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of TBT-resistant and TBT-degrading

bacteria from estuarine sediment.
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Abstract:

Standard methods of microbial cultivation only enable the isolation of a fraction of the total environmental bacteria.
Numerous techniques have been developed to increase the success of isolation and cultivation in the laboratory,
some of which derive from diffusion chambers. In a diffusion chamber, environmental bacteria in agar medium
are put back in the environment to grow as close to their natural conditions as possible, only separated from the
environment by semi-permeable membranes. In this study, the iChip, a device that possesses hundreds of mini
diffusion chambers, was used to isolate tributyltin (TBT) resistant and degrading bacteria. IChip was shown to be
efficient at increasing the number of cultivable bacteria compared to standard methods. TBT-resistant strains
belonging to Oceanisphaera sp., Pseudomonas sp., Bacillus sp. and Shewanella sp. were identified from Liverpool
Dock sediment. Among the isolates in the present study, only members of Pseudomonas sp. were able to use TBT
as a sole carbon source. It is the first time that members of the genus Oceanisphaera have been shown to be TBT-
resistant. Although iChip has been used in the search for molecules of biomedical interest here we demonstrate its

promising application in bioremediation.

Keypoints:

e iChip is efficient to improve the success of isolation and cultivation of sediment bacteria
e iChip can be used to isolate microorganisms of interest in bioremediation

e Members of Oceanisphaera are resistant to TBT but cannot use it as sole carbon source
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Introduction:

Tributyltin is an organotin compound that has been used widely as a biocide in antifouling paints. It is therefore
highly toxic and has been shown to be a major threat to aquatic ecosystems. Due to its toxicity, it was subjected
to a global ban in 2008 (Sonak et al. 2009). However, TBT is still a major concern in many locations around the
world (Filipkowska and Kowalewska 2019). In fact, it is still authorised in a small number of countries (Turner
and Glegg 2014), and it is suspected to be used illegally in many others because of its high efficiency (Egardt et
al. 2017). The main concern is its high persistence in anoxic sediments and as such, is a pernicious legacy
contaminant. Indeed, TBT is hydrophobic and strongly binds to organic matter and sediment where it can remain
for decades (Langston et al. 2015). Sediment therefore acts as a secondary source of contamination during
resuspension events, causing more disturbance to aquatic ecosystems. There is therefore a need to remediate

sediment contaminated with TBT.

Traditional remediation techniques such as incineration (Song et al. 2005) or electrochemical oxidation
(Beuselinck and Valle 2008) are usually regarded as efficient but costly. In addition, they can cause environmental
issues as they involve the excavation of sediment, which causes problems of contaminant spreading and further
pollution due to carbon emissions during transportation (Manap and Voulvoulis 2015). The more environmentally
sustainable approach is bioremediation, where contaminants are broken down by the activity of biological
organisms. In particular, in situ bioremediation removes the need for excavation plus the associated cost and
environmental issues linked to it (Polrot et al. 2021). Bioremediation can be further subdivided into
phytoremediation, when using plants (Pilon-Smits 2005), or biodegradation, when using microorganisms (Adams
et al. 2015). The latter is especially pertinent for in situ bioremediation of port sediment. Biodegradation includes
natural attenuation, biostimulation and bioaugmentation (Tyagi et al. 2011; Adams et al. 2015). Natural attenuation
consists of using the native microbial community to naturally degrade harmful contaminants (Lofrano et al. 2017).
Biostimulation aims at boosting the degrading activity of the microbial community by providing more favourable
conditions, for example by the addition of nutrients (Adams et al. 2015), or through oxygenation (Scow and Hicks

2005). Finally, bioaugmentation consists of adding specific microorganisms to decontaminate the material (Tyagi
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etal. 2011; Adams et al. 2015). The added microorganisms are selected for their exceptional abilities to efficiently

degrade the contaminants of interest.

The use of bioremediation requires a comprehensive understanding of the degradation pathways and kinetics, the
microbial communities involved in the degradation as well as the most favourable conditions for the growth and
degrading activity of the microorganisms involved. A first step towards this objective is to proceed with the
isolation and cultivation of the microbial degraders. Thus, research has been carried out to isolate and characterise
TBT-resistant and degrading microorganisms (Cruz et al. 2015). Among the identified microbes include Chlorella
species (Tsang et al. 1999; Jin et al. 2011) and fungi such as Cunninghamella elegans or Cochliobolus lunatus
(Bernat and Dtugonski 2002; Bernat et al. 2013). In addition, many bacteria have been studied for their TBT
degradation ability, such as Aeromonas molluscorum, Enterobacter cloacae and numerous species of

Pseudomonas (Finnegan et al. 2018).

Despite this, it is well-known that only a small proportion of microbes have been discovered so far. Indeed, it is
estimated that more than 99% of bacteria remain unknown (Locey and Lennon 2016). The main reason for this is
our inability to cultivate them in the laboratory. Classic methods of isolation and cultivation, that were used for
the isolation of TBT-degrading bacteria so far, failed to provide the appropriate conditions for the growth of the
majority of the environmental bacteria and are biased towards the same species. Nevertheless, some techniques
have been developed to improve the success of cultivation of novel species, usually by mimicking as accurately
as possible the natural environment (Hahn et al. 2019; Bodor et al. 2020). Among these, the diffusion chamber
concept was of special interest. In diffusion chambers, microorganisms are trapped in agar while in contact with
their natural environment with semipermeable membranes. The membranes ensure that cells cannot move in or
out of the diffusion chamber but small molecules that may be necessary for microbial growth can enter the chamber
(Kaeberlein et al. 2002). On the basis of this concept, iChip was created, acting like hundreds of mini diffusion
chambers and therefore allowing the high-throughput isolation of bacteria (Nichols et al. 2010). IChip allowed the

cultivation of different species of bacteria than standard plating methods (Nichols et al. 2010).

The first aim of this study was to evaluate the beneficial potential of using iChip for the isolation of bacteria of
interest in the field of bioremediation and more specifically for TBT biodegradation. A second aim was to advance
the knowledge on TBT biodegradation in estuarine sediment with the isolation of TBT-resistant and TBT-

degrading bacteria. To fulfil these objectives, a comparison of the standard plating and iChip techniques was
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performed by measuring the difference in culturability of sediment bacteria using the two techniques. TBT-

resistant/degrading bacteria were then screened among the obtained isolates.

Material and Methods:

Sediment sampling and preparation

Sediment samples (textural class ‘slightly sandy mud’ (Flemming 2000), comprising 14.3 % clay, 79.5 % silt, 6.2
% sand) were taken from Liverpool Brocklebank Dock. The samples had a pH of 7.8, salinity of 27 psu, total
nitrogen content of 0.26 %, total carbon content of 3.92% and total organic carbon (TOC) content of 3.12 %.
Sediment from Liverpool port was chosen for this study because TBT hotspots are usually concentrated around
ports and harbours (Filipkowska and Kowalewska 2019). Sampling locations in the docks were chosen according
to TBT contamination data from 2010 (data provided by Peel Ports). Organotin measurement revealed that the
contamination in these samples was below detection level at the time of the sampling. This supports the hypothesis
that the local microbial community is capable of TBT biodegradation and those samples were therefore selected
for the present study. One sample remained untouched in a cold room, stored in the dark at a temperature of 4°C.
For microcosm experiments measuring TBT biodegradation in different environmental scenarios (Polrot, 2022),
another sample was sieved at 2 mm and spiked with 10 pg TBTCI / g dw sediment (concentration corresponding
to a heavy contamination scenario and constrained by the detection limit of the organotin measurement method
used) and thoroughly mixed by hand before being put back in the cold store for 4 weeks as an equilibration step.
After that equilibration step, the mud was incubated at 20°C for 3 months. At the end of this incubation period, the
sample was used for the present study and is referred as “prepared sediment” for the rest of this paper. When using

sediment stored directly after sampling and not processed further, the term “untouched sediment™ is used.

Sediment dilution and standard plating

Serial dilutions of the two types of sediment were plated on Tryptic Soy Agar (TSA) and TSA + 1mM TBT in
order to calculate the abundance of bacteria capable of growth in standard laboratory conditions. After inoculation
of different sediment dilutions in triplicates, the agar plates were incubated at room temperature for 3 to 5 days

before the enumeration of colonies was performed.

The result of this enumeration was used to calculate the appropriate dilution for the inoculation of one “cultivable”

bacterial cell in 10% of the iChip through-holes (102 bacteria per mL).
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iChip assembly and incubation:

IChips were manufactured in the general engineering workshops of Liverpool John Moores University using the
instructions provided by Nichols et al. (2010). Figure 1b indicates all of the components of an iChip, the central
plate and the two external ones, which are pierced with a multitude of through-holes arranged in two arrays, in this
case two arrays of 192 through-holes. Before assemblage, all the components were sterilized by immersion in 70%
ethanol for 15 minutes. They were then allowed to dry under a sterile hood after which the central plate was
immersed in molten agar (Fig. 1a) containing the appropriate sediment dilution as a means to load one cultivable
bacterial cell in 10% of the through-holes (102 cultivable cells/mL). Once the agar solidified on the central plate,
the excess was removed using a sterile microscope slide and 8 sterile polycarbonate membranes disks of 27cm
diameter with 0.03um diameter pores were placed on each side. The external plates were finally mounted at the
bottom and top of the central plates and the whole assemblage was screwed together (Fig. 1b). To avoid any
leaking from the sides, petroleum jelly was applied to seal the edges of the iChip, which was then protected with
a fine band of parafilm. After assemblage, the iChips were immersed in a bucket of sediment and stored at 20°C

for a week (Fig. 1c).
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Fig. 1: Steps to sediment bacteria isolation and cultivation using an iChip

The central plate is loaded with fusion agarose medium inoculated with sediment bacterial dilution (a). The iChip is then
assembled with 0.03 pm polycarbonate membranes and the external plate, screwed together (b), and immerged in a bucket of
muddy sediment for 2 weeks (c). After incubation, the iChip is thoroughly rinsed with sterile water, disassembled and sterile
gauge clips are used to deposit each agar plug in a well of a 24-well plate filled up with TSA (d).

Isolate recovery:

After the incubation period, the iChips were thoroughly rinsed in sterile distilled water and disassembled. About
one hundred random cores were retrieved from each iChip using a sterile and unbound gauge paper clip and gently
crushed on the surface of TSA medium in 24-well plates (Fig. 1d). The 24-well plates were incubated for several
weeks at room temperature in the dark. The percentage of positive wells at this step was used to calculate the

difference in cultivability between iChip and standard plating.

Screening for TBT resistance and use as sole carbon source:

Each isolate that could be grown on the 24 well plates containing TSA from the iChip cores were subcultured on

TSA + 1 mM TBT to screen for the resistance phenotype.
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The isolates that could grow on TSA + 1 mM TBT were further subcultured on Minimal Salt Medium (MSM)
containing 1 mM TBT as the sole carbon source. MSM was prepared with the following compounds per litre of
distilled water: 0.06g ferrous sulphate; 12.6g dipotassium hydrogen orthophosphate; 3.64g potassium dihydrogen
orthophosphate; 2g ammonium nitrate; 0.2g magnesium sulphate; 0.0012g sodium molybdate; 0.0012g manganese
sulphate; 0.15g calcium chloride; 15g agar. 1L of medium containing only agar and the phosphate buffer was
autoclaved, all the other elements were prepared in solution separately, filter sterilized and added to the fusion

medium after autoclaving and before pouring into petri dishes.

Genus identification of the isolates:

DNA extraction

24 colonies growing on TSA + 1 mM TBT were selected to be further identified by 16S rRNA gene sequencing.
20 isolates coming from the isolation through iChip, and 4 isolates obtained using the classic method of isolation.
Freshly grown colonies were resuspended in 30 pL of sterile water and heated at 95°C for 10 minutes to extract
their DNA. The suspensions were then spun down for 2 minutes in a benchtop centrifuge at maximum speed and

the supernatant was used as template DNA for the PCR steps.

DNA amplification

The amplification was performed using the following universal primers: 27F (AGAGTTTGATCATGGCTCA)
and 1492R (TACGGTTACCTTGTTACGACTT). The reaction was prepared in a volume of 50 L in total, with
25 pL of ReadyMix™ (Sigma), 1 uL of 10 pM of each primer and 2L of DNA. Reactions were then performed
in a thermocycler with the following program: 94°C for 2 min of initial denaturation followed by 35 cycles at 94°C
for 1 min, 58°C for 30 sec and 72°C for 1 min, finishing with a final extension at 72°C for 10 min. The
amplification of the samples was detected along with a DNA molecular weight standard (1 kb+, Invitrogen) by
electrophoresis in a 2% agarose gel stained with SYBR Safe (Invitrogen) and visualized by transillumination by

UV light.

The DNA concentration was then measured using a Nanodrop. As all the concentrations were too low, the samples
were evaporated and resuspended in the appropriate volume to obtain 25 ng/uL. 5 pL of each sample was then
added to 5 pL of primer at 5pmol/uL. 24 tubes were prepared with the forward primer 27F and 24 others with the
reverse primer 1492R. The 48 tubes were barcoded using the LightRun barcodes from Eurofins Genomics and

sent to the company for Sanger sequencing.
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Sequence analyses

The ab1 files received from Sanger sequencing were checked for quality and the sequences appropriately corrected.
The forward and reverse sequences of the same isolates were aligned and reassembled using BioEdit and the
resulting FASTA sequences were analysed by BLAST using the total database, excluding

uncultured/environmental sample sequences.

Nucleotide sequence accession number

The sequences were deposited in GenBank and their accession numbers are detailed in Table 1.

Statistical analyses:

All statistical analyses were performed using R Studio. Significant differences in the cultivability of bacteria using
the two methods were calculated with a Student’s t-test. Statistical significance was assumed when the p-value

was below or equal to 0.05.

Results:

Abundance of cultivable bacteria on TSA medium:

The abundance of cultivable bacteria increased significantly (prepared sediment: p-value = 0.003, native sediment:
p-value = 0.007) when using one round of culturing in iChip compared to standard plating on TSA plates (Fig. 1).
The number of CFU increased by a factor of 5.5 and 9.5 for the experiment involving untouched sediment and
prepared sediment respectively (Fig. 2). A higher abundance of cultivable bacteria was also observed for the

method using prepared sediment compared to untouched sediment.

Proportion of TBT-resistant bacteria cultivated using iChip compared to standard plating

From untouched sediment, no TBT-resistant bacteria could be grown using the standard method of plating
sediment dilutions on TSA in petri dishes. However, the proportion of TBT-resistant bacteria among the isolates
firstly grown on TSA without TBT was not checked. Note as well that no isolates could be obtained when preparing

an iChip using TSA containing 1 mM TBT.

Nevertheless, TBT-resistant proportions among iChip isolates on TSA using the two different types of sediment

can be compared. A higher proportion of TBT-resistant bacteria was found for prepared sediment (p-value= 0.038),
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with 38.2% of TBT-resistant isolates obtained from prepared sediment compared to 16.3% for untouched sediment

(Fig. 2).

Proportion of bacteria using TBT as sole carbon source

Although the mean number of bacteria capable of using TBT as the sole carbon source appeared higher for prepared
sediment compared with untouched sediment (9.3% and 2.0% of the isolates respectively), no statistical difference

could be detected due to the high variability within the triplicates (Fig. 2, p-value = 0.36).

prepared sediment untouched sediment

1.2e+08-
I Je+05- I

9.0e+07 -
s |
s 2e+05
o
n 6.0e+07 -
o
-}
L
O

1e+05-
3.0e+07- -
SP R |Ch|p |Ch|p R |Ch|p D |Ch|p |Ch|p R iChip D

Fig. 2: leference in cultivability between standard plating and iChip method using prepare or untouched sediment

SP: CFU numbers obtained by Standard Plating; SP R: TBT-resistant CFU numbers obtained by Standard Plating on TSA + 1
mM TBT; iChip: CFU obtained after one round of iChip and subculturing on TSA; iChip R: TBT-resistant CFU numbers from
the subculturing of isolates coming from iChip; iChip D: CFU numbers for cells able to use TBT as sole carbon source from
the subculturing of isolates coming from iChip. Results shown represent the mean of triplicates and the error bars are the
standard deviations.

Identification of the isolates through 16S rRNA genes Sanger sequencing

After several rounds of cultivation, some isolates could not be recovered. The remaining isolates growing on TSA
after four rounds of cultivation were therefore further identified. 18 of them came from iChip experiment using
prepared sediment, two came from iChip experiment using untouched sediment and four came from standard

plating isolation (Table 1).

As shown in Table 1, after the Sanger sequencing of 16S rRNA genes, four distinctive genera were identified by
BLAST analyses: Pseudomonas sp.; Shewanella sp.; Bacillus sp. and Oceanisphaera sp. All of them were able to
grow on TSA +1mM TBT for at least 4 subculturing attempts. However, some of them stopped growing after this

4™ step, but they could still grow on TSA without TBT.
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The four isolates coming from standard plating were identified as Pseudomonas sp. In the names of the isolates,
the first letter represents the label of an iChip (a, B, v, Y). A correlation seems to be observed between the isolate’s

genera and the iChip experiment.

Discussion:

IChip increases the abundance of culturable bacteria

The period of culturing in iChip constitutes a good adaptation step prior to growth of bacteria on synthetic media.
While a bacterium is trapped in TSA in an iChip buried in sediment, molecules that may be necessary for their
growth can diffuse across the polycarbonate membranes and into the medium. As the growing conditions are closer
to those of the natural environment, it is not surprising greater cultivation success is achieved. The real benefit of
using the technique is the fact that after sub-culturing iChip agar plugs on TSA in full laboratory conditions, a
greater variety of bacteria are able to grow compared to the attempts at isolation without using the intermediate

step in iChip.

The mechanisms behind this adaptation are unclear. It is also important to note that among the initial isolates which
could grow after the direct subculturing from iChip, a number of others failed to grow after a couple of subculturing
attempts. As our interest was focused on TBT resistant bacteria, only these were subcultured. Failure to maintain
bacterial isolates after subculturing is often described but there are a lack of explanations for this issue (Overmann
et al. 2017; Hahn et al. 2019). As the subculturing was performed on TSA + 1 mM TBTCI, some hypotheses can
be proposed to explain this lack of growth, in addition to an unknown cause. First, the subculturing may have been
delayed, and the bacteria could not be recovered after being kept in the fridge for a few weeks. Second, during the
subculturing, a very small quantity of key molecules necessary for the growth of some isolates may have been
utilised during the initial subculturing stages but eventually became depleted. Finally, given the selectivity of the
medium used, the bacteria could simply have lost their ability to grow in the presence of TBT. This explanation
was confirmed for some of the isolates, which after the fourth subculturing stage could be grown on TSA but not
on TSA + 1 mM TBTCI. This loss of resistance is most likely to occur through the loss of a plasmid, therefore
suggesting that the resistance genes are located on a plasmid for at least some of these strains. Plasmid loss is a
well-studied phenomenon due to the wide use of plasmids in research but our understanding remains incomplete
(Carroll and Wong 2018). Plasmids are usually well maintained in the presence of a selective pressure, here TBT,
but if the isolation plates are kept long enough for TBT degradation to occur, the selective pressure could be

reduced around the isolates, which would increase the chance of plasmid loss (Hanak and Cranenburgh 2001).

10
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A higher proportion of TBT-resistant bacteria are found among isolates obtained from prepared

sediment

In the literature, bacteria are usually called resistant when growing on a medium containing a biocide concentration
that Kills 90% of the population (Cruz et al. 2015). For the purpose of this study, however, TBT-resistant bacteria
are those bacteria that grow on a medium containing 1 mM TBTCI. Observing a higher proportion of TBT-resistant
bacteria among the isolates obtained from prepared sediment compared to the ones obtained from untouched

sediment is to be expected.

Different mechanisms can lead to bacterial resistance to TBT. There are at least four theoretical categories of
resistance mechanism: 1) TBT exclusion/efflux from the cell; 2) TBT degradation into DBT, MBT and inorganic
tin; 3) TBT metabolization and use as a carbon source and 4) bioaccumulation using metallothionein-like proteins
(Cruz et al. 2015). Determining the resistance mechanism used by the bacteria isolated in this study would require
further testing. Previous studies of TBT-resistant bacteria have been able to identify some genes and molecules
involved in the resistance mechanisms. Transcriptomic studies have looked at the difference in gene expression in
the presence of TBTCI. Bernat et al. (2014) reported a clear change in membrane phospholipid composition as
well as production of peroxidase. The peroxidase could have a protective role against the generation of reactive
oxygen species that have been reported to play a critical role in TBTCI toxicity. Efflux pumps have been identified
as a basis of the resistance in two bacterial species, coded by the operon tbtABM in some Pseudomonas stuzeri

strains (Jude et al. 2004) and coded by the gene SugE in Aeromonas molluscorum (Cruz et al. 2013).

For a bioremediation purpose, the mechanism of most interest is the degradation of the compound. A quick way
of checking for degradation ability is to provide TBT as sole carbon source in the growth medium. Therefore,

further tests were carried out to identify this type of TBT-degrader among the isolated strains.

Some of the isolates are able to use TBT as the sole carbon source

As a straightforward way of screening TBT-degrading bacteria, the TBT-resistant isolates were subcultured on a
medium containing TBT as the sole carbon source. Growth on this medium demonstrates the ability of the bacteria

to use TBT as a sole carbon source.

The high variability of the results prevented the detection of a statistical difference between the proportion of
isolates able to use TBT as sole carbon source in prepared sediment and untouched sediment. A higher number of
bacteria using TBT as the sole carbon source in the prepared sediment would be an expected result as the presence

of TBT will have favoured a population of bacteria that was adapted to the presence of such a biocide. TBT

11
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degradation and its use as a carbon source is thought to happen through sequential debutylation but the enzymes
responsible for this degradation have never been clearly identified (Cruz et al. 2015). In Hassan (2017), the author
suggests a role of the protein sugE in TBT degradation as its overexpression enhanced TBT degradation, but the
addition of the gene sugE alone could not provide the degradation phenotype in E.coli. In parallel, siderophores
produced by Pseudomonas chlororaphis have been shown to be responsible for Tin-C cleavage using triphenyltin
(TPT), diphenyltin (DPT) and dibutyltin (DBT) as the substrates and may have the same effect on TBT (Inoue et
al. 2003). For siderophores, as well as enzymatic degradation, however, TBT may not be the intended target and
its degradation could result from co-metabolism. It is important to emphasise that bacteria, which are not able to
use TBT as the sole carbon source could still have the ability to degrade it. Further tests would be necessary to

resolve this.

iChip reveals members of Oceanisphaera, Bacillus, Shewanella and Pseudomonas as TBT-

resistant bacteria, and members of Pseudomonas as TBT-degrading bacteria

The loss of the resistance ability for some of the isolates after a couple rounds of subculturing on TSA + 1mM
TBT would suggest a plasmidic location of the resistance genes. These include the only Bacillus sp. isolate, the

two Shewanella sp. isolates, some of the Pseudomonas sp. and Oceanisphaera sp. isolates.

The remaining Oceanisphaera sp. isolates were still maintained on TSA + 1mM TBT but could not grow on MSM
+ 1mM TBT, which means that they were not capable of using TBT as the sole carbon source. At this stage it
cannot be determined if they are still capable of TBT degradation by another mechanism. TBT could be degraded
by an adverse reaction of enzymes secreted by the bacteria without utilisation of the degradation product.
Nevertheless, this is the first time that members of the genus Oceanisphaera have been shown to be capable of
TBT resistance. Oceanisphaera members have been repeatedly isolated from coastal and marine sediment
(Romanenko et al. 2003; Shin et al. 2012; Zhou et al. 2015; Cho and Lee 2016), the present study therefore shows

their presence in estuarine sediment too.

Finally, many of the isolates belonging to Pseudomonas sp. were able to use TBT as the sole carbon source. This
result is not surprising as Pseudomonas members have often been reported as TBT-resistant and as TBT-degraders
(Roy et al. 2004; Khanolkar et al. 2015; Yéfiez et al. 2015; Ebah et al. 2016). In addition they are also known to

degrade a wide range of other sediment contaminants (Wasi et al. 2013).

12
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325 Table 1: Details of the isolates identified by Sanger sequencing of the 16S rRNA genes

326 This table describes the different isolates and the techniques used for their obtention as well as their growth capacities when
327 the identification was performed and the result of the identification. All of these isolates could grow on TSA + 1 mM at the 1%
328 subculturing.

Growth on the following medium after
4™ subculturing

Accession
number of 16S . . TSA+1 MSM + 1 e .
rRNA gene Isolate Isolation technique used TSA mM TBT mM TBT Identification
sequence
OM158192  p2A3 iChip - prepared . N . Pseudomonas
sediment sp.
OM158193  B2B2 iChip - prepared ¥ . N Pseudomonas
sediment sp.
OM158197  B5AS iChip - prepared + + . Pseudomonas
sediment sp.
OM158198  B5A6 iChip - prepared + 4 . Pseudomonas
sediment sp.
OM158201  B5C4 TETI0 TSI . N . Pseudomonas
sediment sp.
OM158202  B5C5 iChip —_prepared + + + Pseudomonas
sediment sp.
OM158200  B5C3 iChip - prepared ¥ " " Pseudomonas
sediment sp.
OM158183  3Al standard plating + + + Pseuds?)monas
OM158184  3A2 standard plating 5 + + PseUdS%mO”aS
OM158203  113b standard plating + + + Pseudsf;monas

iChip - prepared Oceanisphaera

OM158191  a4D6 ; + o -
sediment sp.
OMI158190  adA2 iChip&.prEpaVEd + . ] Oceanisphaera
sediment sp.
OM158189  a3D4 iChip(;_prep?red + + i Oceanisphaera
sedimen sp.
OM158187  alIC3 iChipé.prEpf‘md + . ] Oceanisphaera
sedimen sp.
OM158185  7A standard plating + + - Pseuds?)monas
OM158186  alB6 iChipé.preF’ared ; i ] Oceanisphaera
sediment sp.
iChip - prepared Oceanisphaera
OM158188  alD5 ; + - -
sediment sp.
OM158195  B2C5 iChip - prepared + i i Pseudomonas
sediment sp.
OM158194  B2B6 iChip(;'prepared . ) _ Pseudomonas
sediment sp.
OM158196  B2D5 iChip(;_prepared + i ] Pseudomonas
sediment sp.
OM158199  B5BS iChip&_prepared . . ) Pseudomonas
sediment sp.
OM158204  y1D4 IChip - prepared + - - Bacillus sp.
sediment
OM158206 z3Dsp  'ChiP - untouched + - - Shewanella sp.
sediment
OM158205 Zz3Dsa 'ChiP - untouched " i : Shewanella sp.
sediment

329
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355

356

Discussion on the use of iChip for the isolation of uncultured bacteria

Owing to its design, iChips are useful tools for the high throughput isolation of bacteria from a wide range of
environments. In iChip, bacterial cells can easily be isolated from one another, and their growth is facilitated by
the close proximity to the environment. One of the issues stated for the cultivation of unknown bacteria is that the
fast-growing species outcompete the slow growing or rare species on the culture plates but in iChips, each bacterial
cell occupies one of the many through holes, giving more chance for these species to successfully develop. IChip,
however, will not solve every issue. For example, the subculturing is later done in full laboratory conditions, and
as this paper shows, not all the bacteria that have been able to grow in iChip are adapted for further growth on
synthetic medium. Ideally, a coupling of iChip and the use of alternative media and growth conditions could lead
to the best results. The need for key growth factors that are normally not present in the classic incubation media
may persist after subculturing out of the iChip, and media supplemented with different types of molecules would
still be useful. On the contrary, the nutrient-rich media classically used have sometimes been pointed out as
inhibitory to some types of bacteria referred to as ‘oligophilic which would only develop on nutrient-poor media
(Watve et al. 2000). Lowering the temperature of incubation is also usually suggested and this was done in the

present study where all the incubation steps were performed at 20°C.

Conclusion

iChip was previously shown to successfully increase the success of cultivation of bacteria producing metabolites
of medical interest (Piddock 2015) and here we demonstrated its efficiency in increasing the abundance of
culturable bacteria of interest in the field of bioremediation and more specifically TBT biodegradation. Further
effort is however required in order to maintain most of these isolates in full laboratory conditions after the steps
of growth in iChips. After identification of the isolates obtained by iChip, members of the genus Oceanisphaera

were found associated with TBT resistance for the first time.

Acknowledgements:

The authors would like to thank Liverpool John Moores University and SEMASO for funding the work as part of

a PhD awarded to Amélie Polrot, as well as Peel Ports and Russell Bird for facilitating sediment sampling.

References:

15



357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

Adams GO, Fufeyin PT, Okoro SE, Ehinomen | (2015) Bioremediation, biostimulation and bioaugmention: A
review. Int J Environ Bioremediation Biodegrad Int J Environ Bioremediation Biodegrad 3:28-39.

https://doi.org/10.12691/ijebb-3-1-5

Bernat P, Dtugonski J (2002) Degradation of tributyltin by the filamentous fungus Cunninghamella elegans, with

involvement of cytochrome P-450. Biotechnol Lett 24:1971-1974. https://doi.org/10/d4m462

Bernat P, Siewiera P, Sobof A, Diugonski J (2014) Phospholipids and protein adaptation of Pseudomonas sp. to
the xenoestrogen tributyltin chloride (TBT). World J Microbiol Biotechnol 30:2343-2350.

https://doi.org/10/f6g7hs

Bernat P, Szewczyk R, Krupinski M, Diugonski J (2013) Butyltins degradation by Cunninghamella elegans and
Cochliobolus lunatus co-culture. J Hazard Mater 246-247:277-282.

https://doi.org/10.1016/j.jhazmat.2012.12.034

Beuselinck L, Valle P (2008) TBT CLEAN: Development of an integrated approach for the removal of tributyltin
(TBT) from waterways and harbours: prevention, treatment and reuse of TBT contaminated sediments:

cost and benefit analysis. Life02 ENVB000341 36

Bodor A, Bounedjoum N, Vincze GE, Erdeiné Kis A, Laczi K, Bende G, Szilagyi A, Kovacs T, Perei K, Rakhely
G (2020) Challenges of unculturable bacteria: environmental perspectives. Rev Environ Sci Biotechnol

19:1-22. https://doi.org/10/ggtvpt

Carroll AC, Wong A (2018) Plasmid persistence: costs, benefits, and the plasmid paradox. Can J Microbiol

64:293-304. https://doi.org/10/gdféqv

Cho S, Lee S-S (2016) Oceanisphaera aquimarina sp. nov., Isolated from Qil-Contaminated Sediment of Ocean

Coastal Area from South Korea. Curr Microbiol 73:618-623. https://doi.org/10/gmbs6r

Cruz A, Anselmo AM, Suzuki S, Mendo S (2015) Tributyltin (TBT): A review on microbial resistance and

degradation. Crit Rev Environ Sci Technol 45:970-1006. https://doi.org/10/gk6hbb

Cruz A, Micaelo N, Felix V, Song J-Y, Kitamura S-1, Suzuki S, Mendo S (2013) SugE: A gene involved in
tributyltin (TBT) resistance of Aeromonas molluscorum Av27. J Gen Appl Microbiol 59:39-47.

https://doi.org/10.2323/jgam.59.47

16



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

Ebah E, Ichor T, Okpokwasili GC (2016) Isolation and biological characterization of tributyltin degrading bacterial

from Onne port sediment. Open J Mar Sci 06:193. https://doi.org/10.4236/0jms.2016.62015

Egardt J, Nilsson P, Dahll6f | (2017) Sediments indicate the continued use of banned antifouling compounds. Mar

Pollut Bull 125:282-288. https://doi.org/10.1016/j.marpolbul.2017.08.035

Flemming BW (2000) A revised textural classification of gravel-free muddy sediments on the basis of ternary

diagrams. Cont Shelf Res 20:1125-1137. https://doi.org/10.1016/S0278-4343(00)00015-7

Filipkowska A, Kowalewska G (2019) Butyltins in sediments from the Southern Baltic coastal zone: Is it still a
matter of concern, 10 years after implementation of the total ban? Mar Pollut Bull 146:343-348.

https://doi.org/10.1016/j.marpolbul.2019.06.050

Finnegan C, Ryan D, Enright A-M, Garcia-Cabellos G (2018) A review of strategies for the detection and
remediation of organotin  pollution. Crit Rev  Environ Sci  Technol 48:77-118.

https://doi.org/10.1080/10643389.2018.1443669

Hahn MW, Koll U, Schmidt J (2019) Isolation and cultivation of bacteria. In: Hurst CJ (ed) The structure and

function of aquatic microbial communities. Springer International Publishing, Cham, pp 313-351

Hanak JAJ, Cranenburgh RM (2001) Antibiotic-Free plasmid selection and maintenance in bacteria. In: Merten
O-W, Mattanovich D, Lang C, Larsson G, Neubauer P, Porro D, Postma P, de Mattos JT, Cole JA (eds)
Recombinant protein production with prokaryotic and eukaryotic cells. A comparative view on host
physiology: Selected articles from the Meeting of the EFB section on microbial physiology, Semmering,

Austria, 5th—-8th October 2000. Springer Netherlands, Dordrecht, pp 111-124

Hassan HA (2017) SugE belongs to the small multidrug resistance (SMR) protein family involved in tributyltin
(TBT) biodegradation and bioremediation by alkaliphilic Stenotrophomonas chelatiphaga HS2. Int J Biol

Macromol. https://doi.org/10.1016/j.ijbiomac.2017.11.025

Inoue H, Takimura O, Kawaguchi K, Nitoda T, Fuse H, Murakami K, Yamaoka Y (2003) Tin-Carbon Cleavage
of Organotin Compounds by Pyoverdine from Pseudomonas chlororaphis. Appl Environ Microbiol

69:878-883. https://doi.org/10.1128/AEM.69.2.878-883.2003

17



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

JinJ, Yang L, Chan SMN, Luan T, Li Y, Tam NFY (2011) Effect of nutrients on the biodegradation of tributyltin
(TBT) by alginate immobilized microalga, Chlorella vulgaris, in natural river water. J Hazard Mater

185:1582-1586. https://doi.org/10.1016/j.jhazmat.2010.09.075

Jude F, Arpin C, Brachet-Castang C, Capdepuy M, Caumette P, Quentin C (2004) ThtABM, a multidrug efflux
pump associated with tributyltin resistance in Pseudomonas stutzeri. FEMS Microbiol Lett 232:7-14.

https://doi.org/10.1016/S0378-1097(04)00012-6

Kaeberlein T, Lewis K, Epstein SS (2002) Isolating “uncultivable” microorganisms in pure culture in a simulated

natural environment. Science 296:1127-1129. https://doi.org/10/dcbfxr

Khanolkar DS, Naik MM, Dubey SK (2015) Biotransformation of tributyltin chloride by Pseudomonas stutzeri

strain DN2. Braz J Microbiol 45:1239-1245

Langston WJ, Pope ND, Davey M, Langston KM, O’ Hara SCM, Gibbs PE, Pascoe PL (2015) Recovery from
TBT pollution in English Channel environments: A problem solved? Mar Pollut Bull 95:551-564.

https://doi.org/10.1016/j.marpolbul.2014.12.011

Locey KJ, Lennon JT (2016) Scaling laws predict global microbial diversity. Proc Natl Acad Sci 113:5970-5975.

https://doi.org/10/f8gmmd

Lofrano G, Libralato G, Minetto D, De Gisi S, Todaro F, Conte B, Calabro D, Quatraro L, Notarnicola M (2017)
In situ remediation of contaminated marine sediment: an overview. Environ Sci Pollut Res 24:5189—

5206. https://doi.org/10/f9xqnw

Manap N, Voulvoulis N (2015) Environmental management for dredging sediments - the requirement of

developing nations. J Environ Manage 147:338-348. https://doi.org/10.1016/j.jenvman.2014.09.024

Nichols D, Cahoon N, Trakhtenberg EM, Pham L, Mehta A, Belanger A, Kanigan T, Lewis K, Epstein SS (2010)
Use of Ichip for high-throughput in situ cultivation of “uncultivable” microbial species. Appl Environ

Microbiol 76:2445-2450. https://doi.org/10.1128/AEM.01754-09

Overmann J, Abt B, Sikorski J (2017) Present and future of culturing bacteria. Annu Rev Microbiol 71:711-730.

https://doi.org/10/ghnh32

18



433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

Piddock LJV (2015) Teixobactin, the first of a new class of antibiotics discovered by iChip technology? J

Antimicrob Chemother 70:2679-2680. https://doi.org/10/f7wd2n

Pilon-Smits E (2005) Phytoremediation. Annu Rev Plant Biol 56:15-39.

https://doi.org/10.1146/annurev.arplant.56.032604.144214

Polrot A, Kirby JR, Birkett JW, Sharples GP (2021) Combining sediment management and bioremediation in

muddy ports and harbours: A review. Environ Pollut 289:117853. https://doi.org/10/gmandv

Polrot A (2022) Understanding tributyltin biodegradation in muddy sediment for the adaptation of an anti-siltation

technique with bioremediation potential. PhD Thesis, Liverpool John Moores University

Romanenko LA, Schumann P, Zhukova NV, Rohde M, Mikhailov VV, Stackebrandt E (2003) Oceanisphaera
litoralis gen. nov., sp. nov., a novel halophilic bacterium from marine bottom sediments. Int J Syst Evol

Microbiol 53:1885-1888. https://doi.org/10/cj8bpg

Roy U, Dubey S, Bhosle S (2004) Tributyltin chloride-utilizing bacteria from marine ecosystem of west coast of

India. Curr Sci 86

Scow KM, Hicks KA (2005) Natural attenuation and enhanced bioremediation of organic contaminants in

groundwater. Curr Opin Biotechnol 16:246-253. https://doi.org/10.1016/j.copbio.2005.03.009

Shin N-R, Whon TW, Roh SW, Kim M-S, Kim Y-O, Bae J-W (2012) Oceanisphaera sediminis sp. nov., isolated

from marine sediment. Int J Syst Evol Microbiol 62:1552-1557. https://doi.org/10/b26¢j7

Sonak S, Pangam P, Giriyan A, Hawaldar K (2009) Implications of the ban on organotins for protection of global
coastal and marine ecology. J Environ Manage 90 Suppl 1:596-108.

https://doi.org/10.1016/j.jenvman.2008.08.017

Song YC, Woo JH, Park SH, Kim IS (2005) A study on the treatment of antifouling paint waste from shipyard.

Mar Pollut Bull 51:1048-1053. https://doi.org/10/c4fOwg

Tsang CK, Lau PS, Tam NFY, Wong YS (1999) Biodegradation capacity of tributyltin by two Chlorella species.

Environ Pollut 105:289-297. https://doi.org/10.1016/S0269-7491(99)00047-0

19



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

Turner A, Glegg G (2014) TBT-based antifouling paints remain on sale. Mar Pollut Bull 88:398-400.

https://doi.org/10.1016/j.marpolbul.2014.08.041

Tyagi M, da Fonseca MMR, de Carvalho CCCR (2011) Biocaugmentation and biostimulation strategies to improve
the effectiveness of bioremediation processes. Biodegradation 22:231-241.

https://doi.org/10.1007/s10532-010-9394-4

Wasi S, Tabrez S, Ahmad M (2013) Use of Pseudomonas spp. for the bioremediation of environmental pollutants:

a review. Environ Monit Assess 185:8147-8155. https://doi.org/10/f5brgg

Watve M, Shejval V, Sonawane C, Rahalkar M, Matapurkar A, Shouche Y, Patole M, Phadnis N, Champhenkar
A, Damle K, Karandikar S, Kshirsagar V, Jog M (2000) The “K” selected oligophilic bacteria: a key to

uncultured diversity? Curr Sci 78:1535-1542

Yafiez J, Riffo P, Santander P, Mansilla HD, Mondaca MA, Campos V, Amarasiriwardena D (2015)
Biodegradation of tributyltin (TBT) by extremophile bacteria from atacama Desert and speciation of tin

by-products. Bull Environ Contam Toxicol 95:126-130. https://doi.org/10.1007/s00128-015-1561-1

Zhou S, Wang H, Wang Y, Ma K, He M, Chen X, Kong D, Guo X, Ruan Z, Zhao B (2015) Oceanisphaera
psychrotolerans sp. nov., isolated from coastal sediment samples. Int J Syst Evol Microbiol 65:2797—

2802. https://doi.org/10/gmbs7k

Statements and Declarations

Funding

This study was funded by Liverpool John Moores University and SEMASO.

Competing interest

All authors certify that they have no affiliations with or involvement in any organization or entity with
any financial interest or non-financial interest in the subject matter or materials discussed in this

manuscript.

Author Contribution

20



482

483

484

485

486

487

488

489

490

491

PA conceived and designed research. PA conducted the experiments. OF contributed new reagents. PA
and OF analysed data. PA wrote the manuscript. SG, KJ, BJ and OF reviewed the manuscript. All

authors read and approved the manuscript.

Data availability

The datasets generated during and/or analysed during the current study are available from the

corresponding author on reasonable request.

Ethics approval

This article does not contain any studies with human participants or animals performed by any of the

authors.

21



