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Abstract

Although uncultured microorganisms play important roles in ecosystems, their
ecophysiology in situ remains elusive due to the difficulty of obtaining live cells from
their natural habitats. In this study, we employed a novel magnetic nanoparticle
mediated isolation (MMI) method to recover metabolically active cells of a group of
previously uncultured phenol degraders, Burkholderiales spp., from coking plant
wastewater biosludge; five other culturable phenol degraders — Rhodococcus sp.,
Chryseobacterium sp. and three different Pseudomonas spp. — were aso isolated from
the same biosludge using traditional methods. The kinetics of phenol degradation by
MMI recovered cells (MRCs) was similar to that of the origina sludge. Stable isotope
probing (SIP) and pyrosequencing of the 16S rRNA from the *C-DNA fractions
indicated that Burkholderiales spp. were key phenol degraders in-situ in the
biosludge, consistent with the results of MRCs. Single cell Raman micro-
spectroscopy was applied to probe individua bacteria in the MRCs from the SIP
experiment and showed that 79% of them were fully **C-labelled. Biolog assays on
the MRCs revedled the impact of various carbon and nitrogen substrates on the
efficiency of phenol degradation in the wastewater treatment plant biosludge.
Specificaly, hydroxylamine (NH,OH), a metabolite of ammonia oxidisation, but not
nitrite, nitrate or ammonia, inhibited phenol degradation in the biosludge. Our results
provided a novel insight into the occasiona abrupt failure events that occur in the
wastewater treatment plant. This study demonstrated that MMI is a powerful tool to
recover live and functiona cells in-situ from a complex microbial community to

enable further characterisation of their physiology.

Key Words. magnetic nanoparticles | functionalisation | uncultured bacteria | Raman |

single cell | stable isotope probing | biodegradation | hydroxylamine | phenol

Subject category: Microbia Ecology and functional diversity of natural habitats
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Introduction

Around half of the total carbon in global biomass is present in microbes who play
crucia roles not only in mediating globa carbon and nitrogen cycles but also in
regulating our climate (Schleifer 2004). However, the maority of microorganisms
present in the environment remain uncultivated (Whitman et al 1998, Rappe and
Giovannoni 2003), making it difficult to study their physiology. In addition, it is
equally, if not more, important to study their functionalities and ecological rolesin the
biological context within their native microbial community.

It is a great challenge to understand the microbial physiology and in situ ecological
roles of as yet uncultured bacteria. Severa methods have been developed to study
uncultured bacteria. Meta-approaches (e.g. metagenomics, metatranscriptomics,
metaproteomics and metabolomics) (Handelsman 2004) circumvent the cultivation
issue by extracting the total nucleic acids, proteins or chemicals from an
environmental sample, and directly analysing them as a whole. These meta
approaches have given an unprecedented view of the diversity and complexity of
microbial communities. Stable isotope probing (SIP) links uncultured microbial cells
with the metabolism of specific stable isotope (**C or °N) labelled substrates
(Manefield et a 2002, Radajewski et al 2000). SIP combined with metagenomics is
able to establish a connection between bacterial identity and ecological function
(Chen and Murrell 2010, Wang et a 2012). SIP requires that stable isotopes such as
3¢ and N be incorporated into biomass (DNA, RNA or protein) and therefore has
limited success in processes that have no incorporation of stable isotopes into
biomass, such as nitrification, denitrification, sulphate reduction, iron reduction,
methanogenesis, co-metabolism in consortia or mixed organic carbon anabolism
(Bombach et al 2010, Nelson and Carlson 2012). Fluorescence in-situ hybridization
and immunomagnetic cell capture have been used to isolate uncultured anaerobic
methane oxidizing Archaea (Pernthaler et a 2008). More recently, single cell
approaches have been developed to sort individua uncultured bacterial cells based on
Raman or fluorescence signals, which can be subsequently coupled to single cell
genomic analyses (Huang et a 2009, Read and Whiteley 2011, Rinke et a 2013,
Wang et a 2013).

Although powerful, all these technologies are unable to recover live, functiona cells

of uncultured bacteria for further physiological study. A true understanding of
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uncultured microorganisms requires the study of live cels in their natura
environment. Given the complexity of the natural microbial community, it is difficult
to target individual members of populations and separate them from the rest of the
community. Various techniques have been developed to isolate and cultivate
uncultured microorganisms, including dilution and modification of nutrient media,
encapsulation of cellsinto beads or stimulation of cell growth (Kaeberlein et al 2002,
Vartoukian et a 2010, Zengler et a 2002). Whilst these techniques have some
success, one of the limitations of these techniques is the inability to study uncultured
bacteria in-situ. It is thus desirable to identify and isolate functionally active, but as

yet uncultured bacteria directly from their natural environment.

To address these challenges, in this study, a magnetic nanoparticle (MNP) mediated
isolation (MMI) method was developed and employed to reveal active microbial cells
that perform in-situ phenol degradation — Burkholderiales spp. — from coking plant
wastewater. MMI recovered live cels (MRCs), which were dominant by
Burkholderiales spp., were able to degrade phenol, showing a similar degradation
kinetics to the origina biosludge. The results of DNA stable isotope probing (SIP)
and pyrosequencing of the *C-DNA fractions confirmed that Burkholderiales spp.
were key degraders, whose sequences were >99% identical to the dominant speciesin
MRCs. Single cell Raman micro-spectroscopy was used to examine individual cellsin
MRCs from the SIP experiment, which indicated that the mgjority (79%) of the
individual cells in the MRCs were fully **C-labelled. All these results validated MM
method.

Biolog assays were applied to MRCs using various carbon and nitrogen substrates and
revealed that a metabolite of the ammonia oxidisation pathway, hydroxylamine
(NH2,OH), was as a key inhibitor that caused failure of phenol degradation in the

coking wastewater treatment plant.
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Materials and methods
Ste description and sample collection

The coke oven biological wastewater treatment plant is operated by Tata Sted at
Scunthorpe, UK. Main contaminants in the plant’s influent are phenolic compounds,
thiocyanate, polycyclic aromatic hydrocarbons (PAHSs) and ammonia (50-70 mg/L),
which are listed in Table S1. The average concentration of the major contaminant,
phenol, was 250 mg/L. The operation temperature of the biological treatment unit was
25 °C. Settled biosludge with normal and poor-performance from the activated sludge
treatment tank were sampled and processed to set up microcosms on the same day.
There was no detectable phenol in the supernatant of the settled sludge (Table S2).
Biodudges of good and poor performance were designated as G-BS and P-BS
respectively. The G-BS was sampled during periods of regular operation at the plant,
whilst the P-BS was sampled just before a failure of water treatment that was

associated with a sudden increase in nitrite concentration in the aeration tank (Fig. S1).

Isolation of phenol degraders from the biosludges by enrichment and cultivation

The raw biosludge was directly spread onto mineral medium (MM) agar plates with
phenol (250 mg/L) as the sole carbon source. One litre of MM contained 2.5 g
NaHPO,, 2.5 g KH,PO,4, 1.0 g NH4CI, 0.1 g MgSO4¢7H,0, 10 uL saturated CaCl,
solution, 10 pL saturated FeSO, solution, and 1 mL Bauchop & Elsden solution
(Bauchop and Elsden 1960). One percent (w/v) noble agar was used to prepare the
MM agar (MMA) plates. The plates were incubated in the dark for 48 to 72 hours, and
single colonies were identified and re-spread onto a MMA-phenol plate for further
purification. The isolated strains were cultivated in MM-phenol liquid medium for

nucleic acid extraction.

MNP synthesis and functionalisation of biosludges

MNP synthesis was carried out as previously described (Zhang et a 2011) with the
following modifications. Briefly, 1 mL of FeCl, (1.0 M dissolved in 2.0 M HCI) and 2
mL of FeCls (2.0 M dissolved in 2.0 M HCI) were mixed, to which 25 mL of NaOH
(2.0 M) was slowly added drop by drop, with constant vortex mixing, for 30 minutes.
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The synthesized MNPs were harvested by a permanent magnet and the supernatant
was replaced with deionized water of the same volume. This washing step was
repeated 6 times until the pH was neutral. Five mL of MNPs were then mixed with 45
mL of polyallylamine hydrochloride (PAAH) solution (10 mg/mL), which was then
stabilized for 60 minutes in an ultrasound bath with 40-kHz and an output energy of
75 W (Langford Electronics Ltd., Coventry, UK). After centrifugation at 10,000 g for
10 minutes, the pellet was re-suspended in 50 mL deionized water and well-dispersed
by vortex mixing. The final solution was passed through a 0.2 um filter (Millipore,
USA) and was then ready for bacterial functionalisation. PAAH is a cationic
polyelectrolyte, contributing positive charge to the MNPs and maintaining their

dispersion in the water.

A schematic for cultivating bacteria from biosludge through MMI is shown in Fig. 1.
First, al cells from the biosludge were functionalised by mixing biosludge with
biocompatible MNPs. Ten mL of biosludge (G-BS and P-BS) was centrifuged at
3,000 rpm for 10 minutes and the bacteria pellet was harvested and resuspended in
the same volume of deionized water. The cell suspension was mixed with 10 mL of
PAAH-stabilized MNP solution. The bacteriasMNP mixture was incubated at room
temperature for 20 minutes with shaking (150 rpm). The MNP functionalised bacteria
were then separated from the agueous phase by a permanent magnet, followed by
resuspension in deionized water. The washing step was repeated three times to
remove those bacteria that were not functionalised by MNPs. Subsequently, the MNP
functionalised bacteria were resuspended in 10-ml filter-sterilised wastewater. To
prepare filtered-sterilised wastewater, G-BS was centrifuged at 4,000 rpm for 10
minutes and the supernatant was passed through 0.2 um filters twice to remove cells.

The MNP-cells were then re-introduced into filter-sterilised wastewater in which 250
mg/L phenol (**Cs and *2C- phenol) was added as the carbon source. In the presence
of phenoal, active phenol degraders divided, causing the MNPs coated onto the cells
were gradualy diluted and its magnetic attraction eventually lost. After phenol
degradation was completed, a permanent magnet was re-applied. The active phenol
degraders were freely suspended in the water phase, whilst the rest of cells (non-
divisive or inactive phenol degraders) were attracted and immobilised by the magnet
(Fig. 1). In this way live bacterial cells responsible for phenol degradation in-situ can
be recovered by this MMI method.
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Phenol degradation in microcosms

For in-situ phenol degradation experiments a series of treatments were carried out,
including: phenol blank control (no biosludge), original biosludge control (no phenol),
original biosludge supplemented with water (negative control), **C- or **C- phenol
(final concentration 250 mg/L), filter-sterilised biosludge mixed with MNP-cells
supplemented with water (negative control), **C- or *2C- phenol (final concentration
250 mg/L). Three replicates were carried out for each treatment. Samples were taken
every 30 minutes from the incubations using G-BS and every hour from those using
P-BS to determine the residual phenol concentrations. A subset of samples (0.5 mL)
were taken from **C and **C-phenol amended G-BS microcosms at t= 0, 2.5, 5 and 7
hours, which were used for latter DNA-SIP analyses of active microbial populations
involved in phenol degradation. Phenol concentration was measured by a
spectrophotometric method described by the American Public Health Association
(Greenberg et al 2005). Briefly, 100 pL of cell-free sample was diluted in 900 pL
deionized water, dosed in the following order with 400 puL of 2.0 M NH,OH, 200 puL
of 2% (w/w) aminoantipyrine and 400 pL of 2% (w/w) K3Fe(CN)g. The absorbance of
the mixture was then measured at 500 nm wavelength using a microplate reader

(Synergy Il multimode, BioTek Instruments, Inc., USA).

MNP mediated cell isolation and counting

After completion of phenol degradation, MRCs in the suspension were stained by
4’ ,6-diamidino-5-phenyl-indole (DAPI) (Kubista et a 1987) and counted under a
Zeiss Axioplan 2 epifluorescence microscope. MRCs in the suspension were
centrifuged at 3,000 rpm for 10 minutes and resuspended in the same volume of
phosphate-buffered saline (PBS, 54.44 mg KH,PO, and 106.8 mg NaoHPO,4-12H,0 in
10 mL deionized water). To enumerate the population of MRCs, 20 pL of the cell
suspension was diluted to 1 mL with autoclaved UHQ water, buffered with PBS. This
dilution was then incubated in the dark with DAPI stain, corresponding to a working
concentration of 12.5 pg/mL, filtered onto a 0.2 mm black polycarbonate filter paper
and mounted onto a glass slide with Fluoroshield™ mounting medium (Sigma). The

resultant slides were analysed and imaged under fluorescent light using the
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microscope with a DAPI filter cube. The cells were detected using 358-nm UV light
for excitation and 461 nm for emission. In order to determine the cell density of the
supernatant, cell counts were performed for 15 randomly chosen fields of view. For
means of comparison, a 10™ dilution of the original biosludge was enumerated using

the same approach.

Physiological testing of MRCs using the Biolog high-throughput phenotypic assay

Biolog plate (BIOLOG, USA) anayse were undertaken to examine the carbon and
nitrogen metabolism of MRCs. Pseudomonas putida XY5 isolated from the same
biosludge was used as a control. Biolog PM1 plate was used for carbon metabolism
and PM 3 for nitrogen metabolism in accordance with the manufacturer’s instructions.
The coking wastewater naturaly contains a high concentration of ammonia and
operator experience found that a failure of treatment was aways associated with the
presence of nitrite in the aeration tank, which suggests that the nitrogen source could
affect phenol biodegradation. Hence, for the PM 3 nitrogen assay, 250 mg/L phenol
was used as the carbon source to revea the effect of nitrogen sources on phenol
degradation.

The effect of nitrogen source on phenol biodegradation

Ammonium chloride, sodium nitrite, sodium nitrate and hydroxylamine were added
into filter-sterilised wastewater (from G-BS) as nitrogen sources. The background
concentrations of phenol and nitrogen sources are shown in Table S2. All samples
were set up in triplicate. Phenol was added into al treatments with a final
concentration of 250 mg/L. The final concentrations of NHsz-N, NO," and NO3” were
232 mg/L (100 mg/L amendment with background 132 mg/L shown in Table S2), 50
mg/L, and 100.23 mg/L (100 mg/L amendment with background 0.23 mg/L shown in
Table S2), respectively. The final concentrations of NH,OH were 0.1, 0.2, 0.5, 1.0,
2.0, 5.0 and 10 mg/L. Samples were added into a 96-well microplate: each well
contained 160 pL of filter-sterilised wastewater, 20 uL of appropriate phenol with
nitrogen compounds (or water), and 20 pL of cell suspension of MRCS (or water).
The microplate was incubated at 25 °C in the microplate reader and ODggy Was
recorded every 15 minutes. At the end of incubation, the pH values in each sample

8
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were measured using indicator strips. Residue phenol concentration was measured
according to the method described above, and the percentage of phenol degradation
was calculated by final concentration relative to the three cell-free controls on the

same plate.

Detection of single cellsin MRCs by Raman micro-spectroscopy

Raman micro-spectroscopy was employed to quantify **C-incorporation of MRCs at
the single cell level (Huang et a 2004, Huang et a 2007, Huang et a 2009). MRCs
were harvested from the above treatments. MRCs were centrifuged at 3,500 rpm for
10 minutes, and washed with water three times. Each cell suspension (2~5 pL) was
spread onto a calcium fluoride (CaF,) slide and allowed to air dry prior to Raman
anaysis. Single cell Raman spectra (SCRS) were acquired using a confocal Raman
microscope (LabRAM HR, HORIBA Scientific, UK). A 100x magnifying dry
objective (NA=0.90, Olympus, UK) was used to observe and acquire Raman signals
from single cells. The Raman scattering was excited with a 532-nm Nd:YAG laser
(Torus Laser, Laser Quantum, UK). The laser power on a single cell was about 15
mW. Each Raman spectrum was acquired between the range of 1989 cm™ to 336 cm™?,
with 1021 data points and a resolution of ~1 cm™. LabSpec software (HORIBA
Scientific, UK) was used to operate the Raman system and acquire Raman spectra.
Acquisition time was 20 s for measurement of each single cell.

Nucleic acid extraction

The biosludge samples were collected at the beginning and the end of phenol
degradation. Total nucleic acids were extracted from 1.0 mL of each biosludge sample
or culture of the isolated phenol degraders using a PowerSoil DNA Isolation Kit (MO

BI1O, USA) according to the manufacturer’ s instructions.

DNA-stable Isotope Probing (DNA-SIP)

13C-labelled ‘heavy’ DNA was separated from unlabelled 2C DNA (‘light’ DNA) by
equilibrium density gradient centrifugation using a protocol described by Neufeld et
al. (2007). Briefly, 1 ug of DNA was mixed with the CsCl gradient buffer to a volume

9
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of 1.2 mL, to which 4.6 mL of 7.163 M CsCl solution was added to obtain a final
density of 1.725 g/mL. The mixture was inverted gently and transferred into a 5.8-mL
ultracentrifuge tube (Beckman). After balancing and sealing, the tubes were spun in
an ultracentrifuge (Optima L-80 XP, Beckman Coulter) at 44,100 rpm (~177,000 g,
VTi65.2 rotor, Beckman) for 40 hours. The DNA of different density was retrieved by
gradient collection into 12 fractions of 400 pL volume from the bottom of the
ultracentrifuge tube. The injection of deionized water was manipulated to push down
fractions from the top of the ultracentrifuge tube by a low-flow peristaltic pump
(Watson Marlow Ltd.). The DNA fractions were then purified by glycogen and PEG
6000 solution for 2 hours, washed with 70% ethanol, air-dried and dissolved in 50 pL
DNase-free water. The DNA from the **C phenol control was manipulated with the
same centrifugation, fractionation and purification procedures.

PCR amplification of 16SrRNA genes and phenol hydroxylase genes

PCR amplification was carried out in a C1000 thermal cycler (Thermo, USA). Each
reaction (50 pL) contained 0.5 pL. Dream Taq DNA polymerase (Promega, USA), 5
uL deoxynucleotide triphosphates at a concentration of 10 mM, 2.5 uL of each primer,
1 uL. DNA template and 38.5 pL. molecular water. For MRCs, 1 uL cell suspension
was directly used as the DNA template for the amplification of 16S rRNA genes.
DNA fragments of 16S rRNA genes were amplified by the primer pair of 63f and
1387r, aslisted in Table 1. After 94°C for 10 minutes, 35 cycles were undertaken with
94°C for 1 minute, 56°C for 1 minute, and 72°C for 1 minute, followed by a final
extension at 72°C for 10 minutes. The largest subunit of the multicomponent phenol
hydroxylases (LmPH) was amplified using different primer sets targeting three
different types of phenol hydroxylases (Futamata et al., 2001). For the primer pair of
phelf/phe3r (Table 1), the PCR program used was as follows: 10 minutes at 94°C; 35
cycles of 94°C for 1 minute, 56°C for 1 minute, and 72°C for 1.5 minutes; fina
extension at 72°C for 10 minutes. The PCR program for the primer pheUf/pheMHTr
and pheUf/pheHr was as follows: 94°C for 10 minutes; 5 cycles of 94°C for 1 minute,
58°C for 1 minute, and 72°C for 1 minute; 5 cycles of 94°C for 1 minute, 57°C for 1
minute, and 72°C for 1 minute; 25 cycles of 94°C for 1 minute, 56°C for 1 minute,
and 72°C for 1 minute; 72°C for 10 minutes as final extension. For the primer set

pheUf/pheLr, the program was. 94°C for 10 minutes; 5 cycles of 94°C for 1 minute,

10
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55°C for 1 minute, and 72°C for 1 minute; 5 cycles of 94°C for 1 minute, 54°C for 1
minute, and 72°C for 1 minute; 25 cycles of 94°C for 1 minute, 53°C for 1 minute,
and 72°C for 1 minute; 72°C for 10 minutes as fina extension. The PCR products
were checked by electrophoresis on a 1.5% (w/v) agarose gel (Sigma) using TBE
buffer.

To determine the diversity of microbes in MRCs, the 16S rRNA PCR products from
MRCs were cloned into pPGEM-T vector (Promega, USA), and transferred into E. coli
JM109 competent cells by heat shock. Thirty clones were randomly selected for

plasmid extraction and the 16S rRNA inserts were sequenced.

Nucleotide sequencing and computational analysis

PCR amplicon libraries of the hypervariable V1-V3 region of the 16S rRNA genes
(corresponding to Escherichia coli positions 5-534) were generated for ‘heavy’ and
‘light’” DNA fractions of the DNA-SIP incubations (=0, 2.5, 5 and 7 hr, respectively).
PCR was peformed wusing the forward primer  (NNNNNNN-
TGGAGAGTTTGATCCTGGCTCAG) and reverse primer  (NNNNNNN-
TACCGCGGCTGCTGGCAC). Unique heptad-nucleotide sequences (seven bases)
were synthesized at the 5’ end of each pair of primers as barcodes, which were used to
assign sequences to different samples. Pyrosequencing was carried out using a
Genome Sequencer FLX Titanium platform (Roche, USA) where reads of on average
400 bp in length were produced.

In quality filtering, reads were discarded if they were shorter than 150 bp, or longer
than 1,000 bp, had an average quality score of < 35 in each 50-bp window rolling
along the whole read, or contained primer mismatches, uncorrectable barcodes,
ambiguous bases or homopolymer runs in excess of 8 bases. Sequences that passed
the quality filters were then analysed using the MOTHUR software package (Schloss
et a 2009). Sequences were assigned to operational taxonomic units (OTUS) with a
97% pairwise identity as the threshold, and then classified taxonomically using the
Greengenesl6S rRNA reference database (McDonald et a 2012) with a confidence
threshold of > 80%. The Greengenes taxonomies were used to generate summaries of
the taxonomic distributions at different phylogenetic levels. To standardize sequence
counts across samples with uneven sampling, we randomly selected 2008 sequences

11
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per sample (rarefaction) and used this as a basis to compare abundances of OTUs
across samples. The Bray-Curtis metric was used to generate distance matrices from
samples, which were visualized as a PCoA (Principal Coordinates Analysis) plot and
a dendrogram based on the UPGMA a gorithm.

To assess the abundance of *C-DNA fraction in the samples, pyrosequencing reads
were aligned to the reference sequence (an uncultivated Burkholderiales spp.
Genbank accession no. KM067154), the representative sequence of the dominant
OTU in MRCs) with BLASTN. Distribution of the sequence similarity of these
alignments were visualized as histograms, in which were compared the match of the
Burkholderiales spp. reference sequence to ***"™* and *3C-DNA fractions at the two

time points at 0 and 7 hours of phenol degradation.

The 454 reads that were taxonomically assigned to the order Burkholderiales using
Greengenes database were clustered into operational taxonomic units (OTUs) with a
97% pairwise identity as the threshold. The representative sequences of all 12 OTUs
in the *C-DNA fraction were then aligned to the Burkholderiales spp. reference
sequence (Genbank accession no. KM067154), which was identified in MRCs using
MUSCLE. For phylogenetic analysis, a maximum likelihood (ML) tree was built with
1000 bootstrappingsin MEGAG.

DNA sequences of 16SrRNA gene and phenol hydroxylase from this study are
available in Genbank (accession number KM067152 to KM067154 and KJ174591 to
KJ174607).
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Results
I solation of culturable phenol-degrading microorganisms

Rhodococcus sp. XY 2, Chryseobacterium sp. XY 3 and three different Pseudomonas
strains (XY 4, XY5 and XY 6) were isolated on agar plates from the biosludge samples
(Table S3) using minimal medium with phenol as the sole carbon source. The 16S
rRNA sequences of Pseudomonas sp. XY4 and XY5 are identical (100%) to that of
Pseudomonas pseudoalcaligenes and Pseudomonas putida KT2440 respectively,
while the 16S rRNA of Pseudomonas sp. XY6 is 99.6% identical to that of
Pseudomonas plecoglossicida. However, subsequent culture-independent analyses

suggest that these isolates were not responsible for phenol biodegradation in-situ.

MNP-functionalisation of biosludges do not affect the rates of phenol degradation

The rates of phenol degradation of two biosludge samples of contrasting
performances (G-BS and P-BS) were determined in order to assess the impact of
MNP on phenol degradation. The data are shown in Figure 2A. After 7 hours, the
microbial community in G-BS degraded phenol completely (Fig. 2A). In contrast, no
phenol degradation occurred in P-BS in the initial 18 hours and phenol degradation
was not completed until 36 hours (Fig. 2A). The use of stable-isotope labelled phenol
(**C-phenol) had no impact on the performance of phenol degradation using the two
biosludges samples (Fig. 2A). MNP-functionalised biosludges had similar rates of
phenol degradation compared to those of the raw biosludges, confirming that MNP
functionalisation is biocompatible (Fig. 2A).

MRCs had a similar performance as the whole biosludge for phenol degradation

The MNP-functionalised cells were introduced into filter-sterilised wastewater to
allow for propagation of active phenol degraders in their natural environment. Either
3C-labelled phenol or *?C-phenol or water as positive and negative controls were
added to the MNP-functionalised cells. In these experiments, there were no free cells
in treatments at time point T=0. After phenol degradation was completed (Fig. 2A),
MRCs were magnetically separated from the treatments. DAPI staining of MRCs
from the *3C- or **C- phenol treatment showed that the cell population was 1.48 +
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0.49x10° cellsmL. In contrast, the cell density in controls where phenol was not
added was two orders of magnitude lower (<10° cellsmL) which excludes the
possibility that MNPs were lost due to some random reason. In comparison, the total
cell population in the original biosludge was 1.05 + 0.64x10° cellsmL. The DAPI
counting approach may underestimate the cell population because the cell-harvesting
step using centrifugation at 3,000 rpm for 10 min may miss small cells that are not
easily pelleted.

The MRCs derived from MNP treated biosludges were incubated with phenol (250
mg/L) to determine if they were functionally active. The data presented in Fig. 2B
demonstrate that the degradation pattern was similar to that of the origina raw
biosludges (G-BS) after a2 hours delay (Fig. 2B). MRCs from the controls (no phenol
amendment) had no phenol degradation activity (data not shown). This suggested that
the active phenol degraders responsible for phenol degradation in the origina raw G-
BS should be recovered in MRC:s.

Raman micro-spectroscopy analyses of MRCs confirmed *C incorporation at the

singlecell level

MRCs from *C and *?C-phenol treatments were examined by Raman micro-
spectroscopy at the single cell level. SCRS of MRCs were acquired to examine their
3C-incorporation, based upon the fact that some Raman bands of **C-labelled cells
shift to lower wavenumbers upon the incorporation of *3C from a growth substrate
(Huang et a 2004, Huang et a 2007, Huang et a 2009, Li et a 2013). SCRS of
MRCs from *2C-phenol treatments were used as 12C- unlabelled controls.
Microscopic images indicated that cells from MRCs were more uniform than those in
the original biosludge. MRCs were mostly rod-shaped and of similar sizes and Raman
spectral patterns (Fig. 3). SCRS from the cells with **C incorporation showed
significant Raman shifts in the marker bands namely the phenylalanine band, from
1001.8 to 965.7 cm™ and the protein band, from 1668.6 cm™ to 1626.1 cm™
respectively (Fig. 3). Other Raman bands such as 641, 723, 781, 1121, 1317, and
1576 cm™ also shifted in a similar way due to the incorporation of *3C into the cells
(Fig. 3). Analysis of Raman spectra of 135 randomly selected single cells in the
MRCs from the*C-phenol treatment indicated that 79% of MRCs were fully labelled
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with 3C (Fig. 3). These results indicated that most freely-suspended cells from the
MRCs were indeed active phenol degraders.

Uncultured Burkholderiales spp. were responsible for phenol degradation

DNA sequencing of 30 clones of 16S rRNA PCR products using MRCs as the DNA
template suggested that 67% of bacteria in MRCs were related to an uncultivated
Burkholderiales spp. (12 identical clones accession number: KMO067154 and 8
identical clones accession number: KM067153). Interestingly, thisis a new group of
bacteria showing <92% identity to all prokaryotic 16S ribosoma RNAs in the NCBI
database.

Pyrosequencing of DNA-SIP samples indicated that the dominant bacteriain the <

PNA fractions were unclassified Burkholderiales spp. (Fig. 4A). Microbial community
structure changed over time and by the time of complete phenol degradation at 7
hours, the microbial structure had changed significantly in that the *“PM fraction

was different from the rest of the microbia community structures (Fig. 4B).

The representative sequences of 12 Burkholderiales spp. OTUs were identified and
the dominant sequence was OTU34. (Fig. S3A). A comparison between the sequence
of KM067154 and OTU34 showed that they are 99% identical. A phylogenetic tree
was generated using the sequences of the 12 OTUs representing Burkolderiales spp.
and the dominant Burkholderiales spp. (accession number: KMO067154)
independently found in the MRCs (Fig. S3B). It showed that SIP and MRC derived
data are highly consistent, indicating that the uncultivated Burkholderiales spp. was
active and responsible for phenol degradation in situ (Fig. S3B). The advantage of
MRCs is that live cells were obtained which can be used for further physiological
study.

The 16S-rRNA sequences of Burkholderiales spp. (accession number: KM067154)
were also used as a reference and aligned to all pyrosequences of **C-DNA and **C-
DNA fractions at time 0 and 7 hours degradation time. The histogram clearly showed
that more than 60% readings of *C-DNA fraction at 7 hours were identical (>99%
identity) to Burkholderiales spp. sequences obtained from MRCs (Fig. S2).

15



453

454
455
456
457

458
459
460
461
462
463

464
465
466
467
468
469
470
471
472

473

474

475
476
477
478
479
480
481
482
483

Diversity of functional genes for phenol degradation

A key functional gene for phenol degradation is phenol hydroxylase, which converts
phenol into catechol before prior to the TCA cycle. Phenol hydroxylase can be
recovered by PCR using degenerate primers (Table 1). Table S3 summarises the

occurrence of phenol hydroxylase genesin different samples.

In the original biosludges (both the BS-G and BS-P samples), al four types of LmPH,
phel, pheMH, pheL and pheH, were found. The phenol hydroxylase genes in the
MRCs and *3C fraction belong to the Burkholderiales order; More specificaly, the
phel and phel (accession number KJ174604 and KJ174605) genes in the MRCs are
identical to those of Cupriavidus metallidurans CH34 (formerly Ralstonia
metallidurans Janssen et a 2010) (Table S3).

In the cultivated species isolated from the biosudges however, the phenaol
hydroxylase genes were of different types. Specificaly, Chryseobacterium sp. XY 3
has an identical phelL (a phenol hydroxylase subunit gene) to that of Comamonas sp.
J5-66 (Sun et a 2012). The isolated P. pseudoal caligenes XY 4 and P. plecoglossicida
XY 6 have two domains of LmPH (phel and pheMH) (accession number KJ174598
and KJ174600), which were both identical to that in Pseudomonas sp. (Table S3)
(Kim et a 2005). Interestingly, it was found that P. putida XY'5 contained novel types
of phenol hydroxylase, phel and pheMH (accession number KJ174599) that have not
been reported previously.

Phenotyping MRCs

A remarkable advantage of MMI is that it enables the isolation of live bacteria for
ecophysiological analysis. Biolog high-throughput phenotypic microarrays were used
for the phenotypic analysis of MRCs. They served two purposes. the characterisation
of phenotypes and the identification of key factors affecting the performance of
phenol degradation. The MRCs and P. putida XY5 showed different phenotypic
patterns for carbon metabolism (Table $4), providing additional evidence that the
bacteriaisolated using the MM technique were different from those readily cultivated
phenol degraders such as P. putida. Specificaly for MRCs, the carbon sources, such

as D-alanine, a-D-glucose, tyramine and L-glutamine, promoted cell growth, whereas
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the carbon sources, such as D-galactonic acid-y-lactone, L-galactonic acid-y-lactone,

m-tartaric acid and D-threonine, inhibited cell growth (Table $4).

To examine the impact of nitrogen sources on biodegradation performance, phenol
(250 mg/L) was used as the carbon source in the PM3 nitrogen test plates. Data
presented in Table S5 showed that MRCs and P. putida XY5 had different response
patterns to different nitrogen sources. NH,OH and D,L-o-amino-caprylic acid
significantly inhibited phenol degradation in both MRCs and P. putida XY5, whilst
ammonia, nitrite and nitrate did not show any repression effect on phenol degradation
(Table S5).

Hydroxylamine is an inhibitor for phenol degradation in coke oven biosludges

The ammonia concentration in the influent wastewater was 50-70 mg/L (Table S1)
and 132 mg/L in the settled sludge (Table S2) generated from thiocyanate (SCN")
degradation. It was observed that the failure of wastewater treatment was associated
with a sudden increase of nitrite (Fig. S1). Ammonia and its metabolic intermediates
compounds NH,OH, NO," and NO3 were added into the filter-sterilised wastewater
along with MRCs within which Burkholderiales spp. were enriched. During 19 hours
of incubation, the pH in the media of al treatments remained between 6.4-6.8,
indicating that metabolism of NH,OH, nitrite, nitrate and anmonia did not alter the
pH of the media. Cell growth in the treatment with NH,OH >5 mg/L was inhibited
whilst cells with 232 mg/L NHz-N, 50 mg/L NO,’, 100.23 mg/L NOs3™ and <2 mg/L
NH,OH continued to grow (Fig. 5A). Phenol concentration remained unchanged after
19 hours incubation when NH,OH was greater than 5 mg/L, whilst phenol was
completely degraded in the other treatments (Fig. 5B). The results indicated that a
NH,OH concentration greater than 5 mg/L completely inhibited phenol degradation
by Burkholderiales spp., whilst 50 mg/L NO", 100.23 mg/L NO3™ and 232 mg/L NHs-
N did not inhibit phenol degradation (Fig. 5).
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Discussion

It is increasingly evident that as yet uncultured bacteria can play key roles in the
biodegradation and bioremediation of environmental pollutants (Huang et a 2009,
Read and Whiteley 2011, Chen and Murrell 2010, Wang et a 2012). In this study, we
demonstrated that MMI can be used to recover live cells of key pollutant degraders
from a complex microbial community such as biosludge and that MRCs can be used
for further eco-physiologica studies. MRCs were able to degrade phenol and had a
similar degradation pattern to the original biosludge. Fully **C- labelled phenol of
ambient concentration was introduced into the biosludge to probe the in-situ active
degraders. Subsequent recovery of MRCs and Raman micro-spectroscopy analyses at
the single cell level demonstrated that the majority of MRCs were indeed labelled by
3C, indicating that they play a key role in phenol degradation. These data are
consistent to the results from the DNA-SIP analyses. sequencing and phylogenetic
analyses indicated that the major species in the *C-DNA fraction of the biosludge
was related to a group of so-far uncultivated Burkholderiales spp., which showed high
sequence identity (>99%) to the predominant 16S rRNA gene retrieved from clone
library analysis of MRCs. Collectively, our results demonstrated that the MMI
method was powerful in identifying and isolating a new group of Burkholderiales spp.

as the key phenol degraders in these biosludges.

This methodology builds on the fact that cell division of the active bacterial cells will
dilute MNP coatings and ultimately result in aloss of magnetic attraction. Conversely,
the metabolically inactive bacteria keep their MNPs and thus remain magnetically
atractive. To enable effective isolation of these two groups of cells in a complex
community, the following properties for MNPs are essential (Zhang et al 2011) — they
need to be: 1) biocompatible — MNPs should have minimal impact on cell physiology
in terms of growth and enzymatic activities; 2) magnetically controllable — MNP-
functionalised cells can be easily manipulated by a magnetic field, which requires a
suitable MNP size and MNP-to-cell ratio; 3) highly efficient for functionalisation —
MNP coating efficiency is greater than 99.9%, ensuring that almost al cells in a
microbial community can be magnetically functionalised; 4) dilutable — MNPs coated
on cells can be diluted and eventualy lost after cell divisons. Whilst the MMI
approach has been shown to be powerful in this study, it has its own limitations. So

far, the MMI approach is only effective in the recovery of actively dividing and
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rapidly growing bacteria that are capable of escaping the MNPs within agiven time. It
remains to be established whether MMI can be used to separate active, but slow
growing bacteria or those who can turn over the substrate without cell division.

The operation data of the coking plant’s wastewater treatment suggested that a sudden
increase of NO, in the wastewater was often associated with a sudden drop in the
removal efficiency of chemical oxygen demand and subsequent failure of water
treatment (Fig. S1). It was observed that the treatment often failed when NO,
concentration was greater than a threshold of 10 mg/L. For example, at the point of
high NO,  concentration (>10 mg/L) in Nov 2012, a failure of water treatment
occurred along with the appearance of P-BS (Fig. S1). The P-BS was still able to
degrade phenol but there was a long lag time (18 hours) before phenol degradation
occurred (Fig. 2A). Thisimplied that nitrogen metabolism by the biosludge microbial
community affected wastewater treatment performance. Hence, in the Biolog PM3
nitrogen metabolism test, phenol (250 mg/L) was used as the sole carbon source to
examine the impact of nitrogen metabolism on the phenol degrading ability of
uncultured but metabolically active microbial cells. Figure 6A indicated that NH,OH >
5mg/L completely inhibited phenol degradation, whilst 50 mg/L NO,™ did not inhibit
phenol degradation. Both ammonia-oxidizing Archaea and ammonia-oxidizing
Bacteria oxidise NH3 into NH,OH (Arp et a 2002, Varalaet a 2013), which is then
further oxidised to nitrite (NO,) and finally nitrate (NOs). The experimental data
clearly indicated that it was NH,OH, but not NO,’, NO3" or NH3, that inhibited phenol
degradation in the coking wastewater. The threshold of this NH,OH inhibition effect
was between 2 and 5 mg/L (Fig. 5). It islikely, therefore, that the high concentration
of NO, within the wastewater treatment facility was a result of NH,OH accumulation
and it was NH,OH that led to the failure in wastewater treatment. NH,OH isavolatile
and unstable compound and in fact, when its concentration decreased below the
threshold, phenol biodegradation resumed (Fig. 2A). Presumably, the degradation of
thiocyanate (120-250 mg/L in the influent, Table S1) would produce ammonia via
SCN>S0,#+NH3+CO,, which could lead to an increase in ammonia during the
wastewater treatment (e.g. 132 mg/L in settled sludge shown in Table S2) compared
with 50-70 mg/L ammoniain the influent (Table S1). The accumulation of NH,OH is
likely due to the low activity of hydroxylamine oxidoreductase which catalyses the

formation of NO,".
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To summarize, we demonstrate that live and uncultured bacteria can be recovered
using this novel MM approach. It is foreseeable that this MMI approach will greatly
accelerate the pace of exploration for as yet uncultured microbes, and help our
understanding of the diversity, physiology, functiona potential, evolution, adaptation
and ecophysiology of the microbes present in the environment. MMI enriched

uncultured cells can be subjected to single cell isolation and genome assembly.
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Figurelegends

Figure 1. Schematic process of recovering live bacteria from their natural
environment through magnetic nanoparticle (MNP) functionalisation and separation.

Figure 2. (A) Kinetics of phenol biodegradation in biosludges of good or poor
performance (G-BS and P-BS, respectively). Phenol degradation in G-BS was
completed in 7 hours (m, ¢ and e) whereas in P-BS phenol degradation completed in
36 hours (g, ¢ and o). Neither the use of isotope-labelled phenol (**C-phenol, ¢ and ¢)
nor magnetic nanoparticles (MNPs) functionalisation (e and o) had significant impact
on bacterial phenol degradation in G-BS and P-BS samples. No phenol degradation
occurred without the biosludge (A and A). A subset of samples were withdrawn from
the G-BS incubations with **C-phenol and **C-phenol at t= 0, 2.5, 5, 7 hours for
DNA-stable isotope probing (DNA-SIP) anadyses and the data are presented in
Figures 4, S2 and S3.

(B) The phenol degradation performances of MRCs (e), the initial biosludges, G-BS
(m) and negative controls (A, no biosludge added).

Figure 3. Raman micro-spectroscopy identification of *C-stable isotope
incorporation into MRCs.

Figure 4. (A) Taxonomy summary of microbial community in the biosludges based
on Greengenes 16S rRNA database. SIP experiments indicated that Burkholderiales
spp. were dominant species in **C-fraction after 7 h phenol degradation, suggesting
they were key phenol degradersin-situ.

(B) A dendrogram of the bacterial community structures during phenol degradation,
using the PCoA (Principle Coordinates Analysis) plot.

Figure 5. (A) Growth curves of MRCs in the presence of hydroxylamine, ammonia,
nitrite or nitrate.

(B) The remained phenol concentration after 19 hours during phenol degradation by
MRCs.
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