sulfur-
oxidizing gener&ulfuricurvum andSulfurimonas) dominated the bacterial community

(Figure S2).
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A longerpcpB gene amplicon was successfully amplified from ladl Karkola samples, as
well as from well P4 in Pursiala (the one with thghestpcpB gene abundance), enabling
investigation of diversity of the gene with lon PGlgh-throughput sequencing. Except for
obvious sequencing errors related to difficultiesanTorrent homopolymer calling (indels
resulting in frameshift that would make the enzydgsfunctional), sequences from all the
samples represented a single variant matchingdbi gene ofNovosphingobium lentum

MT1. The same variant was recovered by direct Saswguencing of the purifigetpB gene
amplicons from spring samples (without cloning;ssful sequencing with both forward
and reverse primers done at the DNA Sequencingsambmics Laboratory core facility,

University of Helsinki, Finland; Data S1).

4 DISCUSSION

The use of chlorinated phenols as impregnantsamsgéwmill industry has caused wide-scale
pollution of soil and groundwater. Decades aftarriag, these pollutants are still found in
high concentrations at such sites. As the chlorophgegradation potential of indigenous
microbial community has been shown by cultivatemligdwater isolates from the
chlorophenol plume (Mannis# al. 1999, 2001), the explanation for the persisterice o
chlorophenols, at least at this site, must lienfauourable environmental conditions.
Successful degradation of both higher chlorinateehpls (HCPs, i.e. pentachlorophenol and
tetrachlorophenol) was observed in an aerated entitiZzied bioreactor fed with groundwater
from the historically polluted Karkdla aquifer ing 1990s (reviewed by Langwaldtal.

2007), but the efficiency of this pump-and-treahteology was insufficient to reduce aquifer
chlorophenol content. Therefore full-scatesitu aeration of Karkdla site by re-infiltration of
aerated polluted groundwater upstream of the pugnpecharge) well was started in 2012.

Neither additives such as fertilisers nor bioaugtagon was used. Impressive decrease,
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following first or second-order degradation kinstizvas observed in HCP concentrations
during the four years of observation (2012-201&PPreCP ratio increased slightly in the
beginning, but biostimulation by aeration brougbivd the concentration of also the fully
chlorinated phenol remarkably efficiently: aftemfenonths lag period, PCP concentration at
the long-term monitoring well (halfway the 200 mdibetween infiltration and recharge
wells) came down by >99.5% in four years. To ounwledge, this is the first report of
successful aerobic full-scalle situ bioremediation of HCP-contaminated aquifer. Therat
least one documented case of successful anaeddubl¢rinative) PCP remediatiomsitu

with permeable barrier technology, but this reqiiiveth bioaugmentation as well as

supplemental electron donor (Cole 2000).

The key to successful aerolitsitu remediation in Karkola was assumedly the prolifera
and competitiveness of native bacteria capable@R ldegradation once oxygen became
available. Verified HCP degraders have been isolaten the Karkéla groundwater and on-
site fluidised-bed bioreactor before (Mannist@l. 2001, Tiirolaet al. 2002b), but there was
no prior cultivation-independent knowledge of treiundance or competitiveness in the
aquiferin situ conditions. Iron oxidising bacteria compete fa ttewly available oxygen, but
are according to Langwaldt and Puhakka (2003)desspetitive than chlorophenol oxidisers
in the contaminated groundwater. Since little riyadtilisable substrates other than
chlorophenols are present in the Karkola groundw@ieola et al. 2002a), heterotrophs able

to utilise them as carbon and energy source aeyltb get competitive advantage.

We developed novel primers for thepB gene, encoding the first and rate-limiting enzyme i
the only well-known HCP mineralization pathway, athienabled first ever cultivation-

independent detection and quantification of HCPraeagtion potentialn situ. Notably high
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relative abundance of tipepB gene in the bacterial community was observed irkén&ola
monitoring well-bottom samples taken during thedasphase of the degradation, with 3-
10% of bacterial cells possessing the pathway (asguequal gPCR efficiency for the 16S
rRNA gene angcpB gene, and that each cell has two copies of thedbend one of the
latter). In groundwater samples the relative abandanight have been either lower (due to
preference for growth attached to surfaces), higee to preference for assumedly higher
oxygen level in the water), or similar. Anyhow, Bucpercentage of potential degraders of
any persistent pollutant in ansitu community is exceptionally high. Considering ttied

gene was not found in non-chlorophenol polluteénezice samples, and even laboratory pure
cultures are known to readily discard it in theeatz® of chlorophenol selection pressure,
such high abundance can only result from proliferatf the degraders at thresitu

conditions, matching well with the first or secooidler decrease in HCPs upon aeration.
Unfortunately the final proof ah situ HCP decrease by PcpB-initiated biodegradation
remains to lack, as we cannot conclusively veritywgh or increased metabolic activity of

the degraders during the remediation; no samples taken for microbial analyses before the
aeration started, and no RNA was extracted foistnapt analyses. Moreover, the PcpB-
initiated aerobic mineralisation pathway, wherefthst reaction is the rate-limiting step, is

not known to accumulate any metabolites that cbeldbserved in the groundwater.

Another aquifer historically polluted with chlorogimol timber preservatives, Pursiala, was
sampled to investigate the presence and abundéticepzpB gene in HCP plume at a site
with no remediation history. Th®pB gene was detected in three sampling wells cloeest t
the hotspot. No product was amplified from the twells further down the plume
(groundwater PCR3 pg L, TeCPs<25 g %), supporting the specificity of the PCR assay

for chlorophenol-contaminated environments. Howgtres detection of thpcpB genein
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situ, even if only in contaminated soils, does not mi@norganisms present produce
functional PcpB at thin situ chemical and physical conditions. Moreover, desecbf the

only well-characterised pathway does not meanttteabacteria carrying it account for any
HCP decrease; in fact, in Pursiala the persisteht®e pollution suggests the opposite. We
thus aerated the Pursiala hotspot groundwateryiatad it with sediment from the same well
(where thepcpB gene was earlier detected), and observed changésoiophenols, thpcpB
gene and bacterial community in microcosms. Afteday incubation at 15 °C, HCP
concentration decreased by 96% and popB gene increased by 360% in the fully aerated
microcosms, whereas HCP concentration decreaséd%yand th@cpB gene increased by
2400% in the lightly aerated microcosms. Theselt®puovide strong evidence that
catabolically capable degraders (carryingpteB gene) were present at the contaminated
aquifer and could be activated by aeration to effity degrade both TeCPs and PCP. Lower
HCP degradation rate in the less-aerated microcesmsdikely caused by lack of measurable
oxygen after day 10, ceasing aerobic biodegradatimwever, no increase in anaerobic
dehalogenation products was observed either. Loaants of thgpcpB gene (and lower
relative and absolute abundance of sphingomonésssumed host taxon) in the fully than
the lightly aerated microcosms is more curioussThay be explained by the fact that PcpB
itself causes oxidative stress by releasin@Hn uncoupled, futile cycles - the enzyme is
notably inefficient and apparently represents “atioh in progress” (Hlouchowet al. 2012).
Indeed ,Novosphingobium lentum MT1, the dominant strain from the Kéarkéla chlorepbl-
treating bioreactor ran in the late 1990s, was doionbe microaerophilic and to degrade

HCPs more efficiently at 8 °C than at room tempera(Tiirolaet al. 2002a).

Other suggested routes for bacterial PCP degrademitude the actinobacterial (formerly

rhodococcal but renamed mycobacterial) pathwaiated by cytochrome P-450 (Uotihal.
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1992) and strictly anaerobic dehalogenases (FraddSkerra-Alvarez 2008). Unfortunately,
the genes are not well-characterized and specificgps to study either of these pathways
are, to our knowledge, not available; shotgun megtagics or metaproteomics on controlled
study systems could shed light on their relevansgu. However Mycobacterium was not
abundant in the bacterial communities of the adreltdéorophenol-degrading systems,
Mycobacteriaceaea relative abundances being <0.5% in the Karkoldsaaeid <0.03% in the
Pursiala microcosms. In poorly aerated contaminatedtonments especially the anaerobic
degradation pathways would be highly beneficiatl snleed some of the lower-chlorinated
phenols observed in the aquifer may originate freductive dechlorination. Unfortunately
there is no indication of such natural metabolisihg markedly decreased contaminant
concentrations in Pursiala (Rautio 2011); one ne&sothis may be that anaerobic
biodegradation of chlorophenols generally requagition of organic electron donors (Field
and Sierra-Alvarez 2008). Former suggested anaedagraders did not seem to be major
members of the indigenous communities; for exar@bbstridium andDesulfitobacterium
were absent or formed max 1%o. of the bacterial comtias in the Karkola and Pursidia

situ samples. Accumulation of lower-chlorinated phenglgical of anaerobic dechlorination,
was not observed upon bioremediation treatmerttgrieven after running out of oxygen
(Karkola Recharge well or Pursiala less-aeratedonasms). Also fungi are known to have
several pathways for PCP modification and at Ipagial degradation, but the associated
enzymes do not seem to be chlorophenol-specifictmietabolic (Field and Sierra-Alvarez
2008). Our findings suggest that the curious aerbl@P mineralization pathway initiated by
pentachlorophenol hydroxylase PcpB is present aondges some competitive advantage
even in Pursiala non-aerated plume. Also in Pagiabundwaters with little other carbon
sources (Rautio 2011), HCPs can serve as an abuswlaice of carbon and energy, if any

oxygen becomes available. PcpB-initiated pathwaytgrthe host cell access to this rich
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resource, but causes marked metabolic stress tw#ietself (Hlouchovat al. 2012) The

pcpB gene was both transferred horizontally and dischfa®sm the genomes of previously
studied isolates surprisingly readily, especiatipsidering that the gene is likely present as a
single copy situated in a chromosome, not in anpidgTiirola et al. 2002a; Tiirolaet al.

2002b; Copleyt al. 2012). The presence of thepB gene might thus serve as a “biosensor”,
indicating the current situation - bioavailabilapd/or ecological effect of HCPs - in time

situ bacterial community.

Earlier studies on culturable isolates have esthbtl that thecpB gene is found exclusively
in sphingomonads (Tiirolet al. 2002b; Coplewt al. 2012). Amplification of fragments
somewhat homologous to thepB gene has been reported also from non-degrader
Gammaypr oteobacteria andBetaproteobacteria (Saboo and Gealt 1998), but there are no
reports of non-sphingomonads being able to utiizegene for HCP degradation. Our
cultivation-independent results are in agreemettt thiepcpB gene being present exclusively
in sphingomonads, as positive correlation was ofesebetween the two at both sites.
Slightly higher (max. twofold) counts for tipepB gene than sphingomonad 16S rRNA genes
were detected in some extracts, but this couldxpamed by the slight variability in the
amplification efficiencies of the differently sizednplicons (107 vs. 504 bp, respectively).
Betaproteobacteria, especiallyBurkholderiales, were even more abundant in the bacterial
communities thaigphingomonadales. This order contains many well-characterized dégra
taxa, for example gen@upriavidus known for trichlorophenol degradation potential
(Sanchez and Gonzalez 2007). As no correlationolvasrved between their and B

gene relative abundance (Spearman rho=-0.25, p=08-3B extracts)Betaproteobacteria

were unlikely the class carrying this gene.
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Sequencing (both Sanger and next generation) revé¢la¢ presence of only one variant of the
pcpB gene in Karkola and Pursiala. The Sanger sequeidcee amplified 263 bp fragment
showed 99% identity to thecpB gene ofNovosphingobium lentum MT1 (two mismatches,
synonymous, other of which at the degenerated dfatbe reverse primer). The same variant
of the gene has been earlier detected in multgdéngomonad isolates, representing several
genera, cultivated from the on-site aerobic bia@athat processed contaminated Karkola
groundwaters (Tiirol&t al. 2002b), as well as in some of the Canadian mstedy

bioreactor clones reported by Beaulatal. (2000). The complete lack of diversity in such an
abundant degradation gene at two long-term contaterinsites 150 km apart seems
surprising. Three possible explanations includetéchdistribution of the othgicpB gene
variants, high positive selection for the observadant and/or limited divergence/evolution.
We never detected thpepB gene in soils that were pristine or oil-pollutedddothS.
chlorophenolicum L-1 andN. lentum MT1 are notorious for their readiness to discaml t
gene in cultivation (Tiirolat al. 2000a; Coplewt al. 2012). PCP-polluted sites may thus
represent the only “islands” where the pathway asmained and multiplied (via reproduction
and horizontal gene transfer). Out of the sevasplB gene variants detected in North
America - or other thus far unknown center of arignd diversity - perhaps only one has
made its way to the studied sites in Finland. #l$o possible that the MT1-typepB gene is
selected for in aquatic environments, such as Kar&idd Pursiala groundwaters and the
Canadian mixed slurry bioreactors of Beaukeal. (2000). However, we detected the same
variant of the gene, and only that, also in chlbemwl-contaminated surface soils at a third

site in Finland over 200 km away from the siteshig study (unpublished data).

5 CONCLUSIONS

* Novel PCR-based assays were developed that emadelstigation of the presence,
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abundance and diversity of all known variants efgene encoding pentachlorophenol
hydroxylase [fcpB).

* Applying these assays, we were for the first tiroke &0 detect and quantify a gene
specific for degradation of higher chlorinated phis{HCPs: pentachlorophenol and
tetrachlorophenolin situ at polluted sites.

» Detection ofpcpB in chlorophenol plume and its high abundance duaerobic HCP
degradation botkx situ andin situ indicate that the specific degraders are presaht a
can be activated by groundwater aeration.

« Cultivation-independent analysis supported thaeraclltivation-dependent results of
pcpB being present only in sphingomonads, and of onky af thepcpB variants being
found in Finland.

» Bacteria capable of aerobic mineralisation of xeoidHCPSs present at long-term
polluted groundwater sites make bioremediationiinpke aeration a viable and

economically attractive alternative.
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Table 1. Novel pcpB reverse primers. The degenerate positions arerlurebk Positions refer

to S. chlorophenolicum L-1 pcpB (total size 1617 bp).

Primer Application Sequence (5'=>3') Positions Amplicon Netprimer
name length with rating
pcpB-G
pcpB_356r" gPCR TCGGTCTCATTCTGGTTGTAG 336-356 107 bp 92-100
TCGGTCTCATTCTGGTTATAG
TCGGTCTCGTTCTGATTGTAG
pcpB_512r Sequencing CCGATCACCCAGCGYGG 496-512 263 bp 75-88

1)Equimolar mix of three primers - degeneracy forms not detected are not included



Table 2. Chlorophenol and oxygen concentrations, as wddaaserial, sphingomonad apdoB gene copy numbers and bactesialiversity, up
the chlorophenol plume in Pursiala site (no actereediation). Groundwater samples showing contatmiméevel were taken as for the regular
monitoring, typically 1 m above the well bottomdtivells were perforated from the bottom to a he@jtt0-30 meters). DNA-based results are

averages of duplicate DNA extractions from welltbot sediment (both presented in Table S1).

Well Water  Water Water Water Bacterial 165rRNA  Sphingomonad pcpB/bacterial Bacterial
Well depth Sampling Water O, totalCPs PCP  TeCPs TriCPs gene copies 16S rRNA gene pcpB copies  16SrRNA gene  Phylogenetic
code (m) time (mgLlh)  (ug L'l)l) (tgLl™) (uglh (ugL™ (/ng DNA) copies (/ng DNA) (/ng DNA) copies (%) diversity
P1 41 Apr-2013 0.7 49 3 25.2 11 41x10° 1.2 x 10? <5.1x10° <0.001 47
P2 23 Apr-2013 0.6 1 <0.05 0.53 0.19 5.2 x 10° 6.0 x 10° <6.3x 10" <0.010 31
P3 22 Apr-2013 0.5 841 74 591 140 4.1x%10° 1.2 x 10° <1.1x10* <0.003 33
P4 32 Apr-2013 1.2 7380 390 5870 108 6.4x10° 1.0 x 10* 1.4 x 10° 0.23 19
P5 20 Apr-2013 0.6 14000 450 13000 496 7.4x10° 3.5x10° 2.4x10° 0.03 27

YFor comparison, total chlorophenol concentration in drinking water must be <10 pg L™



1  Table 3. Chlorophenol and oxygen concentrations, as weblaaserial, sphingomonad apdpB gene copy numbers and bactediaiversity,
2 after 4 and 10 months of situ aeration of Karkola site. Groundwater samples uegken as for the regular monitoring, 1.5-2.6 mvabiine well

3 bottom. DNA-based results are averages of duplib&ta extractions from well-bottom sediment (botlegented in Table S1).

Well Water  Water Water Water Bacterial 16SrRNA  Sphingomonad pcpB/bacterial Bacterial
Well depth Sampling Water O, total CPs PCP  TeCPs TriCPs gene copies 16S rRNA gene pcpB copies  16SrRNA gene  Phylogenetic
code (m) time (mglh)  (ug LhY (gLl (ngLl™) (ugl™ (/ng DNA) copies (/ng DNA) (/ng DNA) copies (%) diversity
K1 12 Oct-2012 7.2 470 24 210 112 4.5x10° 1.3x10* 1.2 x 10* 2.7 20
Apr-2013 8.9 657 16 232 301 3.2x10° 8.1x10° 1.4 x 10* 4.2 32
K2 16 Oct-2012 0.4 4650 240 3130 1050 3.0x10° 6.1x10° 1.4 x 10* 4.6 18
Apr-2013  <0.2 1020 48 648 273 4.4%10° 2.1x10° 6.0 x 10° 1.3 23

YFor comparison, total chlorophenol concentration in drinking water must be <10 pg L™
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Figure 1. Principle of Karkola in situ bioremediation of chlorophenols (CPs).
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Figure 2. Decrease in Pursiala groundwater HCPs coupled with increase in
Sphingomonadaceae and the pcpB gene upon aerobic incubation in microcosms. Ground-
water was aerated to low (2 mg L) or high (10 mg L) O, concentration, amended with
1% sediment slurry from the same well and incubated in tightly sealed triplicate bottles for
21 d at 15 °C in the dark. The abundance of sphingomonads was calculated by multiplying
the total microbial biomass (DNA vyield) by the relative abundance of sphingomonads
(proportion Sphingomonadaceae in bacterial communities analysed by 16S rRNA gene

high throughput sequencing).
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Figure 3. Decrease of chlorophenol (CP) concentrations in groundwater at the K&rkola site upon 4-
year closed-circle aerobic in situ biostimulation. Note the different time scales on x-axes; before
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Highlights

Simple groundwater aeration successfully remediated chlorophenol-polluted aquifer
New PCR-assay showed up to 10% abundance of pentachlorophenol hydroxylase
gene pcpB

pcpB was found in situ also at other aquifer with historical chlorophenol pollution
pcpB and sphingomonads multiplied upon aerobic incubation in microcosms

51% of pentachlorophenol and 100% of tetrachlorophenol was depleted in 3 weeks



