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Abstract

The destabilisation of organic carbon (OC) in permafrost contributes to global warming.
This can be prevented by extracellular polymeric substances (EPSs) by occlusion of OC in
soil micro and macro aggregates. However, bacterial EPS production under changing
environmental conditions, influencing both the vulnerability of soil organic carbon (SOC)
stock and the functioning of microbial communities, is not fully understood. This study
aimed to test different carbon-to-nitrogen (C/N) ratios on the production of EPS by
Curtobacterium spp. and Viridibacillus spp. isolated from degraded permafrost soil. Both
strains were incubated at C/N ratios of 4, 8 and 16 for 5 days at 25 ° C and 50 rpm and
Sphingomonas desiccabilis as a positive control and the biochemical oxygen demand (BOD)
was measured. The cells were then differentially stained and observed under 1,000x
magnification. Furthermore, the strains were plated and the colony-forming units (CFU) mi*
were determined. A decrease in BOD with increasing C/N ratio was found for
Curtobacterium oceanisedimentum and Viridibacillus arvi. The EPS increased with
increasing C/N ratio until C/N 8 for Curtobacterium oceanisedimentum and Viridibacillus.
Differential staining and microscopy showed similar amounts and visibilities of capsules for
the three strains. Only Curtobacterium oceanisedimentum shows a pronounced increase in
CFU mlI* from C/N 4 to C/N 8 and then a decrease from C/N 8 to C/N 16. The EPS
produced clearly increased for Curtobacterium oceanisedimentum and Viridibacillus arvi.
Both strains lack a trend in bacterial activity and growth; therefore, a wider variety of culture

conditions, especially the C/N ratio, should be further tested.



List of abbreviations

Abbreviation Meaning

C Carbon

N Nitrogen

kDa Kilo Dalton = 1000 Dalton

DNA Desoxyribonucleic acid

% Percentage

°C Degree Celsius

CPS Capsular polysaccharides

SOC Soil organic carbon

ocC Organic carbon

EPS Extracellular polymeric substances
TB-EPS Tightly bound Extracellular polymeric substances
M Molar = mol litre

mM Millimolar = millimole litre™

ODe0o Optical density at 600 nm wavelength
Rpm Rotations per minute

BOD Biochemical oxygen demand

hPa Hectopascal = 100 Pa

CFU Colony forming units



1. Introduction

1.1 Extracellular polymeric substances (EPSs)

Extracellular polymeric substances (EPS), also called extracellular polysaccharides or
exopolysaccharides, can protect microorganisms against high salinity (Nichols et al., 2004),
antibiotic chemicals, and heavy metals, as well as prevent them from desiccation by
retaining water within the EPS matrix surrounding the bacterium (Wingender et al., 1999b;
Vardharajula and Ali, 2015; Wang et al., 2015). According to Morse (1990), EPSs are
hygroscopic in nature, which might induce this water retention. In case of nutrient shortage,
EPSs can also be metabolised to deliver energy and carbon (Sutherland, 2001a; Zhang and
Bishop, 2003). EPSs are produced by microorganisms as a stress response in order to ensure
survival (Nichols et al., 2005).

The properties of these molecules are significantly influenced by carbon source accessibility
(Bhattacharjee et al., 2020), but also bacterial strains, cultivation time, substrate, and growth
state (Read et al., 1987). Such compounds comprise large amounts of high molecular weight
polysaccharides of about 10 — 30 kDa (Celik et al., 2008; Kumar et al., 2007), and in smaller
amounts proteins, DNAs, lipids, and surfactants (Flemming et al., 2016; Flemming &
Wingender, 2010; More et al., 2014). Microorganisms produce a wide variety of EPS
(Schmid et al., 2015; Rehm, 2010), which can be classified into three categories. These are
loosely bound EPS (LB-EPS), tightly bound EPS (TB-EPS), which stick to the cell as

peripheral capsules, and amorphous slime (Comte et al., 2006).

This diversity in composition leads to even greater diversity in EPS properties and therefore
functions (Chai et al., 2018). The composition of such microbial EPSs greatly changes under

stress conditions (Konnova et al., 2001; Nandal et al., 2005).

1.2 Biosynthetic pathways of EPS

Nowadays, four different biosynthetic pathways for EPSs are known: the so-called
Wzx/Wzy-dependent pathway, the ATP-binding cassette (ABC) transporter-dependent
pathway, the synthase-dependent pathway, and the extracellular synthesis by use of a single
sucrase protein. For the first three pathways, the monomers are enzymatically synthesised in

the cell, following the same principle of forming activated sugars and sugar acids. On the



contrary, extracellular synthesis is achieved by sucrase adding sugar monomers to the
forming polysaccharide (Schmid et al., 2015).

1.2.1 Wzx/Wzy-dependent pathway

In the Wzx/Wzy-dependent pathway, the monomers are built by glycosyltransferases and
transported through the cytoplasmic membrane by a flippase enzyme (Wzx). In the
periplasmic space, polymerisation takes place with the help of the polymerase (Wzy)
enzyme, and the polymers are released onto the cell surface (Cuthbertson et al., 2009;
Morona et al., 2009; Islam and Lam, 2014). This relief to the cell surface also depends on
proteins linked to the polysaccharide co-polymerase (PCP) and the outer membrane
polysaccharide export families (Cuthbertson et al., 2009; Morona et al., 2009).
Polysaccharides synthesised via this Wzx/Wzy-dependent pathway are heteropolymers
because they consist of different sugar molecules. Furthermore, the genes for the Wzx/Wzy

enzymes are stored in the respective EPS operons (Schmid et al., 2015).

1.2.2 ATP-binding cassette (ABC) transporter-dependent pathway

The ATP-binding cassette (ABC) transporter-dependent pathway, which mainly occurs in
capsular polysaccharide (CPS) biosynthesis, works similarly to the Wzx/Wzy-dependent
pathway. Monomers are synthesised by one or several glycosyltransferases, later resulting in
homo- or copolymers (Whitney and Howell, 2013). However, the transport through the
cytoplasmic membrane is carried out by a tripartite efflux pump-like complex consisting of
ABC-transporters and periplasmic proteins (Cuthbertson et al., 2009; Morona et al., 2009).
The resulting polysaccharides have an attached glycolipid at the reducing terminus, which
consists of phosphatidylglycerol and a poly-2-keto-3-deoxyoctulosonic acid (Kdo) linker
(Willis and Whitfield, 2013; Willis et al., 2013).

1.2.3 Synthase-dependent pathway

In the synthase-dependent pathway, polymerisation takes place within the cell and therefore
complete polysaccharide strands are relieved through the cell wall and membrane. Both
polymerisation and translocation are performed by enzyme synthase, which is for some
compounds a subunit of a multiprotein complex (Rehm, 2010). The synthase-dependent

pathway strictly produces homopolymers, although several preliminary homopolymers
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consisting of different monomers can be connected to form block polymers (Rehm and
Valla, 1997). An exception is the biosynthesis of hyaluronic acid, which forms copolymers

with the help of hyaluron synthase (Chong et al., 2005).

In summary, monomer/dimer synthesis mostly takes place within the cell, while
polymerisation and secretion into the extracellular space occur in the periplasmic space.
However, these biosynthetic processes of EPSs are currently not entirely understood
(Schmid et al., 2015).

The genes for polymerising, branching, substituent-adding, and monomer modifying
enzymes, as well as glycosyltransferases are contained in either the genomic or plasmid

DNA of most of the EPS-producing microorganisms (Finan et al., 1986; Rehm, 2010).

1.3 Industrial use of EPSs

Some of these EPSs are applied in industry for their structural or physical properties, leading
also to a financial interest in the research of these compounds (Chawla et al., 2009; Rehm,
2009; Imeson, 2010). For example, EPSs are added to food products to mix them better or to
manipulate their haptic properties (JuraSkova et al., 2022). Furthermore, these compounds
are used in medicine, acoustics (Ross et al., 1987; Rehm, 2010), oil industry, cosmetics
(Glucksmann et al., 1993b; Becker et al., 1995a) and more applications. These compounds
can be harvested cheaply and continuously from the culture supernatant previously separated
from cells (Schmid et al., 2015).

1.4 Soil aggregation by EPSs

On the other hand, EPSs can also form microbial aggregates (Wingender et al., 1999b;
Vardharajula and Ali, 2015; Wang et al., 2015; Sheng et al., 2010; Martens, 1993, which can
adhere to surfaces and aid in soil particle cementation. This cementation is possible because
of cation bridges, hydrogen bonds, Van der Waals forces, anion adsorption mechanisms, and
the slimy surface of some EPSs. These help the microbial aggregates to tightly hold onto
clay and ionic particles (Vardharajula & Sk Z, 2014; Chenu, 1995; Tisdall & Oades, 1982.
The stability of these aggregates might be further improved by the reduction of wettability
and swelling (Hillel, 1982). The EPSs occur in fibres that connect clay particles and
therefore form an area of clay and EPSs that is surrounded by soil. The structures formed are
3



then called microaggregates (<250 um) and macroaggregates (>250 um) (Sandhya & Ali,
2015). Especially microaggregates stabilise SOC within the soil, providing longer lasting
storage of carbon (Smith et al., 2014; Wiesmeier et al., 2019). Aggregates are also important
for soil texture which influences biological mechanisms in the soil. Therefore, they keep and
move water many times their weight at low water potentials (Sandhya & Ali, 2015), acquire
nutrients (Vicente-Garcia, 2004), provide oxygen, reduce runoff, and mediate the
temperature. This is done with the help of pores that originate from the reorganising,
flocking, and cementing of soil particles (Alami et al., 2000; Tang et al., 2011). This
cementing of soil particles by EPSs could also have a role in stabilizing SOC in degraded
permafrost soil, which is the high reservoir of OC.

1.5 Permafrost soil as a storage for organic carbon (OC)

Permafrost is the soil, the temperature which has perennially been below 0 °C for at least
two consecutive years. It mainly appears at the poles or beneath huge glaciers. Permafrost
can occur as dry frozen ground, when the soil does not contain any water, or as wet frozen
ground, when the soil contains liquid water. Even if the permafrost is wet, the water might
not be frozen, mainly due to the high pressures below the thick glaciers or the high salinity
of the sea water, which is true for the continental shelf of Alaska. This permafrost is then

referred to as cryotic (Dobinski, 2011).

The total soil organic carbon (SOC) stored in the permafrost soil of the northern hemisphere
is 1,460 to 1,600 Pg (Schuur et al., 2022) and therefore more than the total carbon stored in
the atmosphere (Hugelius et al., 2014; Schuur et al., 2015). Mishra et al. (2021) pointed out
that the SOC was highest between the mean annual temperature of -10 and -5 ° C and the

mean annual precipitation of 200 and 600 mm.

1.6 Permafrost Degradation

When permafrost thaws due to an increase in atmospheric temperature, this SOC becomes
available for heterotrophic microorganisms, which releases it into the atmosphere in the form
of CO2, CH4 or N20O reinforcing global warming (Schuur et al., 2015; Zimov et al., 2006;
Schuur et al., 2008; Anisimov et al., 1999; Mueller et al., 2015; Nelson et al., 2001; Prater
et al., 2020; Schuur et al., 2008; Ro et al., 2008; Zimov et al., 2006). This thawing deepens
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the active layer (Anisimov etal., 1999; Mueller etal., 2015; Nelson etal., 2001; Prater
et al., 2020; Schuur et al., 2008), providing more oxygen, nutrients and microorganisms to
the soil (Lawrence et al., 2015; St Jaques & Sauchyn, 2009); Schuur and Mack, 2018). These
processes can promote the degradation of deeper SOC (Fontaine etal., 2007; Gocke
et al., 2010; Schuur et al., 2015; Wild et al., 2016).

For a specific location in the Yedoma Ice Complex in north-eastern Siberia, 70 % of the
carbon stored in the permafrost is outgassed into the atmosphere within 120 years when

assuming present-day climate conditions (Khvorostyanov et al., 2008).

Another study compared more than 100 locations in the Arctic and suggested that 1600 Tg C
per winter are outgassed by permafrost soils (Natali et al., 2019). Furthermore, since
permafrost degradation is not linear, huge amounts of SOC can reach both the atmosphere

and the ocean in a very short time (Jin & Ma, 2021).

1.7 Factors influencing EPS Production

As EPS can have an impact on SOC aggregation and therefore the storage of such C, it is
important to know which factors mainly influence their formation. EPS production levels
depend on several factors; some of the most influential are the carbon source and the C/N
ratio. In general, it can be said that a higher C/N ratio increases EPS production (Magaritis &
Pace, 1986; Lee et al., 2007). In recent studies, the highest level of EPS production has been
observed with glucose as a carbon source, which is easily degradable and probably the
precursor used most for EPS production and a ratio of 13.6 g C / g N (Miqueleto et al.,
2010).

1.8 Differential staining

When secreted in the environment of the cell, tightly bound EPS appear as capsular
polysaccharides (CPS) that are attached to the cell wall. Charged capsules can bind large
amounts of water, which can lead to deformation of the capsular structure during the staining
procedure (Bayer, 1990). The staining method should be well selected for each strain, as the
structural diversity of EPS capsule could interact with the stain. Fixing and drying of cells
might cause the contraction and even destruction of the capsules (Duguid, 1951). While

advanced techniques such as electron microscopy are increasingly used for the visualisation
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of such CPS, light microscopy remains an easy and cheap technique that is widely available
(Oleksy & Klewicka, 2017).

1.9 Strains of interest and aims

For this experiment, strains of psychrophilic bacteria that have previously been isolated from
degraded permafrost soil located in central Alaska were used. These strains were selected for
this study based on their EPS production determined by an automated analytical system
including various polysaccharide detection modules at Technische Universitat Miinchen
(TUM) Campus Straubing, Germany. The first strain was Curtobacterium
oceanisedimentum, which produced up to 217 mg It EPS from glucose. This strain occurs as
creamy, yellow or orange colonies with a diameter of 1 to 1.5 mm or more than 2 mm,
depending on the strain. The colonies of some Curtobacterium spp. have shiny and slimy
surfaces and grow well in a temperature range of 30-37 ° C. Curtobacterium spp. appear in a
coryneform shape, are gram-positive and motile and possess an oxidative metabolism (Funke
et al., 2005). The second strain was Viridibacillus arvi, which produced about 100 mg I*
EPS from glucose. This strain appears in even round-ended rods found both singly and in
pairs. This strain grows in a temperature range of 15 to 37 ° C, growing best at 28 ° C. The
growth also takes place in a pH range from 6.0 to 9.0, with best growth at pH = 7.5. Some
Viridibacillus spp. occur as cells that are motile, gram-positive and sporulating, forming
relatively round endospores (Xu et al., 2021). Sphingomonas desiccabilis (CBR S 236
DSMZ 16792), which produces EPS, was used as a positive control obtained from TUM

Campus Straubing, Germany.

The aim of this experiment was to test different amounts and ratios of carbon and nitrogen
on the production of extracellular polymeric substances by Curtobacterium spp. and

Viridibacillus spp. isolated from degraded permafrost soil.



2. Materials and Methods

2.1 Preparation of solutions

The EPS medium is easily contaminated, as it provides the basic nutrients crucial for
microbial growth. Therefore, to avoid contamination, partial solutions 1-3 were autoclaved,
the trace element solution was filtered with a 0.22 um syringe filter, and all steps after
autoclave were carried out in a laminar flow hood close to a flame. Three EPS media with
C/N ratios of 4, 8 and 16 were prepared to test different C/N ratios on EPS production. For
the agar medium used for streaking of bacteria, 350 ml was prepared, for the pre-culturing
250 ml and for the incubation experiment 700 ml of EPS medium were prepared each time

they were needed. The EPS medium proposed in Rihmann et al. (2015), used in this

experiment in general consists of solutions 1-5. Solution 1 contains 1.4 % peptone from
casein, 1.2 % MgS04-7 H,0, 9.0 % agar (only for petri dishes). Solution 2 contains 0.04 %

CaCl2-2 H20, different amounts of D-CeH1206-H20 (Table 3). Solution 3 contains 1.5 %

KH2POy4, solution 4 0.2 % of vitamin solution (Sigma R7256) and solution 5 consists of 0.1

% trace element solution. The trace element solution consists of 1.8 % MnCl2-4 H.0 , 2.5%
FeSO4-7 H20 pure, 0.258 % H3BOs, 0.031 % CuS04-5 H,0 pure, 0.021 % ZnCl; pure, 0.075 %

CoCl,-6 H20, 0.023% NazMo0O,-2 H,0 and 2.1 % NaKC4H40s (Table 2). The chemicals were

obtained from Lach:Ner (Neratovice, Czech Republic), except for peptone and vitamin
solution, which were obtained from SIGMA-ALDRICH (Darmstadt, Germany), and the
agar, which was obtained from OXOID. For preparation, several partial solutions were
prepared, two of them containing the following chemicals: Peptone, magnesium sulphate
heptahydrate, and — if needed — agar, as well as potassium dihydrogen phosphate,
respectively. For these two partial solutions, the pH was adjusted using a pH metre
(SCHOTT pH-METER) and 4 M sodium hydroxide solution provided in the laboratory. The
total C content in the mixed partial solutions 1, 3, 4 and 5 was previously determined and

amounts to 0.520 %, which results in an initial C/N ratio of 3.6, even before adding solution
2. To achieve C/N ratios of 4, 8.5 and 16, 0.13 g, 1.95 g and 4.22 g CeH1206-H20 were

added for a final volume of the combined medium (solutions 1-5) of 700 ml, respectively

(Table 3). Equation 1 was used for this calculation.



(glucose monohydrate added - volume used - ratio C in glucose monohydrate
diluted in volume - final volume combined

+ initial C content) : initial C content - initial C: N ratio

_ (0.13'0.056'0,3636813234
- 0.08-0.7

+0.52) : 0.52 - 3.6. Equation 1

This addition resulted in a glucose monohydrate concentration in the final combined EPS

medium of 0.19, 2.79 and 6.0 % as shown in Table 3. To sterile solutions 1-3, they were

autoclaved separately for 20 minutes at 121 ° C. Then exactly 2 ml of vitamin solution
(R7256 Sigma-Aldrich) were pipetted and 1 ml of a trace element solution was filtered with
a 0.22 pum syringe filter (Schoeller pharma, Prague, Czech Republic). Both solutions were

added to the EPS medium in a laminar flow hood.

A 0.9 % saline solution was prepared by dissolving 3.15 g of NaCl (Lach-Ner) in 350 ml of
deionised water. A 10 mM NaOH solution was prepared by dissolving several NaOH beads
corresponding to 0.16 g in 40 ml of deionised water, and then dissolving 5 ml of that

solution in 45 ml deionized water. A 20 % copper sulphate solution was prepared by

dissolving 10 g CuSO4 - 5 H20 in 50 ml of deionised water.



Table 1 Composition of the EPS medium.

Partial solution

nr.

Solution 1

Solution 2

Solution 3

Solution 4

Solution 5

Compound

Peptone from casein
MgS04-7 H20
Agar

CaCl2:2 H20
CsH1206-H20

KH2PO4

Vitamin solution

Trace element

solution

Concentration in the
combined medium in % if

not differently stated
14
1.2

9.0

0.04

1.5

0.2%

0.1%

Note

pH adjusted to
seven,
autoclaved

separately

Autoclaved

separately

pH adjusted to
seven,
autoclaved

separately

Sterile filtered



Table 2 Composition of the trace element solution.

Trace element Concentration in the partial solution 5
MnClz-4 H20 1.8

FeSO4-7 H20 2.5

H3BO3 0.258

CuS0O4-5 H20 0.031

ZnCl; 0.021

CoCl2:6 H.0 0.075

Na2Mo004-2 H20 0.023

NaKCsH40¢ 2.1

Table 3 Amounts of glucose monohydrate added in the three incubation experiments, and the resulting

concentrations of glucose monohydrate and C, as well as the final C/N ratio.

Incubation = Mass of Concentration of  Concentrati = Concentrati = Final
experiment CsH1206-H20 CeH1206-H20 in onof C on of total C/N
nr. added to a final the combined added in % Cin % ratio

volume of 700 Ml pedium in ™%

l

ing
1 (C/N 4) 0.13 0.19 0.047 0.57 4
2 (C/IN 8) 1.95 2.79 0.709 1.23 8
3(CIN16) 4.22 6.0 1.534 2.05 16

2.2 Bacterial strains

Strains from Curtobacterium oceanisedimentum and from Viridibacillus arvi were
previously isolated from permafrost soil in Fairbanks, Alaska, USA, in 2021. Sphingomonas
desiccabilis (CBR S 236 DSMZ 16792) was obtained as a positive control. The three

10



bacteria were aseptically taken with an inoculation loop and streaked on EPS agar with the
streak plate technique and incubated for three days at 22 ° C.

2.3 Pre-culture preparation

The partial solutions (as described in the subsection ‘Preparation of solutions”) were
combined in a laminar flow hood close to a flame to avoid contamination. 20 ml of this
combined EPS medium was pipetted into a 50 ml Falcon tube. Then a well-grown colony
from the agar plate was aseptically taken with an inoculation loop and transferred to the
Falcon tube. This procedure was repeated for all three bacterial strains. Additionally, a fourth
Falcon tube was also filled with 20 ml of EPS medium, but without adding any bacterial
culture. This fourth Falcon tube served as a negative control to ensure the absence of any
contamination. The Falcon tubes were incubated on a shaker for 36 hours at 22 ° C and 200

rpm.

2.4 Washing of cells

Where possible, the following steps were carried out in a laminar flow hood to avoid
contamination. The 100 pl liquid culture of each Falcon tube were transferred onto EPS agar
Petri dishes by streak plate technique to confirm the purity of the cultures. Petri dishes were
incubated at 22 ° C for 2 days. Subsequently, the liquid culture of each Falcon tube was
distributed in ten 2 ml Eppendorf tubes. One of them was used to measure the optical density
at 600 nm (ODeoo) of each liquid culture, to be able to add the same amount of bacterial
biomass for each bacterial strain to the incubation experiment. The remaining nine
Eppendorf tubes were centrifuged (MIKRO 120 and 185: Hettich GmbH and Co. Germany)
at 13000 rpm for ten minutes and the supernatant was cautiously discarded to not discard any
bacterial biomass. To five Eppendorf tubes, 2 ml of 20 % glycerol solution was added, and
they were stored at -20 ° C for later use. The remaining four Eppendorf tubes were used to
add the bacterial biomass to the EPS experiment; therefore, 2 ml of 0.9 % saline solution was
added to them. Subsequently, the tubes were centrifuged again at 13000 rpm for ten minutes
and the supernatant was discarded. Then, to the four Eppendorf tubes, 2 ml of 0.9 % saline
solution were added and they were vortexed until the bacteria pellet was entirely detached

from the bottom and dispersed in the saline solution and the OD600 was adjusted to 1.

11



2.5 Storage of bacteria

Bacterial cultures on EPS agar were stored at 4 ° C. Liquid bacterial cultures in 0.9 % saline
solution were stored at 4 ° C. Liquid bacterial cultures in 20 % glycerol solution were stored
at -20 ° C for use within the next few weeks and at -80 °C for resetters to be used at any later

time.

2.6 Incubation

Three incubation experiments were carried out to test the impact of a C/N ratio of 4, 8 and
16 on EPS production. To avoid contamination, the following steps until incubation were
carried out in a sterile microbial workbench. Furthermore, the following materials were
autoclaved for 20 minutes at 121 ° C for each C/N ratio, respectively: 12 250 ml reagent
bottles, twelve containers for OxiTop measuring systems (WTW OxiTop®-C), 5 ml tips, 0.1
M sodium hydroxide solution, saline solution and the three partial solutions consisting of
peptone and magnesium sulphate heptahydrate, the second consisting of calcium chloride
dihydrate and glucose monohydrate, and the third containing potassium dihydrogen
phosphate. In the sterile microbial workbench, 50 ml of the combined EPS medium was
pipetted into three 250 ml reagent bottles each. Immediately after, 1 ml of an ODeoo = 1
bacterial solution from the pre-culturing was added to the respective bottle. This step was
repeated for the three bacterial strains. The negative control consisted of only 50 ml of the
EPS medium. The incubation reagent bottles were in triplicate for each strain for each C/N
ratio. 100 pl of 10 mM sodium hydroxide solution was pipetted into the OxiTop containers
and screwed into the measuring system. The OxiTop measuring systems for respiration were
then screwed on the reagent bottles, and the biological/biochemical oxygen demand (BOD)
measurement was started. The bottles were then incubated on a shaker at 50 rpm and 25 ° C
for five days. Low rpm was used to prevent the NaOH solution from spilling into the
bacterial solution. After incubation the pressure (in hPa) obtained from the OxiTop systems
were converted to BOD (in mmol IY) with Equation 2. The BOD in mmol It was further
converted to the BOD in mg I* by multiplying with the molar mass of molecular oxygen
(M(O2) = 32 g mol ™). As the stoichiometry of O, and CO, during cellular respiration is 1:1,
the amount of substance of the CO, produced equals the amount of substance of the oxygen

12



consumed. Therefore, to convert the BOD in mg I to the CO; in mg I, multiplication with

the ratio of the molar masses of CO and Oz had to be conducted: %{f"’; = % = 1.375
2
BOD = absorption(0,) - 100 - (—headspace=Vbac. sol. y ol |4] Equation 2

(T+273.15): R ‘Vpac. sol.

With absorption(O2) being the pressure decrease measured by the OxiTop systems, the

temperature being in °C, and R being the gas constant.

2.7 EPS determination

After the incubation 45 ml of liquid cultured were transferred to 50 ml Falcon tubes. the
liquid culture was shear-treated to separate the EPS from cells by UltraTurrax T25 with
N25G-18G dispersing tool (autoclaved). Afterward, the liquid cultures were centrifuged at
8500 g to separate the suspended EPS (supernatant) from the cells (pellet). The supernatant
was transferred into fresh sterile falcon tube and sent to the Institute of Soil Science and Site
Ecology, Technical University of Dresden, Germany. Where they have carried out some
procedures such as desalination via dialysis and freeze-dried method to extract the EPS from

the supernatant.

2.8 Differential Staining of capsules and Microscopy

To avoid contamination of the samples through the environment, the procedures were carried

out as close to a flame.
2.8.1 Anthony’s method

Anthony’s method (Oleksy & Klewicka, 2017) was used to make the bacterial cells and the
surrounding EPS capsules observable under a bright field microscope (Olympus BX61,
Japan) by differential staining. Therefore, 20 ul of mixed bacterial solution were pipetted on
a microscope slide (Knittel Glasbearbeitungs GmbH, Braunschweig, Germany), which was
previously cleaned with ethanol, and dispersed with another such slide. After air-drying

without flame fixing the bacterial smear was stained with a 1 % crystal violet solution for
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two minutes (Table 4). Then, the microscopy slide was washed with 20 % copper sulphate
solution and air-dried. Finally, the smear was observed under immersion in oil at 1,000x

magnification.
2.8.2 Hiss’s method

Hiss’s method was additionally used for differential staining, as bacterial cells and capsules
were very hard to see (Oleksy & Klewicka, 2017). Thus, 20 ul of mixed bacterial culture
were transferred onto a microscope slide cleaned with ethanol and dispersed with another
slide. Secondly, the bacterial smear was cautiously flame-fixed, stained with 0.1 % crystal
violet, and cautiously heated until steaming for approximately one minute. The slide was
washed with 20 % copper sulphate, air-dried and observed under oil immersion at 1,000x

magnification.
2.8.3 Nigrosin staining

Thirdly, nigrosine staining was conducted, as well to get a wider variety of microscopy
pictures. For this staining method, 20 ul of mixed bacterial culture were also transferred onto
a microscope slide cleaned with ethanol and dispersed with another slide. The smear was air-
dried, stained with 10 % diluted nigrosine stain (Sigma Aldrich GmbH), again air-dried, and
examined under oil immersion at 1,000x magnification. Table 4 compares the three

differential staining methods.

Table 4 Comparison of capsule staining methods.
Anthony’s Hiss’s Nigrosine

Reagents 1 % crystal violet 0.1 % crystal violet 10 % nigrosine
20 % copper sulphate 20 % copper sulphate

Bacterial drying Air-dry Flame-fix Air-dry

Stain soaking time 2 min Until steaming/1 min  Until air-dried

Immediately after differential staining, the microscopy slides were examined under the
microscope with oil immersion at 1000x total magnification. Several dozen pictures were
taken by the camera (Canon DS126571) attached to the microscope for each slide to get a

more representative image of the capsules.
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2.9 CFU

To control the purity of the nutrient medium and the 0.9 % NaCl solution, a Petri dish with
EPS medium was incubated without anything and only with the NaCl solution, respectively.
Next, a dilution series of each sample was carried out to a concentration of 10 compared to
the original bacterial solution from the pre-culture preparation. Therefore, 100 pul of each
sample was added to 900 ul of 0.9% NaCl and the resulting dilution was used for further
dilution. This procedure was repeated six times until a dilution of 108 was obtained. The
solutions were vortexed before each dilution step to ensure a uniform distribution of the
bacteria. 100 pl of solutions with concentrations 10, 10° and 10 were pipetted on an EPS
agar plate each and evenly spread on the plate with a sterile glass rod. and incubated at 25 °
C. After 5 days, the colony-forming units (CFU) were determined by using the following

equation.

CFU =

number of colonies on the plate -diltution of the sample [ml_l]
plating volume

Equation 4
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3. Results

3.1 Pre-culture preparation and washing of cells

The negative control was a relatively clear and transparent liquid, indicating a lack of
bacterial growth. The samples, including Sphingomonas desiccabilis, Curtobacterium
oceanisedimentum, and Viridibacillus arvi, grew well during the incubation time. These
findings confirmed an aseptic procedure and sufficient bacterial growth. The Petri dishes
showed the same bacterial growth as the initially used colonies, which confirmed the purity

of the pre-culturing.

3.2 Incubation

The negative control appeared as a relatively clear and transparent liquid, which is the EPS
medium added that shows no growth of bacteria (Fig. 1A). Therefore, this confirms that the
procedure was sterile, as planned by autoclaving the medium and using a laminar flow hood.
However, the control in the first attempt of the third incubation experiment was turbid,
indicating contamination of the EPS medium. Reagent bottles inoculated with Sphingomonas
desiccabilis appeared as yellow-brown turbid liquid, indicating the growth of bacteria (Fig.
1B). Reagent bottles inoculated with Curtobacterium oceanisedimentum also appeared as
yellow-brown turbid liquid, only a step lighter, indicating the growth of bacteria (Fig. 1C).
The reagent bottles inoculated with Viridibacillus arvi appeared as grey, only slightly
yellow-brownish coloured relatively turbid liquid, indicating the growth of different bacteria
(Fig. 1D).
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Figure 1 Bacterial growth after 5 days of incubation in EPS medium, (A) control, (B) Sphingomonas
desiccabilis, (C) Curtobacterium oceanisedimentum, and (D) Viridibacillus arvi.

3.3 Respiration rate during incubation

OxiTop measurement systems provided pressure changes in hectopascal (hPa) during
incubation time, by measuring the pressure within the tightly closed bottle every 20 minutes.
Due to contamination, which could be seen as an acute and very pronounced decrease in
pressure, a bottle from the negative control from the second experiment and a bottle
containing Viridibacillus arvi from the third experiment were excluded from further analysis.
Furthermore, BOD values of control samples were subtracted from the BOD values of stains
samples. The BOD from 90 hour to 115 hour of incubation was averaged to obtain the O2
consumption mentioned in Figure 2. The BOD of the positive control Sphingomonas
desiccabilis decreased from 250 to 157 and further to 148 mg I* with increasing C/N ratio.
In contrast, the BOD of the sample strains Curtobacterium oceanisedimentum and
Viridibacillus arvi changed from 256 to 159 and further to 146 mg It and increased from

353 to 423 and decreased again to 336 mg I, respectively (Figure 2).

The respiration rate during the incubation was varied for each strain among the C/N ratio. the
respiration rate was high during the C/N ratio 4 compared to C/N ratio 8 and 16 (Figure 3)

Among the strains the respiration rate was higher for the Curtobacterium oceanisedimentum,
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up to 600 mg/l for all three C/N ratios, while for Viridibacillus arvi and Sphingomonas
desiccabilis was approximately 400 mg/l in C/N 4 and 300 mg/l in C/N 8 and 16 (Figure 3).

500
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300
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157 159 148 146
200
15
10
5
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C/N4 C/N8 C/N 16
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Figure 2 BOD in mg I'* after subtracting the values of the negative control.
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Figure 3 Respiration rate for the different bacterial strains from the incubation experiment.
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3.4 EPS determination

We have received the data of extracted EPS from the supernatant we have sent to Institute of
Soil Science and Site Ecology, Technical University of Dresden, Germany. The extracted
EPS as shown in Figure 14 are in grams after subtracting from the control samples.
According to this data, the EPS production by permafrost soil bacteria and the control was
higher for C/N 8 than for C/N 4 for Curtobacterium oceanisedimentum and Viridibacillus
arvi but did not further increase in C/N 16. The produced EPS by Curtobacterium
oceanisedimentum (25 g in C/N 8 and C/N 16 and Viridibacillus arvi was high.

Sphingomonas sp. || Curtobacterium sp. || Viridibacillus sp. |

20

EPS (g)

"r

CN4 CN8 CN16 CN4 CN8 CN16 CN4 CN8 CN16

Figure 4 EPS production by strain under different C/N ratio.

3.5 Differential Staining of capsules and Microscopy

Figures 5-7 show the differentially stained bacteria from experiment 1 (C/N 4). Figures 8-9
show the differentially stained bacteria from experiment 2 (C/N 8). Figures 10-12 show the
differentially stained bacteria from experiment 3 (C/N 16). Sphingomonas desiccabilis could
be seen as violet/black stained spheres on a brighter background. Viridibacillus arvi and
Curtobacterium oceanisedimentum appeared similarly as rods. The same shape of the
bacteria on each slide indicated the purity of the bacterial solution. The EPS capsules
appeared as white (unstained) rings around the bacterial cells (the arrows point on the

capsules) (Oleksy & Klewicka, 2017), while the cells and the background were stained dark
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violet from crystal violet, or nigrosine, respectively. Anthony’s method did not show clear
capsules (Figure 13).

Figure 5 Sphingomonas desiccabilis grown in C/N 4 medium differentially stained with nigrosine.

Figure 6 Curtobacterium oceanisedimentum grown in C/N 4 medium differentially stained with Hiss’s (a) and

nigrosine (b).

Figure 7 Viridibacillus arvi grown in C/N 4 medium differentially stained with Hiss’s method.
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Figure 8 Sphingomonas desiccabilis grown in C/N 8 medium differentially stained with Hiss's method.

Figure 9 Viridibacillus arvi grown in C/N 8 medium differentially stained with Hiss’s method.

Figure 10 Sphingomonas desiccabilis grown in C/N 16 medium differentially stained with Hiss’s method.
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Figure 11 Curtobacterium oceanisedimentum grown in C/N 16 medium differentially stained with Hiss's

method.

Figure 12 Viridibacillus arvi grown in C/N 16 medium differentially stained with Hiss’s method.

Figure 13 Bacteria differentially stained with Anthony's method.

3.6 CFU

Bacterial solution from the pre-culture preparation was diluted in a dilution series and plated
on EPS agar. The count of colony forming units on the incubated Petri dishes numbered on
average 368 CFU for Sphingomonas desiccabilis, 12 CFU for Curtobacterium
oceanisedimentum, and 14 CFU Viridibacillus arvi for the 10°%-fold dilution. This shows a
faster growth for Sphingomonas desiccabilis than for Curtobacterium oceanisedimentum and
Viridibacillus arvi. The average CFU for all three bacterial strains increased from C/N 4
(115 CFU) to C/N 8 (170 CFU) and then again decreased to C/N 16 (109 CFU). These
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values result in an average CFU of 6.61-10® for the C/N 4, 9.20-10® for the C / N 8 and

6.04-108 for the C/N 16 medium.

The CFU ml! for Curtobacterium oceanisedimentum and Viridibacillus arvi changed from
6.67-10°% and 1.07-108, respectively (C/N 4) to 1.77-10% and 6.37-107, respectively (C/N 8)
and further to 4.53-10" and 1.06-10°, respectively (C/N 16) (Figure 12).

The CFU ml?* for Curtobacterium oceanisedimentum was highest for C/N 8 (1,77-108),
whereas for Viridibacillus arvi it was almost equal highest for C/N 4 and C/N 16 (1,07-108
and 1,06-108, respectively). The CFU ml™* for Curtobacterium oceanisedimentum was lowest
for C/N 4 (6,67-10°), while for Viridibacillus arvi it was lowest for C/N 8 (6,37-107). The
CFU ml! for Sphingomonas desiccabilis (positive control) was higher than for the sample
strains, whereas the BOD lacks such a difference between the samples and the positive
control. Table 6 displays the summary of the CFU ml. In summary, there are only very
minor differences in CFU mlI? for both Sphingomonas desiccabilis (p = 0.86) and
Viridibacillus arvi (p = 0.97), only Curtobacterium oceanisedimentum demonstrates a
pronounced increase from C/N 4 to C/N 8 (p = 0.071) and then a decrease from C/N 8 to
CIN 16.

1.00E+09 1.07E+08 1.77E+08 1.06E+08
. +i
6.67E+06 6.37E+07 4.53E+07
1.00E+08
1.00E+07
— 1.00E+06
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S 1.00E+05
[N
© 1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00

C/N 4 C/N8 C/N 16

B Sphingomonas desiccabilis W Curtobacterium oceanisedimentum m Viridibacillus arvi

Figure 14 Graphical representation of the CFU ml on a logarithmic scale.
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4. Discussion

In this experiment, the impact of C/N ratio on EPS production in Curtobacterium
oceanisedimentum and Viridibacillus arvi was investigated. We measured the BOD and CO>
during incubation in mg I* and determined the EPS dry weight afterwards, and the CFU ml-
! A decrease in BOD with increasing C/N ratio was found for Curtobacterium
oceanisedimentum and Viridibacillus arvi, respectively. The EPS increased from C/N 4 to
C/N 8 for Curtobacterium oceanisedimentum and Viridibacillus arvi. Both the purity of the
bacterial strains and the existence of capsules were confirmed by differential staining and
microscopy. Furthermore, only very minor differences in CFU ml* were found for both
Sphingomonas desiccabilis and Viridibacillus arvi, only Curtobacterium oceanisedimentum
demonstrates a pronounced increase from C/N 4 to C/N 8 and then a decrease from C/N 8 to

CIN 16.

The data show that there is no general trend observable with respect to BOD and CFU.
However, the CO- of all strains and the BOD of Curtobacterium oceanisedimentum seems to
decrease with increasing C/N ratio indicating lowered bacterial activity. This relationship
was unexpected, as an increase in C substrate could lead to increased bacterial activity,
especially, as the easily degradable glucose is used as a carbon source (Almansoory et al.,
2020). However, Delbarre-Ladrat et al. (2022) showed that both N and C sources must be
increased at the same time. Otherwise, the production yield, which depends on bacterial

activity and therefore BOD, might not increase.

The increase in EPS produced by Curtobacterium oceanisedimentum and Viridibacillus arvi
with increasing C/N ratio can be explained by the fact that a higher C/N ratio favours
increased EPS production due to a higher amount of available C. Sphingomonas desiccabilis,
however, did not produce a higher mass in a higher C/N ratio, which could be due to the
higher C dependence of this strain, as it is less prone to nutrient shortage than the permafrost
strains. The lack of an increase of the EPS at C/N 16 exhibits an unexpected manner, which

should be further investigated with the use of higher C/N ratios.

The existence of well-observable capsules around the cells indicated the pronounced
production of EPS by all three bacterial strains, while no difference in amount or visibility
between the C/N ratio or the bacterial strains could be observed. Hiss’s method and
nigrosine staining better showed the capsules, while Anthony’s method lacks clear visibility
of both the bacterial cells and the capsules, which could be due to the too-high concentration

of crystal violet concentration. Nigrosine has the highest contrast between the stained cells
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and the unstained capsules. Hiss’s method has a lower contrast than nigrosine, though still
well observable. The washing of the remaining stain seems to have worked best for Hiss’s
method, enabling a clearer sight on the capsules compared to Anthony’s method, which has
almost no contrast between the cells and capsules. Both the staining and the washing of the
leftover stain did not work well for Anthony’s method, as the cells cannot be clearly
distinguished from the stain. Despite washing with copper sulphate solution, stain remained
on the microscopy slides, making the observation of the capsules more difficult.
Furthermore, the area of the capsules for different C/N ratios and different bacterial strains
were very similar to each other, so that the aim to quantify the EPS based on the microscopy
pictures was not achieved. Therefore, it can be summarized that the staining methods still
must be further optimised to enable an image analysis including the quantification of the
EPS.

Only Curtobacterium oceanisedimentum demonstrates a pronounced increase in CFU ml?
from C/N 4 to C/N 8 but then decreases again from C/N 8 to C/N 16 meaning that this strain
is only saturated for growth with easily available C at C/N 8, while the other two strains are
already saturated at C/N 4. However, the CFU values were not accurate, as the bacterial
solutions did not always mix very well, and the slimy capsules further caused the cells to
stick together. The CFU ml* values tend to be higher than reported in the literature, which is
due to the longer incubation time used in this experiment compared to the literature (24 to 48
h as reported by Asaduzzaman et al. (2008) with resulting CFU ml* values of 5.03-107 for
C/N 10 and 5.90-107 for C/N 15, respectively). The increase of CFU mlIt during a period of
decreased BOD might be due to a period of pronounced bacterial growth, during which the
production of EPS is decreased. In fact, Farag et al. (2020) showed that a decreased growth
rate can lead to increased EPS production, as a higher number of precursors are then

available for EPS synthesis.

This study is limited to the three bacterial strains used in this experiment. Furthermore, the
results are probably limited to the specific culture conditions used in this experiment. The
most important of them is probably the incubation temperature, which greatly exceeds the
temperatures found in the permafrost soil. In this experiment, mostly nonoptimal conditions
were used, whereas the literature reported higher concentrations of C and N, different
sources of N, and much higher shaking speeds (Almansoory et al., 2020; Delbarre-Ladrat et
al., 2022; Farag et al., 2020). Therefore, the impact of the C/N ratio could greatly differ for

growth conditions different from those used in this study.
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5. Conclusion

In this study, the impact of the C/N ratio on EPS production was investigated in
Curtobacterium oceanisedimentum and Viridibacillus arvi. A decrease in BOD with
increasing C/N ratio was found for Curtobacterium oceanisedimentum and Viridibacillus
arvi, respectively. The EPS increased with increasing C/N ratio until C/N 8 for
Curtobacterium oceanisedimentum and Viridibacillus. Hiss’s method was found to be the
best method for differential staining, though all methods must be further improved.
Furthermore, Curtobacterium oceanisedimentum demonstrates a pronounced increase in
CFU ml? from C/N 4 to C/N 8 and then a decrease from C/N 8 to C/N 16. While
investigating the impact of C/N ratio on EPS production, no general trend could be observed.
The BOD and, therefore, the potential for EPS production could not be significantly
increased by increasing the C/N ratio in the scope of this study. The impact of a higher range
of C/N ratios, as well as different culturing conditions, should be further investigated.

Furthermore, a direct quantification of the EPS produced should be used in future studies.
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7. Appendices

Table A1 Measured headspace pressure and calculated BOD of the incubation experiment.

Experiment ~ Sample name Headspace BOD/mg It

number pressure / hPa

1(C/IN=4)  Control -16 84.02916
Sphingomonas desiccabilis -63 332.6154
Curtobacterium oceanisedimentum  -66 346.6203
Viridibacillus arvi 442.9037

2(C/IN=8)  Control -21 115.5401
Sphingomonas desiccabilis -51 271.3442
Curtobacterium oceanisedimentum  -52 274.8454
Viridibacillus arvi -100 528.6835

3(C/N =16) Sphingomonas desiccabilis -46 7.604202
Curtobacterium oceanisedimentum  -46 7.549495

Viridibacillus arvi -82 13.29368



Table A2 CFU on Petri dishes incubated with differently diluted bacterial solutions.

Bacterial strain

Sphingomonas

desiccabilis-1

Sphingomonas

desiccabilis-2

Sphingomonas

desiccabilis-3

Curtobacterium

oceanisedimentum-1

Curtobacterium

oceanisedimentum-2

Curtobacterium

oceanisedimentum-3

Viridibacillus arvi-1

Viridibacillus arvi-2

Viridibacillus arvi-3

Dilution
Factor
10
10°
10°
10
10°
108
104
10°
108
104
10°
108
10
10°
108
10
10°
108
10
10°
108
10
10°
108
10
10°
108

CFU (C/N 4)

500++
500+
236
500++
500+
425
500++
500+
318
35

6

0

43

644
112
27
561
106
10

CFU (C/N 8)

500++
500+
484
500++
500+
512
500++
500+
423
140
90

40

49

26

23

75

29

20
349
18

392
52

411
78
21

CFU (C/N 16)

500++
500+
276

154
500++
500+
485

500+
190
10
456
84
21
333
63
12



