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Abstract

The broader goal of this project was to investigate what kind of effects the accumulation of
polyhydroxyalkanoates (PHA) in the marine environment might have on the microbial world.
Bacteria were isolated from biofilms fouling PHA pellets placed in the sediment-water
interface; the goal was to isolate PHA degraders that were also sulphate reducers. Eleven
strains were isolated and for three of them genome sequencing and genomic analysis were
performed. Two of them (named SRB1LM and SRB3LM) turned out to be Bacillus strains and
genes involved both in PHA degradation pathways and dissimilatory sulphate reduction
pathway were detected in their genomes. These two strains also grew on agar plates where
the only carbon source present was PHB (poly-(3-hydroxybutyrate)); they are facultative
anaerobes and their growth at 15, 30 and 37°C was studied in laboratory conditions. In a
complex medium, they both reached a higher growth rate (umax) at 37°C; in particular,
SRB1LM had the highest p at 37°C in anaerobic conditions (0.407 h'), while SRB3LM had the
highest p at 37°C in aerobic conditions (0.849 h). The third bacterial genome sequenced
belonged to the Exiguobacterium genus, whose known species and strains have been
isolated from a variety of environments. This isolate (named SRB7LM) can also grow on PHB
agar plates, it is a facultative anaerobe but does not have genes of the dissimilatory
pathway of sulphate reduction. SRB7LM had a similar p at the three tested temperatures in
anaerobic conditions (0.2 h™Y), which were higher compared to the ones in aerobic

conditions.

The two Bacillus strains could be interesting for the future since the increase in PHA
production will cause a higher accumulation in the marine environment; this, coupled with

the already high concentration of sulphate, could arise favoring conditions for their growth.
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Introduction

Since the mass production of plastic began in the 1940s, it is estimated that 8.3 billion
metric tons (Mt) have been produced (Geyer et al., 2017). Of this, only 9% has been
recycled, while the rest has either been incinerated (12%) or discarded to landfill (79%).
Traditional plastics are derived from fossil hydrocarbons, and due to their chemical
composition, most plastics are not biodegradable. Worldwide an estimated 4 to 12 million
metric tons of plastic enters the oceans every year (Geyer et al., 2017). Studies have shown
that large numbers of marine organisms ingest different types of plastic, and that plastic
debris is transferred with marine food webs (Setéla et al., 2014). Coastal ecosystems are
particularly susceptible to plastic loading due to their proximity to urban centers (Barnes et

al., 2009).

To address the problem of plastic loading, the potential of replacing petroleum-based
plastics with bioplastics is being explored. Bioplastics is a broad term describing both bio-
based plastics and biodegradable plastics. The main difference between these two
categories is that bio-based plastics are polymers obtained entirely or partly from biomass,
which typically comes from plants. On the other hand, biodegradable plastics are polymers
that can be degraded by microorganisms in the environment. In Figure S1 in the Appendix it
is shown how these two categories do not necessarily overlap. For example,
polyhydroxyalkanoates (PHA) are a group of biodegradable plastics (European bioplastics,

2019) that are both synthesized and degraded by a diverse lineage of microorganisms.

Partially due to their potential to reduce plastic loading in marine environments, PHAs
are considered promising candidates to replace petroleum-based plastic. PHAs are a group
of biopolymers produced by microorganisms that have similar properties to petroleum-
based plastic (Figure 1). These biopolymers are produced by microorganisms when carbon is
abundant but other nutrients such as nitrogen, oxygen, sulphur and phosphorus are limited

(Reddy et al., 2017). One of the most abundant PHAs is poly-(3-hydroxybutyrate) (PHB),



which is synthesized by a wide range of bacteria that store it in intracellular granules. For
example, members of Bacillus, Pseudomonas and Acinetobacter produce PHB intracellularly
(Nehra et al., 2015; Hoseinabadi et al., 2015). Interestingly, these bacteria were isolated
from a variety of different environments, ranging from soil to water. Because of their vast
potential, the production of biopolymers is expected to increase greatly. For instance, PHA
production is expected to increase 10-fold in the next five years (Aeschelmann and Carus,
2015; Keskin et al., 2017). While PHA production is still more expensive compared to
petroleum-based plastics, intense research is underway to find a cheaper production

method (Tan et al., 2014).
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Poly(3-hydroxyalkanoate)

R group Carbon no. PHA polymer

methyl C, Poly(3-hydroxybutyrate)

ethyl C, Poly(3-hydroxyvalerate)
propyl C, Poly(3-hydroxyhexanoate)
butyl C, Poly(3-hydroxyheptanoate)
pentyl C, Poly(3-hydroxyoctanoate)
hexyl C, Poly(3-hydroxynonanoate)
heptyl C, Poly(3-hydroxydecanoate)
octyl C, Poly(3-hydroxyundecanoate)
nonyl C, Poly(3-hydroxydodecanoate)
decyl C, Poly(3-hydroxytridecanoate)
undecyl C. Poly(3-hydroxytetradecanoate)
dodecyl Cis Poly(3-hydroxypentadecanoate)
tridecyl C Poly(3-hydroxyhexadecanoate)

Figure 1: General chemical structure of poly(3-hydroxyalkanoate). Depending on what R group is
present, the PHA polymer differs. Figure taken from (Tan et al., 2014).

Despite the predicted increase in production, little is known about what effects these
bioplastics might have on the marine microbial environment. Previous research in our lab
demonstrated that PHA pellets were being degraded by the microbial community, and
experienced a mass loss of 51% following 424 days of exposure at the sediment-water

interface (Pinnell et al., submitted). Extracellular depolymerase enzymes are the enzymes
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responsible for the biodegradation of PHA (Mabrouk and Sabry, 2001; Vigneswari et al.,
2015) and a 20-fold enrichment of the gene of polyhydroxybutyrate depolymerase was
observed in the DNA isolated from PHA-associated biofilm versus both plastic and ceramic
biofilms staged at the sediment-water interface (Pinnell and Turner, 2019) . These findings
indicate that PHA pellets are being biodegraded in the marine environment by

microorganisms that can produce polyhydroxybutyrate depolymerases.

In addition to an increase in depolymerases, previous research in our lab also
demonstrated an enrichment of sulphate reducing microorganisms (SRM) in the biofilms
formed on PHA pellets versus plastic and ceramic pellets staged at the sediment-water
interface (Pinnell and Turner, 2019). SRM are microorganisms capable of reducing sulphate
(SO4%) into sulfide (S%) under anaerobic conditions (Jonkers et al., 2005). There are two
different biological pathways that microorganisms use: assimilatory and dissimilatory (Grein
et al., 2013). In the assimilatory pathway, sulphate is reduced to sulfide in small amounts,
and cysteine is produced from it. Cysteine is then used as a building block for a sulphur-
containing molecules in the cell. In the dissimilatory pathway, SRM reduce sulphate into
large quantities of sulfide, using sulphate as the terminal electron acceptor. As shown in
Figure 2, the two pathways have the same first step, where sulphate is activated by reacting
with ATP to form adenosine-5"-phosphosulfate (APS) (Taguchi et al., 2004; Ullrich, 2001).
After this first step, however, the two pathways use different and specific enzymes to obtain

sulphide and cysteine in the assimilatory pathway.
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Figure 2: The prokaryotic assimilatory and dissimilatory pathways of sulphate reduction (taken from
Grein et al., 2013).

SRM are comprised of a diverse group of microorganisms. They are broadly divided
into four different groups (Castro et al., 2002): 1) Gram-negative mesophilic SRB, 2) Gram-
positive spore forming SRB, 3) thermophilic bacterial SRB, and 4) thermophilic archaeal SRB.
A large proportion of SRM are classified as Deltaproteobacteria (Rabus et al., 2015). This
taxonomic class includes many different orders, such as Desulfovibrionales,
Desulfobacterales, Desulfarculales and Syntrophobacterales, that are capable of reducing
sulphate. Interestingly, the Gram-positive spore forming SRM contain the only known SRM
capable of producing heat-resistant endospores, a feature which is shared with many
Bacillus and Clostridium species (Castro et al., 2002). Though there is no evidence in the
literature that members of Bacillus are able to use sulphate as electron acceptor, this genus
can use nitrite as an electron acceptor in addition to oxygen (Cruz Ramos et al., 2000;
Hoffmann et al., 1998). Importantly, previous research demonstrated that a specific SRB
(Desulfotomaculum sp) was capable of degrading PHB under anaerobic laboratory

conditions (Cetin, 2009).



This study utilized microbiological culturing and whole-genome sequencing to isolate
and characterize PHA degrading microorganisms from the biofilm formed on PHA pellets. In
particular, we attempted to isolate SRM capable of degrading the PHA pellets. Due to the
complex nature of microbial biofilms, determining the optimal isolation conditions was the
main challenge of this project and different isolation procedures were tested. We
hypothesized that SRM capable of degrading PHA would be isolated from the microbial

biofilms formed on PHA pellets at the sediment-water interface.



Materials and methods

List of chemicals used

Table 1: List of all chemicals used.

Compound name

Manufacturer

KoHPOg4 Fisher Scientific, Fair Lawn, NJ, USA
KH,PO, Fisher Scientific

P(3HB) Sigma-Aldrich, St Louis, MO, USA
NH4CI Fisher Scientific

(NH4)2S04 Fisher Scientific

NHsNOs Fisher Scientific

(NH4)2HPO,4 LabChem, Zelienople, PA, USA
(NHz).CO Fisher Scientific

MgSO, Fisher Scientific

CeHsFeNO; Fisher Scientific

CaCly Fisher Scientific
(CH3COONa),*6H,0 Fisher Scientific

SRB Sigma-Aldrich

Na,S,0s Sigma-Aldrich

LB powder Fisher Scientific

Oxyrase for Agar Oxyrase Inc., Mansfield, OH, USA

Oxyrase for Broth

Oxyrase Inc.

Sample deployment and collection

PHA pellets were deployed at the sediment-water interface of the Upper Laguna Madre,
Texas in microcosms as described previously (Pinnell & Turner 2019). Briefly, 5.0 g of PHA
pellets (Doctors Foster and Smith, Rhinelander, WI, USA) were deployed inside custom
made microbial capsules at the sediment-water interface from September 20, 2018 to May
8, 2019. Pellets were approximately 3-4 mm in diameter and therefore were considered
microplastics (Andrady 2011). The capsules utilized 315 um Nitex mesh to contain the

pellets and permit the exchange of water, nutrients, bacteria, and some grazers, but limit



the entry of larger organisms. All pellets were processed within two hours of collection.
Prior to isolation, pellets were washed three times with 0.22 um filter-sterilized, site-specific

seawater to remove any organisms not part of the biofilm.

Growth media

MSM-P(3HB) liquid medium. Minimal salts medium (MSM) containing PHB as sole carbon
source was used as described previously (Vigneswari et al., 2015). Briefly, the medium
contained the following compounds: 2.56 g/L of K;HPQa, 2.08 g/L of KH2PO4, 7.5 g/L of
P(3HB), and 1 g/L of one of the following nitrogen sources: NH4Cl , (NH4)2S04 , NHsNO3 ,
(NH4)2HPO4 and (NH2),CO . The medium was then autoclaved at 121°C and 15 psi for 15
minutes. At inoculation, filter sterilized MgS0a (0.5 g/L), CéHsFeNO7 (500 pg/L), CaClz (0.1
ug/L) and (CHsCOONa),*6H,0 (0.2 g/L; pH 6) were added.

Sulphate reducing medium. SRM were isolated using sulphate reducing broth (SRB). Two
variations of SRB were used: 1) ‘SRB +’, which included 10 g/L of sodium thiosulfate
(Na2S203) added to the medium, and 2) ‘SRB—*, which was just the stock SRB. Liquid medium
was prepared by boiling to dissolve the medium then sterilized by autoclaving at 121°C and
15 psi for 15 minutes. Solid medium was prepared by the addition of 1.5% Difco Agar (BD,
Franklin Lakes, NJ, USA).

Lysogeny broth (LB) medium. 25 g of LB powder (Fisher Scientific) was dissolved in 1 liter of

distilled water and sterilized by autoclaving at 124°C, 19 psi for 15 minutes.

Overlay plates (SRB plates): 1 mL of Oxyrase for Agar was added to 19 mL of medium
(containing 1.5% of Agar) when it was still liquid; the inoculum (100 pL) was added to this
mixture and then the medium was poured into sterile agar plates. After it solidified, 5 mL of
medium supplemented with 250 pL of Oxyrase was added as an overlay. Plates were then

sealed with parafilm and incubated.

Isolation of PHA biofilm community members
Members of the PHA biofilm capable of growing in SRB and PHB media were isolated

following the exposure in two different procedures. One procedure involved adding PHA
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pellets to either SRB+ or SRB- liquid medium, while for the other procedure PHA pellets
were added to MSM-PHB liquid medium. In the two procedures, PHA pellets collected from

the field at three different times were used.

In the first procedure, PHA pellets were collected after 153 days exposure. They were
incubated in SRB+ or SRB- medium for 48 hours at 200 rpm, in anaerobic conditions and at
three temperatures (27, 32 and 37 °C). To obtain anaerobic conditions, 0.1 mL of Oxyrase
for broth was added per 1 mL of medium at inoculation. After 48 hours, cells from SRB-
tubes were added to MSM-P(3HB) liquid broth and incubated at the same temperatures and
200 rpm in anaerobic conditions. To obtain anaerobic conditions the liquid was bubbled
with N2 gas (10 minutes) in order to remove all the oxygen, the overhead space was then
flushed with N; as well to remove oxygen from the air. After 7 days of growth the cells were
plated on SRB- plates (overlay plates) and incubated at 32°C. Isolated colonies were

collected after 48 hours of incubation.

In the second procedure, PHA pellets were collected after 181 days exposure. They were
added to the five MSM-PHB media described previously and incubated at 37°C with 150 rpm
horizontal shaking. Anaerobic conditions were also used (liquid was bubbled with N, for 10
minutes in the overhead space for 1 minute). After 7 days cells of growth, the cells were
plated on overlay plates with SRB- and SRB+ agar and incubated at 37°C. After 72 hours of

incubation, single colonies were collected.

Table 2 summarizes the steps involved in the two isolation procedures.

Growth on PHB solid medium

PHB solution. 1 g of PHB powder (Sigma-Aldrich) was added to 100 mL of distilled water.
The solution was sonicated for 15 minutes (Branson 2800 Ultrasonic cleaner, Branson
Ultrasonics, Danbury, CT, USA) and then autoclaved at 124°C and 19 psi for 30 minutes. The
solution was then was added to 900 mL of liquified agar solution (1.5%). Final PHB
concentration was 0.1%. When anaerobic conditions were necessary, the solution was

bubbled with nitrogen gas for 10 minutes when it was still liquid.
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Minimal salt agar medium. Five different MSM solutions were prepared the same way as
described above, with one exception that PHB was not added to these solutions. Instead 1.5
g of Difco™ Agar (BD) was added to 100 mL of medium. The media was autoclaved at 124°C,
19 psi for 30 minutes. At inoculation, the same micronutrients as the liquid media were
added. When anaerobic conditions were necessary, the solution was bubbled with nitrogen
gas for 10 minutes when the medium was still liquid. Agar plates were prepared by pouring
6 mL of the MSM agar as the bottom layer in the plate. The upper layer was formed by
adding 4 mL of the PHB solution, which contained PHB as the sole carbon source.

The plate culture technique was done, as previously shown by Mabrouk and Sabry (2001),
by first dipping a sterile tooth pick into an actively growing culture, then the tooth pick was
punctured into the polymer agar plate. Three conditions were tested: aerobic, anaerobic
and aerobic + oxyrase in the medium. For aerobic conditions, after the inoculation the
plates were then sealed with parafilm and incubated; for anaerobic conditions, plates were
placed in an anaerobic chamber where anaerobic conditions were obtained using the
AnaeroPack® System (Mitsubishi Gas Chemical Co., Inc, Tokyo, Japan). All plates were

incubated at 37°C for 5-7 days.

Growth rates of isolates

To determine their optimal growth conditions, isolates were grown aerobically and
anaerobically in LB broth at three different temperatures: 15, 30, 37 °C, with horizontal
shaking at 150 rpm. Their ODggo was measured with a BioSpectrometer (Eppendorf AG,
Hamburg, Germany) at 1, 2, 4, 6, 8, 12, 24, 30, 36, 48, 60, 72 and 96 hours after inoculation.
At time 0 the cells were all diluted to a starting OD of 0.02. Anaerobic conditions were

achieved by bubbling the medium with N3 gas for 10 minutes.

DNA isolation

Genomic DNA was isolated from three isolates (SRB1LM, SRB3LM, and SRB7LM) using the
DNeasy UltraClean Microbial kit (Qiagen, Hilden, Germany) following the manufacturer’s
protocols. The DNA was quantified and assayed for quality (A260/A280) using a

BioPhotometer D30 (Eppendorf, Hamburg, Germany) and stored at -20 °C.
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Genome sequencing

Genomic library preparation and sequencing was carried out by Molecular Research LP
(Shallowater, TX, USA). Libraries were prepared using a Nextera DNA Flex Library
Preparation Kit (lllumina, San Diego, CA) and 50 ng of genomic DNA. Final library
concentration was measured using the Qubit dsDNA HS Assay Kit (Life Technologies) and the
average library size was determined using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Prior to sequencing 700 bp size selection was performed
using a BluePippin DNA size selection system (Sage Science, Beverly, MA). DNA was
sequenced using an lllumina NovaSeq instrument using paired-end chemistry (2 x 150 bp).
The DNA concentrations, the average size of the sequencing libraries, and the number of

sequence reads are reported in Table 2.

Genome assembly

Overlapping paired reads were merged using FLASH version 1.2.11 (Magoc and Salzber
2011). Merged reads were trimmed of adapter sequences and low-quality bases with Trim
Galore! version 0.4.4, which utilizes Cutadapt (Martin 2011) and FastQC (Andrews 2010).
Draft genomes were assembled de novo with both Velvet version 1.2.10 (Zerbino and Birney
2008) and SPAdes version 3.11 (Bankevich et al 2012). The optimal k-mer size for velvet
assemblies was determined manually by comparing assembly metrics with k-mer sizes
ranging from 11 to 111. SPAdes was run using the ‘careful’ flag and k-mer sizes of 21, 33, 55,
and 77. Additionally, MaSuRCA version 3.1.3 (Zimin et |, 2013) was used to de novo
assemble raw sequence reads. Genome assembly metrics were computed and compared
using QUAST version 4.1 (Gurevich et al., 2013) and are reported in Table 3. In all cases,

Velvet produced the most contiguous assembly and was selected for further analysis.
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Genome analysis

The three isolates were analyzed with the Pathosystems Resource Integration Center’s
(PATRIC) (Wattam et al 2017) comprehensive genome analysis service. The automated
PATRIC service includes annotation with RASTtk (Brettin et al 2015), prediction of nearest
neighbors with Mash/MinHash (Ondov et al., 2016), clustering of homologous proteins with
OrthoMCL (Enright et al., 2002), alignment of conserved clusters with MUSCLE (Edgar,
2004), trimming with Gblocks (Talavera et al., 2007), and concatenation followed by
inference of a ML tree with RAXML (Stamatakis, 2014). Based on the initial tree containing
nearest neighbors, all representative genomes within Bacillus in the PATRIC database (n=98)
were included in the tree for SRB1LM and SRB3LM, and all complete genomes within
Exiguobacterium (n=75) were included in the tree for SRB7LM.

Additionally, the three isolates were compared to all publicly available bacterial genomes in
GenBank (n=207,806) by average nucleotide identity (ANI) with fastANI (Jain et al 2018),
using >95% ANI as the intra-species threshold and <83% as an inter-species threshold.
Additionally, a comparison between known genes involved in PHA degradation pathway and
in sulphate reduction pathways and genes in the isolates genomes was performed. First,
from each genome assembly, Prodigal was used to predict all the genes from the whole
genome (Hyatt et al., 2010). After this first step, the predicted genes sequences were
aligned against known genes sequences present in the database. Two separate searches
were performed using hmmsearch (Finn et al. 2011), one against known genes involved in
the reduction of sulphate into sulfide, the other one against known PHA depolymerases. In

order to be a positive match, an E-value of 10 was set as the threshold.
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Results

Isolation of PHA degrading bacteria from marine environment

A total of 11 different bacterial strains were isolated from the biofilms formed on PHA
pellets at sediment-water interface. Three different isolation methods were implemented.
The PHA pellets were added to liquid media to select for bacteria present in the biofilm
capable of using PHB as a sole carbon source or reduce sulphate. Pellets were initially added
to MSM-PHB liquid broth or SRB liquid broth. Growth within SRB broth was easy to identify

because of the initial clarity of the medium and the opaqueness of subsequent growth

(Figure 3).

Figure 3: In panel (A), time
zero of incubation, SRB liquid
broth was the medium used
and anaerobic conditions
were obtained using Oxyrase.
PHA pellets can be seen at the
bottom of the tube. In panel
(B), the same tube after 2
days of incubation at 30°C,
150 rpm. The change in
turbidity and clarity indicates
cells growth.

Contrastingly, MSM-PHB liquid medium was initially opaque (Figure 4), and resulting growth
was harder to detect. However, a yellowish tint could be detected in some of the tubes,

indicating growth.
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Figure 4: PHA pellets added to MSM-PHB medium; the
presence of PHB gave the medium this white color and poor
clarity. PHA pellets cannot be seen but they were present at
the bottom of the tube. Picture taken at time 0 of inoculation.

Isolates SRB1LM — SRB6LM were initially incubated in SRB liquid broth, followed by a second
incubation in MSM-PHB liquid broth, and then isolated on SRB plates. Isolates SRB7LM,
SRB8LM and SRBILM were cultured first in MSM-PHB liquid broth and then isolated on SRB
plates. Finally, SRB10LM and SRB11LM were cultured in SRB liquid broth and then isolated
on SRB plates. A picture of each colony was taken, and isolates were selected for genome
sequencing based on their morphologies (Figure 5). Isolates with different morphologies

were chosen to maximize the odds of sequencing different microorganisms.

Table 2: Summary of the two isolation procedures.

SRB1-6LM SRB7-9LM
First step SRB (- or +) for 2 days MSM-PHB for 7 days
Second step MSM-PHB for 7 days SRB + agar plates
Third step SRB — agar plates /

16



Figure 5: Single colonies formed after two days of incubation at 30°C on SRB agar plates (SRB- agar
plates for SRB1LM, SRB2LM, SRB3LM, SRB4LM, SRB5LM, SRB6LM, SRB8LM and SRBILM; SRB+ agar
plates for SRB7LM). The highlighted colonies were isolated.

Growth conditions

To determine their optimal growth conditions, the three isolates selected for genome
sequencing were grown aerobically and anaerobically in a complex medium at three
different temperatures. The typical range of water temperatures at the sample site
fluctuates seasonally from 15 to 35° C, so their growth was tested at 15, 30 and 37°C. The
ODeoo of the cultures was monitored at different time points by measuring the absorbance
at 600 nm. Figures 6 thru 8 demonstrate the growth curves of each isolate at the different
conditions and temperatures. All three isolates were facultative anaerobic, as they were
able to grow both in aerobic and anaerobic conditions. In all cases, a higher OD was
obtained when cells grew aerobically. Growth rates were then measured to compare all the
different conditions used. To measure the growth rate, the Ln of OD in the exponential
phase was plotted against the time (From Figure S5 to Figure S22 in the Appendix); the slope
of the line obtained is the maximum growth rate (Umax), Which is specific to each isolate and
each condition as well. The pmax of each isolate at the different temperatures and both in

aerobic and anaerobic conditions was measured and they can be found in Table 3.
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Figure 6: Growth curves of SRB1LM grown on LB medium. (A) cells were grown in anaerobic
conditions, (B) cells were grown in aerobic conditions with 150 rpm shaking for 4 days. Each curve
represents a growth curve of the isolate grown at a specific temperature (15, 30 or 37°C) and the
legend indicates the temperature. On the y-axis ODgoo, and the x-axis the time in hours is depicted.
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Figure 7: Growth curves of SRB3LM grown on LB medium. (A) cells were grown in anaerobic

conditions, (B) cells were grown in aerobic conditions with 150 rpm shaking for 4 days. Each curve

represents a growth curve of the isolate grown at a specific temperature (15, 30 or 37°C) and the
legend indicates the temperature. On the y-axis ODgqo is depicted, and on the x-axis the time in
hours is depicted.
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Figure 8: Growth curves of SRB7LM grown on LB medium. (A) cells were grown in anaerobic
conditions, (B) cells were grown in aerobic conditions with 150 rpm shaking for 4 days. Each curve
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represents a growth curve of the isolate grown at a specific temperature (15, 30 or 37°C) and the
legend indicates the temperature. On the y-axis ODeoo, and on the x-axis the time in hours is
depicted.

Table 3: pmax of each isolate at the different conditions tested. The slope of the line obtained by
plotting the Ln(OD) (y-axis) and the time (x-axis) represents the tmax.

Conditions K SRB1LM (h}) K SRB3LM (h}) U SRB7LM (hY)
15°C, aerobic 0.111 0.081 0.0257
15°C, anaerobic 0.115 0.044 0.261
30°C, aerobic 0.03 0.314 0.0447
30°C, anaerobic 0.334 0.347 0.2
37°C, aerobic 0.049 0.849 0.0296
37°C, anaerobic 0.407 0.418 0.22
Growth on PHB plates

To test for the ability to utilize PHB as a sole carbon source, the isolates were grown on
MSM-PHB plates in both aerobic and anaerobic conditions. They were incubated at 37°C for
either 5 or 7 days and inspected for cell growth and a zone of clearing around the colonies.

Five different agar media were tested, where the only difference was the nitrogen source.

SRB1LM and SRB3LM grew in aerobic conditions, while SRB7LM grew only when oxyrase
was added to the minimal salt layer. Under those conditions all three isolates grew on all
five nitrogen sources. Figures 11-13 depict images of the plates taken both with a regular
camera and with higher resolution using a Bio-Rad gel imager. Only one plate for each
isolate is shown here, the others can be found in the Appendix (from Figure S23 to Figure

528).
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Figure 9: MSM-PHB agar plates, with 0.1% of PHB present as only carbon source; SRB1LM was
inoculated (punctured into the plate which has a lower layer of MSM and a top layer of PHB solution
0.1%) and the plate incubated for 5-7 days at 37°C. (A) picture taken with a camera of the plate
where two colonies can be seen. (B) picture of the same plate taken with a Bio-Rad gel imager.

Figure 10: MSM-PHB agar plates, with 0.1% of PHB present as only carbon source; SRB3LM was
inoculated (punctured into the plate which has a lower layer of MSM and a top layer of PHB solution
0.1%) and the plate incubated for 5-7 days at 37°C. (A) picture taken with a camera of the plate
where two colonies can be seen. (B) picture of the same plate taken with a Bio-Rad gel imager.

Figure 11: MSM-PHB agar plates, with 0.1% of PHB present as only carbon source; SRB7LM was
inoculated (punctured into the plate which has a lower layer of MSM+oxyrase and a top layer of PHB
solution 0.1%) and the plate incubated for 5-7 days at 37°C. (A) picture taken with a camera of the
plate where two colonies can be seen. (B) picture of the same plate taken with a Bio-Rad gel imager.
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Genome assembly

Three isolates (SRB1LM, SRB3LM, and SRB7LM) were selected for genome sequencing and

their main features after the sequencing are shown in Table 4.

Table 4: Features of the DNA extracted from each isolate and their raw characteristics after

sequencing.
Isolate Final library DNA Average library size (bp) No. reads
concentration (ng/uL)
SRB1LM 10.70 679 5,905,778
SRB3LM 8.24 644 5,431,640
SRB7LM 4.54 625 7,748,150

Genomes were assembled with three different programs: SPAdes, Velvet and MaSuRCA.
Assembly metrics for all three assemblies for each isolate were compared using QUAST to
select the best assembly for further analysis (Table 5). In the Appendix, a full report of
assembly metrics can be found (from Figure S2 to Figure S4). For all three isolates Velvet
produced the most contiguous assembly and was selected for further analysis, and a more

detailed comparison of these assemblies for each isolate are shown in Table 6.

Table 5: Comparison between the assemblies obtained using Velvet, MaSuRCA and SPAdes.

SRB1_LM

Velvet MaSuRCA Spades
Number of contigs 43 105 133
Total length (bp) 5,950,746 5,887,191 5,873,426
N50 (bp) 745,621 206,967 192,084
GC (%) 35.18 35.18 35.13
SRB3_LM

Velvet MaSuRCA Spades
Number of contigs 123 155 230
Total length (bp) 6,545,436 5,745,734 5,901,766
N50 (bp) 478,895 154,758 157,736
GC (%) 35.13 35.23 35.15
SRB7_LM

Velvet MaSuRCA Spades
Number of contigs 10 21 86
Total length (bp) 2,890,966 2,832,629 2,889,993
N50 (bp) 2,758,154 469,934 1,926,999
GC (%) 48.04 47.93 47.83
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Table 6: More detailed summary of the optimal genome assembly and annotation using QUAST for
each of the three isolates.

Isolate Genome size (bp) Contigs G+C content N50 (kbp) Genes RNAs
(%)

SRB1LM 5,950,746 43 35.18 745,621 6,263 145

SRB3LM 6,545,436 123 35.13 478,895 7,073 158

SRB7LM 2,890,966 10 48.04 2,758,154 2,970 91

Genome analysis

Once the genomes were assembled, a whole-genome Average Nucleotide Identity (ANI)
comparison was performed, which allowed us to compare our assemblies with known
genome assemblies. In Table 7, the top five average nucleotide identity (ANI) values
between each isolate and all organisms in GenBank are demonstrated. For SRB1LM, all five
ANl in the table belong to different strains of Bacillus cereus. Strains BcFL2013, G9241 and
03BB87 were isolated from patients, while FM1 was isolated from dried foods (Carter et al.,

2018).

The five highest values for SRB3LM are all from members of Bacillus; three B. cereus and
two B. thuringensis. Not much information is available about these strains, but Bacillus
cereus M13(2017) was isolated from the soils of Kanas lake in Xinjiang Uigur, an

autonomous Region of northwest China.

Isolate SRB7LM has an ANI value higher than 95% with two separate strains belonging to the
Exiguobacterium genus. Members of this genus have been isolated from a multitude of
environments, ranging from glaciers to hot springs (Kasana and Pandey, 2018;
Vishnivetskaya et al., 2009). As of today, there are 17 species in the genus Exiguobacterium
and it is a pretty versatile genus with lots of potential in industry, for example in

bioremediation processes (Kasana and Pandey, 2018).

Table 7: The top five highest average nucleotide identity (ANI) values between each of the three
isolates and all organisms in GenBank. Italicized values indicate an ANI over the intra-species
threshold.

SRB1LM
Bacillus cereus BcFL2013 97.97
Bacillus cereus FM1 97.92
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Bacillus cereus G9241 97.86

Bacillus cereus 03BB87 97.82
Bacillus cereus ATCC 4342 97.41
SRB3LM

Bacillus cereus VD014 98.86
Bacillus cereus M13(2017) 98.78
Bacillus thuringiensis BGSC 4BD1 98.74
Bacillus thuringiensis 78-2 98.73
Bacillus cereus VD156 98.67
SRB7LM

Exiguobacterium sp. NG55 95.40
Exiguobacterium sp. AT1b 95.29
Exiguobacterium marinum DSM 16308 88.41
Exiguobacterium aurantiacum DSM 6208 81.31
Exiguobacterium chirighucha GIC31 81.20

In Table S1 in the Appendix, a summary of the lineage of each isolate is demonstrated.

The identities of three isolates were explored further by building genome-scale phylogenetic
trees. Based on their ANI comparisons, SRB1LM and SRB3LM were included in one tree
containing all representative members in Bacillus within the PATRIC database (Figure 12). A
second tree was built for SRB7LM that included every Exiguobacterium genome in the
PATRIC database (Figure 13). SRB1LM'’s closest neighbor is a strain of B. anthracis, while the
closest neighbor of SRB3LM is a strain of B. thuringenis. This result confirms those of
fastANI, as both B. thuringenis and anthracis are genetically very close to B. cereus and they
could actually be considered one species (Helgason et al., 2000; Radnedge et al., 2003).
SRB7LM’s closest neighbors are strains of Exiguobacterium, two of them (E. profundum and
E. marinum) were also isolated from the marine environment (Crapart et al., 2007; Kim,

2005).
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Figure 12: Maximum-likelihood phylogenetic tree based on PATRIC's comprehensive genome
analysis service. 98 genomes within Bacillus in the PATRIC database were included in the tree. The
position of isolates SRB1LM and SRB3LM is highlighted in yellow.Node labels show the bootstrap
support values, and values of 100% are not shown. Branch lengths represent the average number of
substitutions per site. The tree was rooted to a more distantly related Bacillaceae (Halobacillus

sp. BBL2006). When strains from the same species were present on one branch, they were all
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combined in one single branch and labeled as a single group; in the parenthesis it is indicated the

number of strains that are present in that group.
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Figure 13: Maximum-likelihood phylogenetic tree based on PATRIC's comprehensive genome
analysis service. 75 genomes within Exiguobacterium in the PATRIC database were included in the
tree. The position of isolate SRB7LM is highlighted in yellow.Node labels show the bootstrap support
values, and values of 100% are not shown. Branch lengths represent the average number of
substitutions per site. The tree was rooted to a more distantly related Bacillaceae (Bacillus

cereus G9241). When strains from the same species were present on one branch, they were all
combined in one single branch and labeled as a single group; in the parenthesis it is indicated the

number of strains that are present in that group.
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Genomic potential of PHA degradation and sulphate reduction

To characterize each isolate’s potential for both sulfate reduction and PHA degradation, a
search for genes involved in sulphate reduction and also PHB degradation was conducted.
SRB1LM and SRB3LM contained the same genes involved in PHA degradation pathways
(phaZ and PHA depolymerase aromatic) and in the sulphate reduction pathways. They both
contained genes involved in both the dissimilatory reduction of sulphate (dsrA and dsrB)
and assimilatory reduction of sulphate (sopT, sulphate reductase subunit B and C). SRB7LM
differed from SRB1LM and SRB3LM. It contained a PHA depolymerase aromatic gene and a
sulphate reductase subunit B gene. Table 8 reports the number of positive hits for each

gene within each isolate.

Table 8: Number of found matches between genes of the isolates and known genes responsible for
the degradation of PHA and known genes involved in the assimilatory and dissimilatory sulphate
reduction pathways. E-value of 10 is the threshold that divides a positive match (lower E-value than
10°) and a random hit (higher E-value than 107).

SRB1LM # of hits SRB3LM # of hits SRB7LM # of hits

PHB depolymerase (intracellular). 1 1 No hits
phaz

PHA depolymerase aromatic 13 9 3
Esterase PHB No hits No hits No hits
Sulfite reductase (dissimilatory 2 2 No hits
type, alpha subunit). dsrA

Sulfite reductase (dissimilatory 1 1 No hits
type, beta subunit). dsrB

Sulfate adenylyltransferase. sopT 1 1 No hits
Sulfate reductase (subunit B) 1 1 1
Sulfate reductase (subunit C) 4 4 No hits
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Discussion

This study characterized three individual members of microbial communities forming
biofilms on PHA pellets at the sediment-water interface. Through selective isolation and
whole-genome sequencing, this study addressed whether SRM capable of degrading PHA
were part of the biofilm community. In the predicted scenario of increased bioplastic
loading, this study provided important information about the effect increased PHA loading

would have on marine microorganisms and sulfur cycling in coastal marine sediments.

Through the implementation of two different steps using two specific liquid media,
the isolation procedure produced nine total isolates capable of growing in SRB and PHB-
MSM media. Of these, three isolates with differing morphologies were selected for whole-
genome sequencing. The genome size for SRB7LM was considerable smaller (2.8 Mbp)
versus both SRB1LM and SRB3LM (6.0 Mbp), signifying they likely belong to different species
as it is well established that different species vary in size due to differing evolutionary
histories (Bobay and Ochman, 2017). Additionally, starkly different GC content between
SRB7LM (48%) and SRB1LM/SRB3LM (35%) suggested that SRB7LM differs from the other
two isolates. Interestingly, GC content is one of the main compositional diversity of bacteria
(Brocchieri, 2014). While, the difference in GC content between SRB7LM and the other two
isolates is considerable, they are all part of the same phylum (Firmicutes), which typically

have a low GC content (Lightfield et al., 2011)).

To determine their phylogenetic relatedness, all three isolates were compared to
known organisms with fastANI and placed into a maximum-likelihood phylogenetic tree.
SRB1LM and SRB3LM were classified as two strains of Bacillus, with their closest neighbours
being strains of B. thuringensis and B. cereus, respectively. The genus Bacillus is large and
very diverse (Cihan et al., 2012; Yakoubou and C6té 2010). Members of Bacillus are
commonly found in both water and sediment (George et al., 2011), thus the presence of
strains of this genus at the sediment-water interface of the Laguna Madre was not
surprising. SRB7LM was placed in the genus Exiguobacterium, which is similar to Bacillus and
is part of the phylum Firmicutes. The ANI results showed that SRB7LM belongs to the same
species of a strain of Exiguobacterium named Exiguobacterium sp. NG55 since the ANI value

is higher than 95, thus indicating that the two strains are intraspecies (Jain et al., 2018). This
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strain was isolated from a hot spring in Yellowstone National Park (Vishnivetskaya et al.,
2009). In addition, the next two closest neighbors of SRB7LM were two species of
Exiguobacterium isolated from the marine environment (E. marinum and E. profundum)
(Crapart et al., 2007; Kim, 2005). Interestingly, this genus has been isolated from a large
variety of environments, ranging from hot springs to glaciers (Kasana and Pandey, 2018).
Bacteria belonging to this genus also have a genome size similar to SRB7LM’s genome
(around 3 million bp) and a GC content close to 50% (Vishnivetskaya et al., 2009). As said
before, strains from this genus were isolated from extreme environments like hot springs,
meaning that they are thermophilic bacteria; more studies would need to be done, but

SRB7LM may also be a thermophilic bacterium.

In order to determine each isolate’s potential to degrade PHA and reduce sulphate,
draft genomes were searched for PHA depolymerases and sulfate reduction genes. While all
three isolates did contain depolymerase gene sequences, they were more prevalent in
SRB1LM and SRB3LM. As a matter of fact, the two Bacillus strains have the gene for phaz,
which is a PHA depolymerase of the BCL-PHA depolymerase class; depolymerases in this
class are able to degrade PHB and its co-polyesters (Roohi et al., 2018). Instead, all three
isolates have genes for a PHA depolymerase aromatic, which instead belongs to the second
class of PHA depolymerases, called MCL-PHA. These type of depolymerases are able to
degrade longer aliphatic PHAs and also aromatic PHAs (Roohi et al., 2018); SBRB7LM thus
has the potential of degrading PHA, however in this study no aromatic PHAs were used.
Additionally, the two isolated Bacillus (SRB1LM and SRB3LM) strains possessed genes for
dissimilatory sulphate reduction. In particular, they both contained gene sequences for dsrA
and dsrB, which reduce sulphate to sulfide (Castro et al., 2000; Gibson, 1990). Interestingly,
Bacillus are not known to use the dissimilatory pathway of sulphate reduction, but some of
them do however have the ability to use nitrite as electron acceptor (Hoffmann et al., 1998).
This result could place the two isolates in the Gram-positive spore forming SRBs group.
SRB7LM did not have any sulphate reduction genes in its genome and nothing was found in
the literature about any other species of the genus being able to use other electron

acceptors.

Most species of Bacillus and Exiguobacterium are facultative anaerobes (Cihan et al.,

2012; Vishnivetskaya et al., 2009), which was supported by the results of this study as all
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three isolates were isolated in anaerobic conditions but were also able to grow in aerobic
conditions. Moreover, their growth in a complex liquid medium demonstrated a higher
ODeoo under aerobic conditions. Importantly, this does not necessarily mean that they have
a higher growth rate, but simply a higher yield in those conditions. Interestingly, under most
of the conditions, the growth rates of the isolates were higher under anaerobic conditions,

which was especially true for SRB7LM.

The most challenging part of this study was the in vitro demonstration that the
isolates could degrade PHB in laboratory conditions, but results demonstrated that they can
grow on agar plates where the only carbon source was PHB. It is well documented in the
literature that a large number of Bacillus species are known PHA producers, and that the
extraction of PHA from their cytoplasm is easier compared to other bacterial species
(Mohapatra et al., 2017). In addition, Bacillus species were found amongst those able to
degrade PHA in a previous study (Volova et al., 2017). Contrastingly, nothing in the literature
supports that members of Exiguobacterium degrade or produce PHA. However, a species of
Exiguobacterium was present in the gut of plastic-eating mealworms (Yang et al., 2015),
suggesting that there might be species or strains of Exiguobacterium that are able to
degrade complex polymers such as bioplastics. It needs to be noted that SRB7LM was able
to grow on PHB plates only when oxyrase was added to the MSM layer of the plates; in the
oxyrase preparation a small amount of other carbon sources is present, thus it could either
mean that SRB7LM is using only that traces of C sources to grow or that it is using those
traces and also PHB. For this specific reason, SRB7LM can be considered a potential PHA

degraders, but it cannot be said with certainty that it actually is a PHA degrader.

In conclusion, this study isolated three bacteria from biofilms formed on PHA pellets
at the sediment-water interface and demonstrated they have the genomic capability to both
degrade PHA and play a role in sulphate reduction. Their ability to degrade PHA was also
shown in vitro, with the isolates growing on media containing PHB as the sole carbon
source. Interestingly, that the two isolates belonging to the Bacillus genus contained genes
involved in the dissimilatory reduction of sulphate is something that had not been
demonstrated in the literature with species of Bacillus. These bacteria could then also be
used industrially because of their potential to degrade PHA and their ability to grow also

when sulphate concentration is high. As a matter of fact, not all PHA degraders are SRBs and
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also not all SRBs are PHA degraders; the fact that these strains have both these features
might pose as an advantage because the predicted increase in PHA production may result in
higher PHA deposition rates in coastal sediments, which coupled with the already high
concentration of sulphate (Rabus et al., 2015) could result in growth conditions favoring

these types of bacteria.
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All statistics are based on contigs of size >= 500 bp, unless otherwise noted
(e.g., "# contigs (>= 0 bp)" and "Total length (>= 0 bp)" include all contigs).

Figure S2: Quast report for SRB1 genome assembled with three different programs: Velvet,
MaSuRCA and Spades. (A) shows the distribution of GC content in the contigs.; (B) shows the growth
of contig lengths, contigs are ordered from the largest to smallest on the x-axis, while one the y-axis
the size of the x largest contigs in the assemblies is depicted; (C) shows Nx values as x varies from 0
to 100 %, Nx is the length for which all the contigs with that set length or longer cover at least x% of
the assembly; (D) shows the report where the three assemblies are compared.
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Figure S3: Quast report for SRB3 genome assembled with three different programs: Velvet,
MaSuRCA and Spades. (A) shows the distribution of GC content in the contigs.; (B) shows the growth
of contig lengths, contigs are ordered from the largest to smallest on the x-axis, while one the y-axis
the size of the x largest contigs in the assemblies is depicted; (C) shows Nx values as x varies from 0
to 100 %, Nx is the length for which all the contigs with that set length or longer cover at least x% of
the assembly; (D) shows the report where the three assemblies are compared.
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Figure S4: Quast report for SRB7 genome assembled with three different programs: Velvet
(SRB7LM_contigs), MaSuRCA (SRB7LM_final_genome_scf) and Spades (contigs). (A) shows the
distribution of GC content in the contigs.; (B) shows the growth of contig lengths, contigs are
ordered from the largest to smallest on the x-axis, while one the y-axis the size of the x largest
contigs in the assemblies is depicted; (C) shows Nx values as x varies from 0 to 100 %, Nx is the
length for which all the contigs with that set length or longer cover at least x% of the assembly; (D)
shows the report where the three assemblies are compared.

Lineage of the isolates

Table S1: Lineage of each isolate.

SRB1_LM SRB3_LM SRB7_LM
Domain Bacteria Bacteria Bacteria
Phylum Firmicutes Firmicutes Firmicutes
Class Bacilli Bacilli Bacilli
Order Bacillales Bacillales Bacillales
Family Bacillaceae Bacillaceae Bacillales Family XII
Incertae Sedis
Genus Bacillus Bacillus Exiguobacterium
Species B. cereus
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Growth rate calculations

To measure the growth rates, only the exponential phase needs to be considered and it
varies from isolate to isolate and also within the same isolate it differs at different
temperatures and different conditions (aerobic or anaerobic). By looking at each growth
curve, the exponential phase at each condition was assessed and then the Ln(ODeoonm) of

the time points in exponential phase was measured.

Then by plotting the time versus the Ln(OD), a straight line is obtained and the maximum

growth rate (Umax) at those specific conditions is given by the slope of the line.

Figure S5: By looking at Figure 8 in the

SRB1_37°C anaerobic results section, the exp phase for SRB1LM
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Figure S7: By looking at Figure 8 in the
results section, the exp phase for SRB1LM
at 30°C in anaerobic conditions was from
time 2h to 6h. pmax at these conditions is
0.334 h,

Figure S8: By looking at Figure 8 in the
results section, the exp phase for SRB1LM
at 30°C in aerobic conditions was from
time 4h to 48h. pumax at these conditions is
0.03 h.

Figure S9: By looking at Figure 8 in the
results section, the exp phase for SRB1LM
at 15°C in anaerobic conditions was from
time 8h to 24h. pmax at these conditions is
0.1153 h%,

Figure S10: By looking at Figure 8
in the results section, the exp
phase for SRB1LM at 15°Cin
aerobic conditions was from time
24h to 30h. pUmax at these
conditions is 0.2645 h™.
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Figure S11: By looking at Figure 9 in the
results section, the exp phase for
SRB3LM at 37°C in anaerobic conditions
was from time 1h to 4h. pmax at these
conditions is 0.4176 h™.

Figure S12: By looking at Figure 9 in the
results section, the exp phase for
SRB3LM at 37°C in aerobic conditions
was from time 1h to 4h. pumax at these
conditions is 0.8492 h'.

Figure S13: By looking at Figure 9 in the
results section, the exp phase for
SRB3LM at 30°C in anaerobic conditions
was from time 1h to 6h. pumax at these
conditions is 0.3474 h™.

Figure S14: By looking at Figure 9 in the
results section, the exp phase for
SRB3LM at 30°C in aerobic conditions
was from time 2h to 8h. pmax at these
conditions is 0.3145 h™.
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Figure S15: By looking at Figure 9 in the
results section, the exp phase for
SRB3LM at 15°C in anaerobic conditions
was from time 12h to 48h. pmax at these
conditions is 0.0441 h.

Figure S16: By looking at Figure 9 in the
results section, the exp phase for
SRB3LM at 15°C in aerobic conditions
was from time 12h to 30h. pmax at these
conditions is 0.0815 h™.

Figure S17: By looking at Figure 10 in
the results section, the exp phase for
SRB7LM at 37°C in anaerobic
conditions was from time 1h to 6h.
Umax at these conditions is 0.2196 h,

Figure S18: By looking at Figure 10 in
the results section, the exp phase for
SRB7LM at 37°C in aerobic conditions
was from time 12h to 48h. Umay at
these conditions is 0.0296 h.
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Figure $19: By looking at Figure 10 in
the results section, the exp phase for
SRB7LM at 30°C in anaerobic
conditions was from time 2h to 8h.
Umax at these conditions is 0.1999 h,

Figure S20: By looking at Figure 10 in
the results section, the exp phase for
SRB7LM at 30°C in aerobic conditions
was from time 6h to 48h. pumax at these
conditions is 0.0447 h'.

Figure S21: By looking at Figure 10 in
the results section, the exp phase for
SRB7LM at 15°C in anaerobic conditions
was from time 6h to 12h. pmax at these
conditions is 0.261 h%,

Figure $22: By looking at Figure 10 in
the results section, the exp phase for
SRB7LM at 15°C in aerobic conditions
was from time 12h to 72h. pmax at
these conditions is 0.0257 h™.



PHB plates
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Figure S23: Plates with a
bottom layer of MSM and a
top layer of PHB 0.1%.
SRB1LM was inoculated
and incubated at 37°C.
Pictures were then taken
after 5 days of incubation
and colonies can be seen.
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Figure S24: Plates with a
bottom layer of MSM and a
top layer of PHB 0.1%.
SRB1LM was inoculated and
incubated at 37°C. Pictures
with a Bio-Rad gel imager
were then taken after 5 days
of incubation and colonies
can be seen.

Figure S25: Plates with
a bottom layer of MSM
and a top layer of PHB
0.1%. SRB3LM was
inoculated and
incubated at 37°C.
Pictures were then
taken after 5 days of
incubation and
colonies can be seen.
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Figure S26: Plates with a bottom
layer of MSM and a top layer of PHB
0.1%. SRB1LM was inoculated and
incubated at 37°C. Pictures with a
Bio-Rad gel imager were then taken
after 5 days of incubation and
colonies can be seen.

Figure S27: Plates with a
bottom layer of MSM+oxyrase
and a top layer of PHB 0.1%.
SRB7LM was inoculated and
incubated at 37°C. Pictures
were then taken after 5 days
of incubation and colonies can
be seen.
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Figure S28: Plates with a bottom
layer of MSM and a top layer of
PHB 0.1%. SRB7LM was inoculated
and incubated at 37°C. Pictures
with a Bio-Rad gel imager were
then taken after 5 days of
incubation and colonies can be
seen.



Maximum-likelihood trees
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Figure $29: Maximum-likelihood phylogenetic tree based on PATRIC's comprehensive genome
analysis service. 98 genomes within Bacillus in the PATRIC database were included in the tree. The
position of isolates SRB1LM and SRB3LM is highlighted in yellow.Node labels show the bootstrap
support values, and values of 100% are not shown. Branch lengths represent the average number of
substitutions per site. The tree was rooted to a more distantly related Bacillaceae (Halobacillus

sp. BBL2006).
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Figure $30: Maximum-likelihood phylogenetic tree based on PATRIC's comprehensive genome
analysis service. 75 genomes within Exiguobacterium in the PATRIC database were included in the
tree. The position of isolate SRB7LM is highlighted in yellow.Node labels show the bootstrap support
values, and values of 100% are not shown. Branch lengths represent the average number of
substitutions per site. The tree was rooted to a more distantly related Bacillaceae (Bacillus

cereus G9241).
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