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Introduction

Energy consumption worldwide has been rising

Abstract

Hydrogen can be produced renewably and sustainably by the purple non-sulfur
bacterium Rhodopseudomonas palustris from sucrose. To improve hydrogen
production, detailed insight is needed, which can be obtained by studying the coupling
of carbon fluxes with the light utilization apparatus and the hydrogen producing
enzymes. In this study, the flux balance analysis approach was used to construct a
model of the central carbon metabolism of this organism and solve the resulting
network for a chosen objective function. The model was able to closely reproduce key
qualitative and quantitative aspects of an independent experimental study. Further
insight was obtained by additional case studies. Specifically, it was found that extreme
light intensities resulted in the decrease of hydrogen production, that hydrogen
production could be possible even when no light is provided, and a mix of sucrose and
an organic acid could improve hydrogen production, which can be explained and
supported by prior work on this organism. Further investigation is necessary to
investigate the connections between metabolic network components, such the
antagonistic relationship between hydrogen and polyhydroxybutyrate, which is a
reserve product of this microorganism.

sulfur bacteria (PNSB), algae and cyanobacteria,
produce hydrogen (Sparling et al., 2012). PNSB are
promising candidates for biological hydrogen

and depends mostly on non-renewable fossil fuels.
Hydrogen (H2) is one of the prospective replacement
alternatives for fossil fuels (Das & Veziroglu, 2001). It has
a high per-mass energy content (122 kJ/g) and evolves
only water in combustion, suggesting a clean,
sustainable and environmentally friendly fuel for energy
demand in the future (Argun et al., 2008; Kotay et al.,
2008). However, in order for hydrogen to become a
viable option, it has to be produced renewably.
Biological hydrogen production from
microorganisms has the advantages of renewable
substrates, low energy consumption and mild operating
conditions (Azwar et al., 2013). Several families of
microorganisms, such as the photosynthetic purple non-

Published by Field Crops Central Research Institute (FCCRI) Ankara, Turkey

production (Basak et al., 2007) as they accomplish light-
driven conversion of organic compounds to hydrogen
with high efficiency and are metabolically versatile,
which enables them to use a large variety of simple and
complex feedstock including food and agricultural
wastes. PNSB include species such as Rhodobacter
capsulatus, Rhodobacter sulfidophilus, Rhodobacter
sphaeroides, = Rhodopseudomonas  palustris  and
Rhodospirillum rubrum, all capable of producing
hydrogen using energy from light and a source of
organic carbon, such as sugars and short chain organic
acids, which can be found in agricultural and industrial
wastes (Eroglu et al., 2014).
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Despite their versatility, enhancing the hydrogen
productivities (rate per volume of culture) from PNSB
remains a challenge due to their complex metabolism.
Hence, a thorough understanding of the metabolism of
these species plays a vital role in assessing this challenge
and identifying the prospects for metabolic engineering
to improve productivity. The present study is an analysis
of the hydrogen-production metabolism of PNSB, using
metabolic analysis.

In PNSB, hydrogen is produced via a light-driven
metabolism utilizing the hydrogen-producing enzymes
hydrogenase and nitrogenase in the absence of oxygen
(Vignais et al., 1985). The overall hydrogen metabolism
results from the interaction of several components
along with the enzymes, as summarized in Figure 1,
adapted from the study of Koku et al. (2002). Sucrose is
assimilated by the sucrose pathway, glycolysis and the
TCA cycle. The electrons that are extracted from the
substrate are transferred to the electron carriers NAD
(Nicotinamide  adenine  dinucleotide) and Fd
(Ferredoxin) and in turn utilized by nitrogenase and
hydrogenase in addition to other pathway blocks such
as the Calvin cycle. Light is converted in the
Photosynthetic unit (PSU) to ATP, which in turn is
directed to nitrogenase along with the protons and
electrons. Protons are supplied by the TCA cycle and
ATP-synthase, the latter a part of the photosynthetic
apparatus. Over-reduction due to excess electrons in
the system is the main cause of hydrogen production
(McEwan, 1994). Various strategies have been
previously implemented, based on targeting of the
primary systems of Figure 1, such as the overexpression
of genes, elimination of competitive pathways and
implementation of new hydrogen production pathways
and engineering the genes of nitrogenase and
hydrogenase (Ozturk et al., 2006). Oh et al. (2011) have
summarized various metabolic engineering studies on
PNSB for improved bio-hydrogen production.

While an overall schematic is conceptually useful,
for a more thorough understanding of hydrogen
metabolism, genome-based metabolic models are
necessary (Hallenbeck & Liu, 2016). Metabolic flux

analysis is such a computation-assisted method for this
purpose. In this method, a single cell is treated as a
system that exchanges mass with its surroundings, as
well as carrying out internal (intracellular) reactions. The
magnitudes of the calculated rates of the reactions,
called fluxes are calculated by linear programming
techniques and reveal detailed information on resource
utilization and product turnover. The model, and the
procedure employed in this study can thus provide
insight into biological hydrogen production.

Several prior studies have investigated the
metabolism of PNSB, with various goals and model
sophistication. Klamt et al. (2002) identified metabolic
constraints via a metabolic flux analysis applied to the
central photogermentative metabolism of PNSB.
Golomysova et al. (2010) applied FBA to the first
comprehensive model of PNSB metabolism using R.
sphaeroides where 314 metabolic reactions were
accounted for, with 287 compounds involved. The
computed metabolic fluxes were compared with those
in previous experimental studies. Similarly, Imam et al.
(2011) used a model with 796 metabolites and 1158
reactions of R. sphaeroides. Their results were close to
experimental observations and the authors pointed out
competing pathways as a cause of low yields of H»
production. Navid et al. (2019) studied aspects of
anaerobic photoheterotrophic growth of R. palustris on
acetate with a genome-wide metabolic model and
compared the allocation of resources for several cases.

The model species of the present study is R.
palustris due to its good hydrogen yield on sucrose
(Sagir et al., 2017, Zhang et al., 2015). Furthermore, the
genome sequence of R. palustris has been published and
available (Larimer et al., 2004). Based on this sequence
it has been possible to distinguish several metabolic
capabilities of R. palustris, not in common with other
PNSB. For instance, R. palustris can harvest light of
differing qualities and intensities. It carries out
asymmetric cell division and secretes a surface adhesive
allowing it to stick to solid substrates, an advantage for
hydrogen production (Larimer et al., 2004). Sagir et al.
(2017) experimentally observed R. palustris having the
maximum hydrogen productivity (0.78 mmol/h) from
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Figure 1. The overall scheme for hydrogen production.

Boxes: (*) Carbon flow, (**) Enzyme systems, (***) Photosynthetic unit (PSU)



Biotech Studies 31(1), 1-9

sucrose among the PNS species studied, namely R.
capsulatus, R. capsulatus YO3 (hup-), and R.
sphaeroides.

In the present study, the starting concentrations of
the carbon source sucrose and the nitrogen source
glutamate were chosen such that the carbon-to-
nitrogen ratio values were close to those typically used
in experimental hydrogen production studies. Sucrose,
the principal component of molasses, is a relatively
cheap feedstock, thus resulting in a lower cost process
for hydrogen production (Keskin et al., 2012).

Materials and Methods

Flux balance analysis and underlying assumptions

We used flux balance analysis (FBA), where
bacterial metabolism is analogous to a set of
biochemical reactions occurring in a reactor. Details of
the algorithm are well-established (Stephanopoulos et
al., 1998). A key assumption is the pseudo steady-state
condition for cellular metabolism, leading to constant
fluxes and a set of linear mass balance equations, and
obviating the need for kinetic parameters. This set of
equations can be presented in matrix form, with the m
x n stoichiometric matrix (S) and the unknown n x 1 flux
vector (v), where m is the number of metabolites and n
is the number of the reactions. Equation (1) displays the
system of equations in compact form, with each row
corresponding to the sum of the fluxes for a particular
metabolite (equations) and each column to a particular
flux.

Sv=0(1)

To consolidate the equation system, intermediate
metabolites that are produced and consumed in
irreversible reactions without branching are neglected
(Varma & Palsson, 1993), and compounds that are not
key metabolites are excluded. Some biosynthetic
reactions can be lumped into a single reaction when
intermediates are not of interest. Furthermore, cofactor
carrier species such as coenzyme A and NAD* have their
fluxes intrinsically balanced and can therefore be
ignored in the network. Inclusion of such metabolites
only leads to the generation of dependent rows (Varma
& Palsson, 1994).

Objective function and constraints

Typically, as in this study, the number of equations
is less than the number unknowns (m<n). Thus an
objective function is defined and mathematically
optimized, with the known flux equations (i.e. the set
formulated as equation 1) constraining the solution
space. Subsequently a unique optimum solution and a
corresponding optimal flux distribution for the
metabolic network are obtained.

The objective function is usually set to maximize
the growth rate of the biomass since this is arguably the
natural goal of the cell (Varma & Palsson, 1994). The
case for other objective functions such as maximization

of certain products, maximization of ATP production or
minimization of substrate consumption, has been
argued for and against, as discussed in (Feist et al.,
2010). In the present study, most solutions were
obtained for the default objective function of maximized
growth, except for a few explicitly stated cases with
maximum hydrogen production as the objective.

There are no well-defined rate limitations for a
specific enzyme or a set of enzymes in the metabolic
network of R. palustris, thus the flux vector values were
allowed a large range of -1000 to +1000, respectively to
ensure convergence and obtain finite values. No
solutions were found when unconstrained sets were
used. Reversible reactions in the metabolic network can
have positive or negative flux values, with the sign of the
flux indicating the direction (Edwards et al., 2000). In the
model of the present study, 50 out of 148 reactions are
reversible and thus their resulting values can be positive
or negative.

Optimization

The simplex method is most commonly used, but
the interior-point method was preferred in this study.
Trial solutions are corner-point feasible solutions in the
simplex method, whereas in the interior-point algorithm
they originate inside the feasible domain, which
promotes a better chance of reaching a solution when
corners or edges are not well-defined, or when the
unknown vector contains negative values
(Venkataraman, 2009).

Modeling methodology

The initial stage was the reconstruction of the
cellular metabolism in terms of metabolic pathways and
their reactions. Biochemical reactions were identified
from databases to construct a general, overall metabolic
network for PNS bacteria (R. palustris CG009) and listed
in standard stoichiometric notation. Most reactions
were obtained from the KEGG database (Kanehisa et al.
2015) whereas MetaCyc (Caspi et al., 2014) and BRENDA
(Schomburg et al., 2013) databases were used to check
enzymes/reactions not available in KEGG database.

In the preparation stage, the network was
simplified for R. palustris and the conditions of interest.
For each a reaction/enzyme among metabolic reactions,
the databases as well as the literature data for this
species were scanned. If the presence of this enzyme
was confirmed either via the genomic map or the
literature data, the selected reaction was included in the
network. Pathways inactive under hydrogen-producing
conditions were eliminated, for example, since
anaerobic conditions are required for
photofermentative hydrogen production, aerobic
respiration were excluded.

In the development stage, the metabolic network
was formulated with the selected reactions and the
stoichiometric matrix was constructed. Stoichiometric
reductions were carried out to form a fully independent
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linear system. An objective function and constraints
were set up as described above.

In the calculation/result stage, first an optimization
script was formulated using MATLAB R2016. The script
was verified using by a prior test-case with known
results (Varma et al., 1993b) and the resulting flux values
were found to be almost identical.

After verification, the script was applied to the
stoichiometric matrix for R. palustris. The final metabolic
model consists of 148 reconstructed biochemical
reactions with 128 compounds within the reaction
network. Eliminating dependent reactions reduced the
number of rows in the stoichiometric matrix from 128 to
121. Pseudo steady-state was assumed for the
metabolic network and the objective function was
assumed as either maximal growth of biomass or
hydrogen production, as explained above.

Results and Discussion

Metabolic network

The reconstructed metabolic network consists of
the core metabolic blocks necessary for growth and
hydrogen production. These blocks include the sucrose
assimilation pathway, the pentose phosphate pathway,
glycolysis, Calvin cycle, TCA cycle, PHB synthesis, lumped
biosynthetic  (growth) reactions, photosynthetic
reactions and hydrogen production reactions. Pathways
in which maltose, pectin and cellulose are consumed,
and the pathways that require aerobic respiration were
not included. In the central metabolic network, sucrose
was considered as the primary carbon source and
glutamate the nitrogen source in a growth medium with

low nitrogen to carbon ratio, to emulate typical
conditions used for hydrogen production.

Figure 2 displays the reconstructed carbon flow
network. Gray boxes contain biosynthetic precursors for
biomass growth. Some metabolites reacting at separate
regions of the network are color-coded to represent the
network in two dimensions. Each major pathway block
is letter-coded (A-F in Figure 2): Carbon utilization starts
with external sucrose which is broken down in the
sucrose pathway (A). Phosphorylated glucose enters
glycolysis (B) and the pentose phosphate pathway (C),
the latter being specific to R. palustris among the PNS
bacteria. Following 3-Phospho-D-glycerate, carbons are
utilized in the Calvin cycle (D). Organic acids are
produced in TCA cycle (E). Fluxes 39 and 40 in the TCA
Cycle are the glyoxylate shunt, which is specific to R.
palustris among PNSB. ATP, CO: and electrons are
produced and consumed throughout these pathways
while NAD and FAD shuttle electrons to the reactions.
Residual electrons and ATP are consumed for hydrogen
production by nitrogenase and hydrogenase. The
production of PHB (F) is also accounted for in the model.
The hydrogen production reactions are outside the
scope of the central carbon network and summarized in
Table 1.

Table 1. Reactions for hydrogen production with their
resulting fluxes

Enzyme Reaction Flux
(mmol/h)
Mo-Nitrogenase  -16ATP + 8H* + 8- = 16ADP + 4H, 0.048
V- Nitrogenase -16ATP + 8H* + 8e” - 16ADP + 4H, 0.048
Fe- Nitrogenase -16ATP + 8H* + 8e” - 16ADP + 4H, 0.048
Hydrogenase 2H*+2e > H; 0.11

Figure 2. Central carbon flow in R. palustris for growth on sucrose (A:Sucrose pathway, B:Glycolysis, C:Pentose phosphate pathway,

D: Calvin cycle, E: TCA cycle, F: PHB synthesis).
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Model parameters and cases

An experimental work was carried out by Sagir et
al. (2017), to produce hydrogen from sucrose and
molasses by R. palustris in 50 ml small-scale batch
photobioreactors. The researchers reported the time-
dependent profiles of the medium pH, bacterial growth,
hydrogen production and observed the soluble end-
products acetic acid, formic acid and lactic acid. This
experimental study was used for the input parameters
(known fluxes) and formed the basis of comparing the
outputs of the model calculation results with the
experiment.

The three main input fluxes calculated from the
actual values of the bacterial growth medium used in
the experimental hydrogen production setup of Sagir et
al. (2017) are the glutamate uptake rate, the initial
sucrose consumption rate and the photon flux all in
units of mmol/h per culture liter. The default values of
these inputs derived from the experimental data are
listed as Case 0, in Table 2 below, with the remaining
cases corresponding to the studies where the effect of
changes in input fluxes were analyzed.

Note that in all cases, the medium is nitrogen-
limited in order to mimic natural hydrogen production
conditions, which is the primary focus of this study. As
shall be seen below, this limitation is a central constraint
that governs the features of the model solution.

Table 2. List of model cases

Organic
Glutamate Initial Photon acid
Case uptake rate  sucrose flux flux uptake
(mmol/h) (mmol/h) (mmol/h) rate
(mmol/h)
0
(Base) 0.1 0.25 5 0
1 0.1 0.25 varied 0
2 0.1 0.25 5 varied

Comparison of the model with experimental data

The performance of the model was tested using
the aforementioned experimental data (Sagir et al.
2017). For comparison of the model results, the times of
maximum bacterial growth rate (24" hour) and
maximum hydrogen production rate (48" hour) for 5
mM sucrose in the experimental study were selected,
since FBA is essentially based on the steady-state
approximation, as mentioned previously. For the
production of organic acids such as acetic acid, lactic
acid and formic acid, the lower and upper values of the

ranges given in the tables correspond to the organic acid
fluxes at 0 and 72" hours of the experimental data,
which is the targeted time period for this model.

Table 3 compares the experimental and computed
hydrogen production rates with sucrose concentration
and glutamate concentrations of 5 mM and 2 mM,
respectively. The model results agree well with
experimental data. The percent errors between the
experimental and model rate results are 11.8% for
production of biomass, 2.9% for hydrogen production
and 4.2%, for the maximum hydrogen production, in
which the maximum hydrogen production objective was
set. Furthermore, the model correctly predicts organic
acid production, and their fluxes are within the given
range of experimental results. The sucrose conversion
efficiency, obtained from the sucrose uptake flux of the
base case of the model, and defined as the rate of
hydrogen production (0.68 mmol/h) divided by
theoretical (that is, maximum possible) rate of hydrogen
production (1.2 mmol/h), was compared to the
efficiency observed by Sagir et al. (2017). The efficiency
calculated from the model was 56%, very close to the
experimental efficiency of 53 %.

Growth and hydrogen production

The growth rate (flux 147) was the same (0.0118 g
dry cell weight/h) for two different objective functions
of maximum growth and maximum hydrogen
production, presumably due to the nitrogen limitation.
It is customary to classify bacterial growth into the lag,
exponential and stationary phases. The exponential
phase is where maximum biomass production rate is
observed, whereas maximum hydrogen is produced in
the late-exponential and stationary phases (Waligorska
et al., 2009). It may be speculated that in the present
model, the nitrogen-limited environment causes a low
biomass growth rate, which brings the point of
maximum biomass growth rate closer to the point of
maximum hydrogen production rate. Therefore, having
the same growth rate for two different objective
functions is expected in the case of high nitrogen to
carbon ratio.

Hydrogen is produced by the enzymes nitrogenase
and hydrogenase when excess electrons and ATP are
available. The R. palustris genome contains genes
encoding three separate nitrogenases based on the
different metals in their active sites (Mo, V and Fe). The
presence of alternative nitrogenase enzymes was

Table 3. Experimental and computed output parameters for the base case

Control parameters Units Experimental result Model result
Biomass production rate (gdcw/h) 0.0104 0.0118
Hydrogen production rate? (mmol/h) 0.70 0.68

Max H: production® (mmol/h) 0.86 0.83

Acetic acid production (mmol) 0.004-0.108 0.0128
Lactic acid production (mmol) 0.008-0.09 0.0127
Formic acid production (mmol) 0.02-0.12 0.087
Sucrose conversion efficiency - 53% 56%

2 Using biomass growth as the objective function
b Using hydrogen production as the objective function
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supported by the microarray analysis of R. palustris
during nitrogen starvation (McKinlay, 2014), as similar
to the present modeling case. All nitrogenase isozymes
use the same number of electrons for H, production.
The relevant reactions and the corresponding fluxes are
displayed in Table 4.

Table 4. Significant changes between the flux distributions of
the maximum growth objective and the maximum H,
production objective

Objective: Objective:
Reaction Maximum Growth Maximum Hz

(mmol/h) (mmol/h)
Haz Production 0.678 0.784
PHB Production 0.0011 0
Acetate Production 0.00053 0
Lactate Production 0.00053 0
Formate Production 0.0036 0

The hydrogen production rate of one of the
nitrogenase isoenzymes (0.047 mmol/h) is lower than
the hydrogen production rate of hydrogenase (0.11
mmol/h). This agrees with the literature stating that the
catalytic rate of nitrogenase is lower than the rate of
hydrogenase (Basak et al., 2007).

When the objective function was switched to
maximization of hydrogen production, the total
hydrogen production increased as expected, compared
to the results of the growth objective function. The most
noteworthy changes (Table 4) included the complete
elimination of PHB and organic acids production. For a
real physical case, this would represent the maximum
possible diversion of reducing equivalents generated
from the substrate to hydrogen production, including
the consumption of organic acids produced during
growth. The PHB production rate is zero in the case of
maximum hydrogen production since PHB production
competes with Hz for reducing equivalents and ATP.

Effect of illumination (photon flux)

A range of photon fluxes (0 — 200 mmol/h) was
utilized to observe the effect of photon flux on the
specific growth rate, H. production rate and PHB
production rate. Results are presented in Figure 3. Rates
for specific growth and sucrose consumption were
constant at each photon flux for both objective
functions, due to the nitrogen-limited conditions.

For maximum biomass growth as the objective, the
highest Hz production flux was obtained with a photon
flux of 10 mmol/h, and 5 mM sucrose and 2 mM
glutamate initially. Sasikala et al. (1995) stated that
hydrogen production saturated around 5000 lux,
corresponding to a photon flux of 13 mmol/h, close to
the value found in this work. At higher photon fluxes, H>
production decreases because of the inhibitory effect on
H2 production. The highest irradiation of the day (0.9
kW/m?2), corresponding to a photon flux of 30 mmol/h,
was experimentally observed to deteriorate H:
production (Miyake et al., 1999). Model results are
consistent with this observation, showing a significant

decrease in hydrogen production at photon fluxes of 10-
30 mmol/h. It is interesting that this inhibition effect is
reproduced in the model without an additional, explicit
constraint. Presumably, when the photon flux is too
high, the model cannot balance the equations within the
set of constraints.

PHB production was found to be antagonistic to Hz
production as it competes with the latter for reducing
equivalents and ATP. According to the flux distribution,
when the photon flux increases, more ATP is produced
by ATP synthase. However, H2 production decreases
after a certain photon flux (10 mmol/h) because of the
increase in PHB production. Nitrogenase cannot utilize
the excess ATP converted from high intensity light
(McKinlay & Hardwood, 2010) and therefore ATP is used
for other pathways such as organic acid and PHB
synthesis, which in turn decreases hydrogen production.
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Figure 3. The effect of the value of photon flux on growth, H,
production and PHB production.

Even with zero photon flux, the simulation predicts
growth and Hz production. The reason is that bacteria
use energy from organic sources in the growth media.
Additionally, organic acid production rates are higher
initially as seen in Figure 3. It has been established
experimentally that PNSB are capable of dark-
fermentation (Uffen & Wolfe, 1970; Koku et al., 2002;
Oh et al., 2004).

Utilization of organic acids

The PNSB are known to consume, as well as
produce, organic acids during growth. To investigate
organic acid consumption behavior of the model, input
fluxes were given for the formate, acetate and lactate.
Table 5 presents the individual effects of adding organic
acids (in addition to sucrose) on H2 production in the
case of maximum biomass growth as the objective
function. Without organic acids, hydrogen production
rate was 0.6783 mmol/h. The production rate was found
to increase with increasing initial flux of the organic
acids since they could be consumed as supplemental
substrates. The rate of hydrogen production was mildly
higher for acetic acid compared to lactic acid, and the
lowest rate was obtained for formic acid. An
experimental hydrogen production study with R.
palustris, in which both sucrose and several organic
acids were utilized could not be found, but the model
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results are comparable with the experimental results of
Barbosa et al. (2001) who obtained the highest
hydrogen production performance with R. palustris on
acetate and those of Uyar et al. (2009) who obtained
highest hydrogen productivities using acetic and lactic
acid as substrates to R. capsulatus, another PNSB.

Table 5. Individual effects of organic acids on H, production
Hydrogen production rate (mmol/h)

No acid added 0.6783

Initial flux of Acetate Lactate Formate

0.001 mmol/h 0.6846 0.6826 0.6825

0.004 mmol/h 0.6952 0.6935 0.6851

0.010 mmol/h 0.7150 0.7130 0.6901
Conclusion

FBA was used to model the hydrogen production
metabolic network of R. palustris using 148
reconstructed biochemical reactions and 128
compounds, and flux distributions were obtained based
on different cases defined for the model. Model results
agreed well with previous experimental data. The
hydrogen production rate was estimated as 0.68
mmol/h compared to the experimental value of 0.7
mmol/h. The model predicted a substrate conversion
efficiency of 56%, close to the experimental value of
53%. Hydrogen was produced by hydrogenase and
nitrogenase, with the production rate of hydrogenase
higher than that of nitrogenase. The growth rate was the
same for two different objective functions, possibly due
to the nitrogen limitations.

The capability of the hydrogen production on sucrose by
R. palustris was assessed with the results of the
metabolic model. Maximum hydrogen production was
obtained with 10 mmol/h photon flux as the input along
with 5 mM sucrose and 2 mM glutamate for the case of
maximum biomass growth. At higher photon fluxes, H»
production rate decreased and PHB production was
observed to be antagonistic to H2 production for both
objective functions. The most and least effective organic
acid for Hz production was found as acetic acid and
formic acid, respectively. The flux distribution obtained
in this work shows that the addition of organic acids to
sucrose increases Hz production.

The results can be exploited for further studies to
increase yields of hydrogen production. For example,
the pathways for organic acid production can be studied
to propose sucrose/organic acid combinations resulting
in higher yields. Using FBA, intelligent manipulation of
the genome to improve the sucrose metabolism of PNSB
offers the potential to obtain insight into a low cost
hydrogen production system.
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In this study, calcium concentration, calcium chelators, and calcium channel blockers
that could be effective in triggering the heat shock response in Chlamydomonas
reinhardtii were investigated. For this purpose, continuously expressed and heat-
inducible transformant C. reinhardtii strains were used, and heterologously expressed
arylsulfatase activities were detected. After a short time of heat shock at 40°C, cultures
were shifted to 23°C and different concentrations of calcium (0-1 M CaCl,), EGTA (0-
50 mM), BAPTA (0-2 mM), lanthanum (0-300 pM), gadolinium (0-350 uM), and
verapamil (0-100 uM) applications were performed. To compare the arylsulfatase
activity results at the transcript level, HSP70A expression level was analyzed.
Arylsulfatase activity was increased with the increase of the calcium concentration, in
the presence of calcium chelators, blockers, and parallel results were obtained in
HSP70A expression level. These findings support that both extracellular and
intracellular calcium influx is effective in the heat shock response of C. reinhardtii.

Introduction

Global warming showed itself in the form of
heatwaves in recent years and endangers production
efficiency. Each factor that affects production efficiency
also affects the human population and welfare (Sung et
al., 2003). It is predicted that heat waves will be
stronger, long-lasting, and more frequent in the future
(Meehl & Tebaldi, 2004). Therefore, it is imperative to
understand the heat stress response and sensing
mechanism behind generating more heat-tolerant crop
plants by genetic engineering.

The heat stress response (HSR) has been studied in
detail in bacteria, yeast, flies, and mammals, however,
not all concepts have been explained and these may not
apply to plant systems. The main reason for this is the
plastids, which play a central role in the metabolism of
plant cells and contain at least 1300 proteins. Plastids
add an extra level of complexity to these eukaryotic
cells. Therefore, it is clear that a simpler plant model
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organism is needed to study HSR (Schroda et al., 2015).
Chlamydomonas reinhardltii is utilized as a plant model
organism since the 1950s (Harris, 2001). Taking
advantage of the relatively few players in the protein
homeostasis network compared to plants, C. reinhardtii
is a practical model to work for (Schroda & Vallon, 2009;
Schulz-Raffelt et al., 2007).

Increased expression of heat shock protein (HSPs)
genes has been used as a marker to study heat shock
response in many experiments since the expression of
HSPs is a conservative event that occurs in all organisms
exposed to heat stress (Ritgers et al., 2017). The
expression of genes encoding HSPs is induced when
misfolded proteins accumulate in the cell. This was first
demonstrated in Escherichia coli (Goff & Goldberg,
1985). Also in land plants and Chlamydomonas the
accumulation of unfolded proteins was shown to trigger
HSP gene expression (Kurepa et al., 2003; Sugio et al.,
2009; Schmollinger et al., 2013).
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Some studies have suggested that the expression
of HSPs is due to increased fluidity in the plasma
membrane (Gao et al., 2012; Saidi et al., 2009; Suri &
Dhindsa, 2008; Wu et al., 2012). The primary heat
sensors in the plasma membrane of plant cells were
suggested to be calcium channels that open when
membrane fluidity increases, thereby allowing the influx
of extracellular calcium to trigger the HSR (Saidi et al.
2009, 2010). Saidi et al. (2011) suggested that heat
stress in plants is sensed by the entry of extracellular
Ca?* through Ca? channels to the plasma membrane.
Regarding this hypothesis, changes in temperature lead
the membrane fluidity loss. Ca?* influx activates a
calmodulin-dependent  kinase, cyclic adenosine
monophosphate (cAMP) levels increase in heat stress,
thus leading to the activation of cyclic nucleotide-gated
calcium channels (CNGC). Then, the heat shock factor
(HSF) was activated and mediated the expression of
heat stress genes. Stimulation and expression of HSPs
allow the cell to restore protein homeostasis while HSF
is inactivated, and then the response is weakened. The
role of calcium as a secondary messenger in heat shock
signal transduction in Chlamydomonas has been
controversial, insufficient therefore more studies are
needed (Gong et al., 1998; Saidi et al., 2009; Gao et al.,
2012; Zheng et al., 2012; Schroda et al., 2015).

The most powerful technique for evaluating the
effect of a mutation in a promoter is to use a reporter
gene whose expression can be detected and quantified
a short time after transformation. A handful of reporter
genes have been codon optimized in Chlamydomonas
nuclear genome, including luciferase (Fuhrmann et al.,

containing plasmid), pCB803 (HSP70A-ARS containing
plasmid) were kindly provided from M. Schroda
(Technical University of Kaiserslautern, Germany)
(Schroda et al., 2000), and C. reinhardtii nuclear
transformation was performed using glass beads
method (Kindle, 1990), and HSP70A 1lI-1 and BTub 1I-32
transformants were used from our previous study as
recombinant strains (Sevgi & Demirkan, 2021). C.
reinhardtii recombinant strain HSP70A 1lI-1 (containing
HSP70A promoter and ARS reporter gene) and C.
reinhardtii recombinant strain BTub 1I-32 (containing
B2TUB promoter and ARS reporter gene) were grown in
Tris Acetate Phosphate (TAP) medium under continuous
light (14 umol E.m2s!) on a rotatory shaker at 23°C and
150 rpm (Harris, 2001). Then in total, ~10% cells were
centrifuged at 3500 rpm for 3 min and the pellet was
transferred to 30 mL TAP medium in 100 mL flasks which
were adjusted before to 40°C. The pellet was added to
the medium, kept at 40°C for 5 min, and immediately
shifted to 23°C for calcium applications.

Effect of calcium concentration, calcium ion channel
blockers, and calcium chelators

Different concentrations of calcium (CaClz; 0 mM,
100 mM, 250 mM, 500 mM, 1M), EGTA (triethylene
glycol diamine tetraacetic acid) (0 mM, 1 mM, 50 mM),
BAPTA (1,2-bis [0-aminophenoxy] ethane-N,N,N',N'-
tetraacetic acid) (0 mM, 1 mM, 2 mM), lanthanum (0
UM, 10 pM, 75 uM, 100 pM, 150 pM, 300 pM),
gadolinium (0 uM, 100 pM, 150 pM, 250 pM, 300 pM,
350 uM), and verapamil (0 pM, 10 uM, 100 uM)
(Sangwan et al., 2002) were used to investigate the

2004; Shao & Bock 2008), green fluorescent protein
(Fuhrmann et al., 1999), xylanase (Rasala et al., 2012),
and recently several additional fluorescents (Rasala et
al., 2013). However, even with these optimized
reporters, signal is low and expensive to detect. Instead
heterologously expressed arylsulphatase (ARS), can be
detected by simple and sensitive colorimetric assay.
Also, almost completely secretes into the surrounding
medium by cells lacking a cell wall and allows detectable
enzymatic activity in culture media (Hostos et al., 1988;
Ohresser et al., 1997). Therefore, ARS was utilized as a
strong reporter for quantitative analysis of gene
expression in this work.

In this study, calcium concentration, calcium
channel blockers (lanthanum, gadolinium, and
verapamil), and chelators (EGTA and BAPTA) were used
to determine whether calcium affects triggering the
heat shock response using inducible HSP70A promoter,
continuously expressing 82TUB promoter and the ARS
reporter.

Materials and Methods

Strains and culture conditions

C. reinhardtii strain cw15-302 (arg7’), c124, and
plasmids pCB412 (ARG7 [Arginynosuccinate lyase]
marker gene-containing plasmid), pJD55 (62TUB-ARS

effects on heat shock response. Thus, continuously
expressed (BTub I1-32) and heat-inducible (HSP70A 111-1)
recombinant C.reinhardtii strains were grown at 23°C
with continuous light (CL) until the cell density reached
approximately ~10° cells/mL. After a short time heat
shock, calcium, calcium chelator, and blocker
applications were performed. For this purpose, a total of
~108 cells were centrifuged at 3500 rpm at room
temperature for 3 min and the pellet was added to 30
ml TAP media at 40°C for 5 minutes then again ~108 cells
were added to 30 mL TAP media containing calcium,
calcium chelators, and ion channel blockers at different
concentrations. The ARS activities were compared with
the control (OmM).

Arylsulfatase enzyme activity assay

Arylsulfatase (ARS) activity was determined
according to Ohresser et al. (1997). ARS is the a-
naphthol concentration formed in 1 h at 37°C according
to the total amount of chlorophyll (ug a-naphtol/ug
chlorophyll h). Chlorophyll concentration was detected
according to Porra et al. (1989).

500 pl of culture (~1082 cells/mL) were pelleted by
centrifugation and the supernatant was used for ARS
assay according to Ohresser et al. (1997). 500 ul of the
reaction mixture contained 400 ul supernatant, 0.4 M
glycine-NaOH buffer pH 9.0, 10 mM imidazole, and the
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enzyme-substrate 0.3 mM 5-bromo-4 chloro-
indolylsulphate (X-SO4). The samples were incubated
for 1 h at 37°C with X-SO4 then the reaction was stopped
with 500 pl of 4% SDS in 0.2 M Na acetate buffer pH 4.8
and 100 pl of 10 mg/mL tetrazotized-o-dianisidine
(Sigma). This compound unites with the a-naphthol
released in the reaction, an SDS soluble purple
precipitate occurs. The ARS activity was measured at
540 nm within 2 min after the addition of tetrazotized-
o-dianisidine, and the activity was expressed as pg
naphthol per pug chlorophyll (chl) in the cell pellet per h
at37°C.

RNA extraction and gene expression analysis

HSP70A and Chlamydomonas B-subunit-like
polypeptide (CBLP) expressions were measured by RT-
PCR and compared with ARS activity results. For this
purpose, 2 x 107 cells were collected for RNA extraction
using the NucleoSpin RNA Plant Kit (Macherey-Nagel,
Diren, Germany) by following the manufacturer's
instructions. DNA contaminations were removed with
Turbo DNase (RNase-free; Ambion, Massachusetts,
USA). RT-PCR experiments were perfomed with using a
OneTaq One-Step RT-PCR Kit (NEB, Massachusetts, USA)
by StepOnePlus™ Real-Time PCR System (Applied
Biosystems, Massachusetts, USA) (10 min 48°C, 10 min
95°C; 60 s were set at 65°C for a total of 40 cycles).
Samples without a template or reverse transcriptase
were always included as control.
HSP70AroGATCGAGCGCATGGTGC,
HSP70AreyTCCATCGACTCCTTGTCCG,
CBLProrGCCACACCGAGTGGGTGTCGTGCG,
CBLPreyCCTTGCCGCCCGAGGCGCACAGCG primers were
used. The relative quantification of gene expressions
was analyzed by the 22 method. The protocols of
Livak & Schmittgen (2001) was used. HSP70A and CBLP
expressions were measured by RT-PCR and compared
with ARS activity results.

Statistical analysis

Data were expressed as mean and standard
deviation (SD). Statistical analyses were performed
using GraphPad Prism 9.2.0 (Demo Version; GraphPad,
San Diego, CA) statistical package program. An
independent sample t-test was applied to examine the
effect of calcium, calcium chelators, and blockers at the
transcript level. The significance was calculated using
Student's t-test. A value of p<0.05 was considered
statistically significant.

Results and Discussion

In this study, the effect of calcium, which is thought
to be effective in membrane fluidity and heat shock
response, on HSP70A expression using C. reinhardtii
recombinant strains (HSP70A 1lI-1 and BTub 1I-32) was
investigated by using strong promoter (HSP70A and
BTub) and reporter (ARS) genes.

Many studies have been performed on perception
and response of heat stress in Chlamydomonas, plants
and other organisms (Morimoto, 1998; Schroda et al.,
2000; Schmollinger et al., 2013). Temperature changes
may alter the fluidity of biological membranes, which
may impair the barrier function of membranes between
intercellular compartments and the activity of integral
membrane proteins (Saidi et al., 2011). For
Chlamydomonas, it is still being investigated whether
heat shock can be perceived by changes in membrane
fluidity, unlike land plants. Some studies in plant cells
support that the primary heat sensors in the plasma
membrane are calcium channels (Gao et al., 2012; Liu et
al., 2003; Suri & Dhindsa, 2008; Saidi et al., 2009; Wu et
al., 2012). Results from some studies indicated that
calcium accumulating in the cytosol of heat-stressed
cells was only derived from extracellular stores
(Sangwan et al., 2002; Saidi et al., 2009; Wu et al., 2012),
other studies also pointed to intracellular calcium stores
asasource (Gong et al., 1998; Zheng et al., 2012). Inland
plants, the influx of extracellular calcium was found to
be substantial as the HSR was diminished when calcium
chelators EGTA or BAPTA, or the calcium ion channel
blockers lanthanum, gadolinium or verapamil were
applied prior to HS (Heat Shock) (Link et al., 2002;
Sangwan et al., 2002; Liu et al., 2003; Suri & Dhindsa,
2008; Saidi et al., 2009; Gao et al., 2012; Wu et al., 2012).

As the first step, the possible effect of extracellular
calcium on the heat shock response was analyzed in
recombinant strains of C. reinhardtii (HSP70A Ill-1 and
B2TUB 11-32). Secondly, different concentrations of
calcium chelators EGTA and BAPTA and the calcium ion
channel blockers lanthanum, gadolinium or verapamil
were applied to recombinant C. reinhardetii strains. The
highest ARS activity was obtained in transformant
HSP70A 11I-1 as 1338 pg-anaphthol/ug chl at 100 mM
calcium and the enzyme increased 4.5 times compared
to the control. A sharp decrease was observed in ARS
activity at concentrations between 100 mM and 150
mM while a slight increase was observed at
concentrations between 150 mM-500 mM. This
indicates that HSR may have been triggered by opening
calcium channels in the cell membrane and allowing
calcium flow into the cell. Therefore, it seems that
calcium played a role as a second messenger. In the
positive control strain B2TUB I1-32 ARS activity remained
constant as expected (Figure 1). Wu et al. (2012)
reported that HS-triggered rapid increases in Ca?* in
cytosol is important in mediating downstream HS-
related gene expression for the acquisition of
thermotolerance in rice. Saidi et al. (2009) suggest that
early sensing of mild temperature increments occurs at
the plasma membrane of plant cells independently from
cytosolic protein unfolding and the heat signal is
translated into an effective HSR by way of a specific
membrane-regulated  Ca?* influx, leading to
thermotolerance.
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Figure 1. The ARS enzyme activities (ug o-naphtol/ug
chlorophyll h) of recombinant C. reinhardtii strains (HSP70A I11-
1 and B,TUB 11-32) at different CaCl, concentrations (0-500
mM). The data presented are meant SD of three independent
experiments. SD, Standard Deviation.

In the studies with Ca chelators and blockers, it was
observed that as the EGTA concentration increased, the
ARS enzyme activity is also increased in the HSP70A IlI-1
transformant (Figure 2). When the EGTA concentration
reached 50 mM, the amount of ARS increased
approximately 5 times compared to control (0mM)
(Figure 2a). In BAPTA, this increase is 4 times (Figure 2b).
According to ARS activity results, it can be said that the
heat stress response was triggered in the presence of
calcium chelators, EGTA, and BAPTA. The induction of
ARS activity in the presence of EGTA and BAPTA may be
due to the insufficient concentration of calcium
chelators or the excessive calcium flow released from
the intracellular calcium stores. Schmollinger et al.
(2013) obtained inconsistent role of extracellular
calcium in mediating the HSR with Chlamydomonas,
while washed cells treated with calcium chelator BAPTA
displayed a delayed and less pronounced induction of
HSP gene expression and reduced thermotolerance
under HS, washed cells supplemented with EGTA
behaved like controls. Zheng et al. (2012) found that the
intracellular calcium (Ca?*) increased rapidly after HS in
the Ca?*/calmodulin HS signal transduction pathway.
Our results support both the role of extracellular and
intracellular calcium utilization in heat stress induction.
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Figure 2. The ARS enzyme activities (ug a-naphtol/ug
chlorophyll h) of recombinant C. reinhardtii strains (HSP70A Il1-
1and B,TUB II-32) at different EGTA (0-50 mM) (a), and BAPTA
(0-2 mM) concentrations (b). The data presented are meant

SD of three independent experiments.

The effect of different concentrations of calcium
channel blockers (lanthanum, gadolinium, and
verapamil) on ARS enzyme activity was also
investigated. In the presence of lanthanum, ARS activity

increased approximately 4-fold for HSP70A Ill-1 at 75uM
concentration (Figure 3a). At 100 uM lanthanum
concentration, the activity decreased considerably.
When the gadolinium concentration was examined, it
was determined that the ARS activity increased 4 times
at 150 pM in the HSP70A llI-1 transformant (Figure 3b).
In the presence of different concentrations of another
calcium channel blocker, verapamil, the ARS enzyme
activity in the HSP70A 1lI-1 transformant increased 2.5
times at 10 uM compared to the control, while this
increase was 4.9 times at 100 uM (Figure 3c). As
expected, ARS activity was stable in the transformant
B2TUB I11-32 at all concentrations of lockers. It has been
reported that the blockers inhibit HS detection/signal
transmission (Lancaster & Batchelor, 2000; Saoudi et al.,
2004). In our study, it was determined that the response
was triggered in the presence of calcium blockers.
However, decreases in ARS activity or stability at high
concentrations of lanthanum and gadolinium suggest
that they act as calcium blockers. It has been stated that
the extracellular calcium influx in plants is mediated by
the opening of specific calcium channels as a result of
increased membrane fluidity at high temperatures (Saidi
et al., 2009).
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Figure 3. The ARS enzyme activities (ug a-naphtol/ug
chlorophyll h) of recombinant C. reinhardtii strains (HSP70A IlI-
1 and B,TUB II-32) at different lanthanum (0-300 uM) (a),
gadolinium (0-350 uM) (b), verapamil concentrations (0, 10,
100 uM) (c). The data presented are meant SD of three
independent experiments.

All results were evaluated comparatively with RT-
PCR. As a result, transcript expressions were in parallel
with ARS activities in the samples exposed to different
concentrations of EGTA, BAPTA, lanthanum, gadolinium,
and verapamil (Figure 4).
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Figure 4. The ARS enzyme activities (ug a-naphtol/ug chlorophyll h) and relative HSP70A expression levels of recombinant C.
reinhardtii strain HSP70A I1I-1 at different calcium concentrations (a), exposure to different concentrations of EGTA (b), and BAPTA
(c), lanthanum (d), gadolinium (e), and verapamil (f) as determined by gPCR. The results show the mean of the data from three qPCR
replicates and two biological replicates. The highest expression level of the respective transcript was set to 100%. Student's t-test

was used for statistical analysis of the samples. *, P< 0.05

Conclusion

This study was aimed to investigate the effect of
calcium concentration, calcium channel blockers, and
chelators triggering the heat shock response. Our results
demonstrated increase in calcium concentration, the
presence of calcium chelators and blockers induced the
increase in ARS activity. ARS induction was also
confirmed by gRT-PCR analysis. The increase in HSP70A
transcript expression levels support that the selective
ARS reporter gene used in the study is favorable.
Overall, our results suggest that both extracellular and
intracellular calcium influx was shown to be effective in
heat shock response in C. reinhardtii. However, further
studies investigating the molecular mechanisms are
required.
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Introduction

Abstract

The influence of various carbon sources as bioflocs on relative immunological gene
expression, haematology, growth, and microbial community in Clarias gariepinus
juvenile culture is investigated in this study. The bioflocs groups (four) were created
by daily supplementation with four carbon sources (cassava peel, tapioca, wheat offal,
and brewery waste) with a carbon-nitrogen ratio of 20 and the control without carbon
addition. The juvenile Clarias gariepinus (8.16 + 0.2 g) was stocked into each bioflocs
system and reared for 72 days. The results revealed that the water quality parameter
and survival rate differed significantly across the treatments. The microbial community
revealed that there were differences in bacterial intensity and diversity among the
various culture systems. The haematological parameters between the treatments
showed a significant difference p<0.05 in the challenged test. qRT-PCR was used to
assess immune-related gene expression, and four immune genes (/L-10, TNF-a, TGF-6,
IL-18) were shown to be increased. As a result, the bioflocs system can be considered
to boost innate immunity and immune-related gene expression. Overall, this research
found that using bioflocs technology can help with immunostimulation, and that the
effect is independent of the organic carbon utilised to keep the fish alive.

sustainability in feed management is also an important
aspect of the production intensification of any aquatic

An ecologically important and commercially valued
fish for sub-Sahara Africa especially Nigerian
aquaculture industry is the African catfish, Clarias
gariepinus, belonging to the family Claridae (Ita, 1980).
Clarias gariepinus is generally and widely cultivated in
ponds because of their ability to survive in captivity, they
also occur freely in natural freshwaters in Nigeria
(Adebayo & Daramola, 2013). The current demand for
fish protein has led to the intensification of aquaculture
to make fish available to the growing population,
therefore, increasing productivity per unit space is
accomplished by increasing the stocking density of fish.
Due to limited control over pathogens, health
protection and biosecurity are major challenges to
production intensification (Xie & Yu, 2007). Attaining
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organism.

The scientific community's understanding of the
genus Aeromonas has also evolved. Initially,
aeromonads were only recognised as producing
systemic disorders in poikilothermic animals. The genus
Aeromonas is now recognised not only as a significant
disease-causing pathogen of fish and other cold-
blooded animals, but also as the causative agent for a
variety of infectious problems in both
immunocompetent and immunocompromised people
(Janda & Abbott, 2010). Mesophilic species (A.
hydrophila and A. veronii) infect fish with a similar range
of diseases, including motile Aeromonas septicemia
(hemorrhagic septicemia) in carp, tilapia, perch, catfish,
and salmon, and a red sore disease in carp, tilapia,
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perch, catfish, and salmon, and ulcerative infections in
catfish, cod, carp, and goby (Joseph & Carnahan, 1994;
Ture et al., 2018). Over the last decade, mesophilic
Aeromonas species, most notably A. hydrophila, have
been connected to massive die-offs and fish kills all over
the world, resulting in enormous economic losses. A.
hydrophila is a pathogenic bacterium that is found all
over the world, especially in warm water. They are
gram-negative, motile rods with oxidase and catalase
activity, as well as fermentative (Sabur, 2006). MAS is
caused by the bacterium A. hydrophila (motile
Aeromonas septicemia). This disease affects both
farmed and wild fish, however fish in intensive culture
systems are more sensitive to the disease condition
caused by A. hydrophila.

Bioflocs technology is a method of improving water
quality by adding extra carbon to the aquaculture
system, either from an external source or by increasing
the carbon content of the feed. This approach
encourages bacterial growth to take up nitrogen,
resulting in a faster decrease in ammonium content than
nitrification (Hargreaves, 2006). This biotechnological
approach has proved efficient in improving water
quality and feed usage efficiency compared to
conventional practices for farming of Tilapia and
Litopenaeus vannameij (Avnimelech, 1999; Milstein et
al., 2001). The bioflocs rearing system has been
developed to implement the use of minimum water
exchange and usage in aquaculture ponds, through
maintaining adequate water quality within the culture
unit as well as producing heterotrophic media and a
multiphasic feed source that can serve as food for
aquatic organisms (Avnimelech, 1999; Crab et al., 2007;
Crab, 2010), invented the bioflocs rearing system to
execute minimum water exchange and water utilisation
in aquaculture ponds, which improves aquatic
creatures' nutritional and reproductive performance
(Emerenciano et al., 2013). It has been hypothesised
that biofouling could be reduced as a result of the
minimum water exchange.

Bioflocs keeps pathogens out of ponds and disease
outbreaks from spreading between farms (Crab et al.
2010). Recent studies have evaluated probiotic effects
of bioflocs and role in immune response mechanisms in
an attempt to demonstrate its benefits to aquatic
organisms' health (Wang et al., 2013; Ahmad et al.,
2016), suggesting that disease can be prevented in fish
using this sustainable rearing system (Wang et al., 2013;
Ahmad et al.,, 2016; Liu et al., 2016). In terms of
conferring immunological benefits, C/N ratios in bioflocs
improved the innate immune response and antioxidant
status in various species of shell and finfishes when
challenged with a disease-causing organism (bacteria)
(Xu & Pan, 2013; Ekasari et al., 2014; Ahmad et al.,
2016), implying that disease can be prevented in fish
using this sustainable rearing system. The study aimed
at determining how different carbon sources used in
bioflocs affect immunological parameters and immune-

related gene expression in the C. gariepinus challenged
with A. hydrophilia.

Materials and Methods

Experimental design

Approximately 1000 Clarias gariepinus Juvenile
(Initial weight 8.21 + 0.3g) was obtained from the
Department of Fisheries and Aquaculture Technology
Teaching and Research Farm, the Federal University of
Technology Akure and acclimated in a water volume of
100L. Acclimation to experimental conditions was
carried for 14 days within the facilities of the institution,
and during this period, the juveniles were fed with a
commercial diet two times daily (08.00 and 18.00 h) at
3% of their body weight.

T1 (Clearwater), T2 (Cassava peel as a carbon
source), T3 (Tapioca as a carbon source), T4 (Wheat offal
as a carbon source), T5 (Brewery waste as a carbon
source) were the five treatment groups, four bioflocs
treatments, and one control in triplicate with a water
volume of 500 L. Collecting Pond bottom soil from a
reputed fish farm was used to make the inoculum. In
glass tanks (5L), inoculum was made by mixing 20g of
pond bottom soil with 1 L of well-aerated water
containing 10mg L ammonium sulphate (NH)4SO4 and
400 mg L of various carbon sources (tapioca, wheat
offal, brewery, and cassava peel). For 24 h, the
suspension was incubated for the development of
microbial growth.

The prepared inoculum was added to the
respective experimental groups after floc formation, the
tank was aerated for 7 days to ensure optimum floc
formation, and carbon sources were added at a rate of
20 g of carbon source per 1 g of TAN as described by
(Avnimelech, 1999) who assumed that 20 g of carbon
source is required to convert 1 g of TAN, and (Ebeling et
al., 2006) to provide an initial substrate and stimulate
the growth of all the treatment groups, 100 fish per tank
(2 x 1 x 1 m®) were stocked. Every week, 70% of the
water in the control group was replaced with fresh
water, whereas there was no water exchange in the
bioflocs based groups. Evaporation losses were
corrected with dechlorinated fluids to account for the
bioflocs' variation and achieve optimal experimental
conditions. The experimental fish were fed with
commercial diets at 3% of their body weight under
continuous aeration using air blower installed at 10 lines
(5 I/min per line).

The determination of the required amount of
carbon to reduce the total ammoniacal nitrogen was
calculated as follows:

Calculation 1: (Carbon Nitrogen (C: N) content in the feed)

Kg of feed x 0.9(90% dry matter) X 0.7(30% of fish assimilation
2(Carbon content of the feed ~50% based on dry matter

¥ Kg of feed x 0.9(90% dry matter) x 0.7(30% of fish assimilation x Crude protein of feed(%)
: 6.25(constant)
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Calculation 2: (Adjusting the Carbon Nitrogen Ratio (C: N)

C:N of 20:1 = (N(Nitrogen content in feed) x 20) — C(Carbon content in feed) x 2

Haematological indices

Blood samples were obtained by caudal vein-
puncture using a syringe and dispensed into a sample
bottle containing ethylene diamine tetra-acetic (5 mL
EDTA) as an anticoagulant after five experimental fish
were taken from each experimental tank and sedated
with clove oil (50 mg LY).

Svobodova et al. (1991) described a method for
analysing blood parameters (RBC, HB, WBC, PCV, MCV,
MCHC, and MCH). The haematocrit (Ht) was evaluated
using the microcentrifuge technique, and the white
blood cell (WBC) and red blood cell (RBC) were
determined using a haemocytometer. The Ht, HB, and
RBC values were used to determine the MCV, MCH, and
MCHC.

Microbial community analysis

The APHA (1998) approach was used to
characterise the bioflocs and hindgut bacterial
populations of the experimental fish under each
treatment. 1 mL of the sample was transferred into 9 mL
of sterile distilled water in a bottle at the end of the
experiment to obtain dilutions 107, and 1 mL from the
previous dilution was transferred into another 9mL of
sterile distilled water to obtain dilutions 102 and up to
105, respectively, using a sterile pipette. After that, 1ImL
of each sample from dilutions, 10* and 10 was put into
sterile Petri-dishes. Each plate was then filled with 20 mL
of molten sterile nutritional agar that had been cooled
to 45 °C. After gently swirling the plates and allowing
them to harden, they were incubated at 37 °C for 24 h.
The plates were checked for growing colonies after 24 h.
The colonies were counted and their morphological
features were recorded. Representative colonies were
chosen and sub-cultured on new nutrient agar multiple
times until pure cultures were produced. The bacteria
were identified using morphological characteristics of
the colonies and biochemical assays was performed on
each isolate. To establish pure cultures for identification
of fungi, representative colonies were chosen and sub-
cultured onto fresh potato dextrose agar. Fungal
taxonomic identification was used to identify isolates.
The hyphae of the fungal isolates were mounted
aseptically on a microscopic slide and given a drop of
lactophenol cotton blue before being covered with a
coverslip. The slide was examined under the microscope
with an x40 objective lens.

Challenge test

The experimental fish in different bioflocs system
were exposed to pathogenic strain of A. hydrophilia
(MPSTR 2143), mildly pathogenic strain (Animal care
Laboratory Ogere), grown on a brain heart infusion
broth (EM Science, Darmstadt Germany) in a shaking
bath 27 °C overnight in the Department of microbiology
Federal University of Technology, Akure. The

concentration of bacterial suspension was determined
by the serial plate count method and diluted to 9.3x10°
CFU. Prior to challenge test, lethal dose (LDso-96n) of A.
hydrophilia (MPSTR 2143) against C. gariepinus was
determined. Fifteen individuals of C. gariepinus were
distributed in four tanks in duplicate (120 fish) and
maintained without feed till 96 h. The fishes were
injected intraperitoneally with 1mL of A. hydrophilia
(MPSTR 2143) suspension with the concentrations: 1 x
10° CFUmL?, 1 x 10® CFUmL™, 1 x 107 CFU/mL and O
CFUmL? (control, using 500uL of physiological solution
0.9% NaCl). The percentage of mortality was calculated
at 24 h, 48 h, 72 h, and 96 h, respectively as described
by Abbott (1925) and the LDso was determined with
Probit analysis. For the challenge test, fifty fish were
challenged by A. hydrophila (10 fish/ group) by intra-
peritoneal injection of 0.5 mL of bacterial suspension
using 2 ml Insulin syringe at a concentration of 1.7x 10°
CFUmML?! of bacterial culture/fish for A. hydrophila
obtained from lethal dose (LDso-96h). Injected fish were
observed for up to 14 days for daily monitoring of
symptoms. Mortality and survival were monitored and
recorded. Survival at the end of 14 days post-infection
was calculated using the following formula (Amend
1981).

Relative percentage survival (RPS)
_ Number of surviving fishes after challenge

Number of fish bathed with bacteria 100

Tissue sampling

After 14 days of being challenged with A.
hydrophila, liver samples were taken from the various
treatments by slicing the fish to reveal the visceral
organs. About 50mg of liver was sliced off and placed in
1.5 mL microcentrifuge tubes, which were kept on ice to
prevent RNA denaturation owing to temperature
changes. The collected materials were transported to
the lab, fixed in RNA, and kept at -20 °C until RNA
extraction was completed.

RNA extraction

Total RNA was isolated from liver tissue of A.
hydrophila treated and control C. gariepinus using Trizol
reagent. The purity and quantity of isolated total RNA
was quantified using Nanodrop™ Thermo Scientific at
the 260:280 ratio. After, the extracted RNA was kept at
-20 °C till further use.

cDNA synthesis and quantitative Real Time-PCR
Subsequently, complementary DNA (cDNA) was
produced according to the manufacturer's procedure
using a cDNA synthesis kit (Bio-iScript Rad's cDNA
synthesis kit). With 8-actin and Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as a housekeeping
gene, specific primers for gene expression were
constructed to amplify the targeted genes. The qRT-PCR
analysis was performed using the Bio-Rad CFX96 Touch
Real time PCR detection equipment and Sso Advanced
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Universal SYBR green supermix (Bio-Rad) according to
the manufacturer's instructions and modified by Plaza-

Diaz et al. (2014) technique.

Data and statistical analysis

For all genes and samples, the Ct was calculated.
The comparative Ct method was used to calculate the
relative quantitation of TNF-a, IL-18, IL-10, and TGF-6.
The target gene's relative quantification value was
standardised to an endogenous control and expressed
as 2-Ct relative to the calibrator. Ct is equal to the Ct of
the target gene (TNF-a, IL-18, IL-10, and TGF-8) minus
the Ct of the endogenous control gene (GAPDH and 6-
actin) in this investigation. Ct is equal to the sample's Ct
minus the calibrator's Ct. The fold change in expression
levels was computed by dividing the treated sample's
relative gene expression value by the negative control's
relative gene expression value. Statistical analyses were
performed with one-way analysis of variance (ANOVA)
and Dunnett's test to compare differences between the
treatment groups and the negative control group, and
the data were tested for normality and heterogeneity of
variance using the Kolmogorov-Smirnov test and
Levene's test, respectively. Multiple comparisons were
taken into account when calculating the p-values.
Graphpad Prism version 8.0 was used to visualise the
results.

All data were subjected to an analysis of variance
(ANOVA) with a significance level of 0.05 (95%
confidence), and the findings were given as Mean SE. To
look for significant changes between the treatments,
Duncan's multiple range tests were utilised. IBM SPSS
statistics version 22 for Windows was used to conduct
all of the analyses. Prior to statistical analysis, Log 2
Transformation was performed.

Results

The growth performance of Clarias gariepinus
showed no significant difference (p<0.05) in the weight
gain, FCR and SGR (Table 1), although a significant
difference p<0.05 was observed in the relative survival
recorded in tapioca-based treatment 76.00+1.50 and
lowest in control 50+£10.00 (Figure 1).

The haematological parameters (PCV, HB, RBC,
WBC, MCH, MCV, and MCHC) of Clarias gariepinus
raised in bioflocs systems before and after challenge
with A. hydrophilia is shown in Table 2. The
haematological parameters were significantly different
p<0.05 but tapioca was observed to be the lowest

compared to the control and other bioflocs systems.
WBC showed no significant difference among the
treatments group.

The haematological parameters (PCV, HB, RBC,
WBC, MCH, MCV, and MCHC) of Clarias gariepinus
raised in bioflocs systems before and after challenge
with A. hydrophilia is shown in Table 2. The
haematological parameters were significantly different
p<0.05 but tapioca was observed to be the lowest
compared to the control and other bioflocs systems.
WBC showed no significant difference among the
treatments group.
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Figure 1. Relative percentage survival of C. gariepinus in
different treatment groups.

The haematological parameters (PCV, HB, RBC,
WBC, MCH, MCV, and MCHC) of Clarias gariepinus
raised in bioflocs systems before and after challenge
with A. hydrophilia is shown in Table 2. The
haematological parameters were significantly different
p<0.05 but tapioca was observed to be the lowest
compared to the control and other bioflocs systems.
WBC showed no significant difference among the
treatments group.

Gram-negative bacilli bacterial colonies from the
Enterobacteriaceae family were detected, including
Proteus sp., Klebsiella sp., Shigella sp., and Escherichia
coli (Table 3). A group of sporulated gram-positive bacilli
linked to lactobacillus and bacteria that are functionally
referred to as cocci has been discovered. The presence
or absence of the indicated bacterium species in the
culture media, as well as heterotrophic bacteria, was a
common occurrence.

Colonies from the family Hypocreaceae, which
included Trichoderma sp., the family Trichomaceae,
which included colonies from Aspergillus sp. and
Penicillum chysogenum were among the groups
detected (Table 4). A group of filamentous fungi was
discovered, including Fusarium sp. colonies and the

Table 1. Growth performance of C. gariepinus juveniles raised in bioflocs systems

Treatments Control Cassava peel Tapioca Wheat offal Brewery waste
Initial (g) 8.13+0.48 8.07+0.56 8.18+0.25 8.61+0.01 8.6210.07

Final (g) 88.4515.45 81.30+2.20 90.35%+3.25 81.70+22.16 77.10£2.20
Weight gain (g) 80.311+5.93 73.2312.76 82.16%3.50 73.08+22.09 68.471+2.14
SGR 2.98+0.15 2.89+0.12 3.00+0.08 2.76+0.35 2.74+0.03

FCR 0.6610.05 0.72+0.03 0.6410.03 0.7910.24 0.77+0.02

SGR: Specific growth rate, FCR: Feed conversion ratio
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Table 2. Haematological Parameters of C. gariepinus raised in bioflocs systems

Treatment Control Cassava peel Tapioca Wheat offal Brewery waste
Pre challenge 11.00£0.30° 9.80+0.50%° 9.55+0.15° 10.20+0.20% 10.20+0.50%
HB(g/100ml) Post challenge 12.40+0.30" 10.65+0.65°2 11.20+0.50 11.15+0.152 10.15+0.15°2
Ht (%) Pre challenge 33.00+1.00° 29.50+1.5%° 28.50+0.50° 30.50+0.5020 30.50+1.502b
Post challenge 37.00+1.00° 32.00£2.00° 33.50+1.502b 33.50+0.5020 30.50+0.50°
WBC Pre challenge 5250+450.002 5850+450.00° 6800+300.00° 5150+650.002 5325+725.00°
(x103/mm3) Post challenge 4500.00+£300.002 5725.00+325.00° 5100.00+700.00° 4750.00+250.00° 6250.00+£950.00°
Pre challenge 3.68+0.13" 3.25+0.152% 3.15+0.052 3.35+0.052 3.38+0.18 %
RBC Post challenge 4.1+0.10" 3.53+0.23° 3.73+0.18% 3.73+0.082 3.35+0.05°

Values are expressed as mean * SE. The mean values (n=2) with different superscripts within the same row are significantly different (p<0.05). HB:

haemoglobin, Ht: haematocrit, RBC: red blood cell, WBC: white blood cell

saprophytic fungus Rhizopus sp. The identification of
fungus species and their qualitative characterization to
their presence or absence in the culture media was
noticed.

Table 3. Characterization of bacteria isolate in biofloc systems

\ . Wh Brewer
Treatment Control  C3553V2 Tapioca eat ewery
peel offal waste

Bacillus sp. - + + + +
Shigella sp. + +
Proteus sp. - + + +
Escherichia coli ~ + - ¥ R +
Staphylococcus

. . + - +
epidermidis
Staphylococcus . ) N .
aureus
Klebsiella sp. + - +

Changes in the expression of all immunological
genes investigated as a result of A. hydrophilla infection
compared to the calibrator sample (Control). When
standardised against GAPDH, the expression levels of
target genes TNF-a, IL-18, TGF-8, and IL-10 revealed a
considerable down-regulation (Figure 2). There was a
substantial difference between the treatments, with
cassava peel notably different from the other
treatments in terms of TNF-a and /L-18 expression.

When normalised against 8-actin, TNF-a, and IL-18
are down-regulated relative to the calibrator sample,
but there is a statistically significant difference (p<0.05)
among the bioflocs treatment, but /L-10 and TGF-8 are
up-regulated with no significant difference among the
bioflocs treatment (Figure 3).

Discussion

The non-significant differences in fish growth
performance in the treatment groups, Weight gain, SGR,

Table 4. Characterization of Fungi isolate in biofloc systems

and FCR, could indicate that the bioflocs system did no
influence on fish development and that the feed was
efficiently utilised by fish produced in the bioflocs
system at a Carbon Nitrogen Ratio of 20. (Avnimelech
2007). There is a sliver of evidence suggesting the biofloc
helped to the fish's development and production, which
contrasts with the findings of Azim & Little (2008), who
found that bioflocs had a low FCR in Oreochromis
niloticus. Increased turbidity owing to bioflocs, which
limits visibility and thus artificial feed intake, could be
attributed to the increased FCR and reduced weight gain
of fish species in the CP+BFT, WO+BFT, and BW+BFT
when compared to the control. When compared with
the control, the survival rate of the fish in the bioflocs
systems were considerably greater (p<0.05). Several
pathogenic species, such as bacteria, fungi, and viruses
have been identified as major limiting factors in fish and
other aquatic animals' growth. A. hydrophilia is the most
prevalent and commonly seen bacterial disease in
tropical regions, causing serious harm to fish output
(Karunasagar et al., 1991). BFT has been demonstrated
to boost fish immune responses, but just a few types of
research have looked in the resistance of aquatic
animals cultivated in bioflocs-based systems to
infectious disease, with no promising results thus far.
Bioflocs-based systems greatly boosted resistance of L.
vannamei to infectious myonecrosis virus and L. rohita
to A. hydrophila, according to Ekasari et al. (2014) and
Ahmad et al. (2016). This is attributable to their better
innate immune responses. Before the bacterial
challenge test, there were no significant differences in
haematological parameters across the treatments in this
study. Although the WBC of the different treatments
showed no significant difference to the control, a higher
value of WBC was observed in the BFT compared to the
control, which could be the result of the destruction of
WBC during macrophagosis in the control group, the
bioflocs group were able to release more antibody to

Treatment Control

Cassava peel

Tapioca Wheat offal Brewery waste

Trichoderma viride +
Fusarium sp. -
Aspergillus niger +
Trichoderma sp. -
Aspergillus flavus -
Fusarium oxysporium -
Penicillium chrysogenum +
Rhizopus stolonifer -

+ - -

+
+ + -
+
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counter the effect. Bioflocs have been shown to be an
effective way of reducing A. hydrophila, a widespread
disease-causing bacterium found all over the world,
especially in intensive freshwater systems (Saavedra et
al., 2004; Zmyslowska et al., 2009). Ulcers,
depigmentation, fraying, and reddening of fins are all
symptoms of A. hydrophila infections, which can be fatal
to C. gariepinus and result in significant economic losses
(FAO, 2016; Kusdarwati et al., 2017). As a result, BFT
could be a good way to protect catfish from A.
hydrophila infection during intensive culture.

Tumor Necrotic Factor (TNF) Interleukin- B (IL-B)

Relative Gene Expression
Relative Gene Expression

(g}
o

Interleukin- 10 (IL-10)

Relative Gene Expression
°
S

Relative Gene Expression

Figure 2. Mean fold change in gene expression + standard
error in four treatment groups for four different genes A, B, C,
D relative to the calibrator sample normalized against GAPDH
(p<0.05).

Microorganisms such as bacteria and protozoa
produce microbial proteins in ponds under aerobic and
anaerobic conditions by decomposing organic debris
and uneaten feed. According to Reddy and Patrick
(1975), the aerobic decomposition process is usually
faster than the anaerobic decomposition process
because the presence of oxygen speeds up the rate of
breakdown. Natural production, nutrient cycling, water
quality, and the nutrition of farmed animals are all
influenced by microorganisms (Moriarty, 1997;
McIntosh et al., 2000). In many cases, the
microorganisms identified as being involved in the
above process are restricted. So yet, only about a
quarter of naturally occurring bacteria have been
isolated and characterised (Muyzer et al., 1993). The
classification of the groups as microorganisms is
common in most BFT culture investigations (Ballester et
al., 2010; Ray et al., 2010; Loureiro et al., 2012;
Emerenciano et al., 2013). As a result, the formation of
a distinct, dominant, uniform, and diverse microbial
community with traits including reproductive strategy,
small size, short life cycle, and broad tolerance to
environmental influences is postulated. These bacteria
can also establish themselves as a result of system
variables such as carbon supply, initial inoculum, and, as

demonstrated in this study, the cultured species'
behavior and nutritional habits.
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Figure 3. Mean fold change in gene expression + standard
error in four treatment groups for four different genes A, B, C,
D relative to the calibrator sample normalized against Actin
(p<0.05).

The microbiota in the system has an impact on nutrient
dynamics; these were characterised for
Enterobacteriaceae, Bacillus, Coccus, and heterotrophic
organisms, which agrees with the findings of Monroy-
Dosta et al.,, (2013) who discovered heterotrophic
bacteria such as Pseudomonas, Bacillus, Vibrios,
Enterobacter, and Micrococcus in the microbial
community connected with the bioflocs in tilapia
culture. In farming settings, this species of bacteria
promotes established channels for the elimination of
hazardous nitrogen compounds. According to Ebeling et
al. (2006), the main routes within the flow of nutrients
in BFT culture systems are nitrogen elimination by
photoautotrophic algae, nitrogen immobilisation by
heterotrophic bacteria of the microbial protein biomass,
and nitrogen chemo-autotrophic oxidation in nitrate by
nitrifying bacteria. Depending on the type and intensity
of the manufacturing system, the relative importance of
each one varies. Although heterotrophic bacteria were
encouraged to immobilise, the system was dominated
by nitrifying bacteria in this study.

The importance of Bacillus colonies, which have
probiotic properties, in the development of fish culture
is underlined because these genera emit a wide range of
exoenzymes and polymers that create a hostile
environment for pathogenic bacteria (Monroy et al.
2010). Although routes of nitrification and recycling of
nitrogen compounds exist under the minimum
requirements of nutrients and the management of
water quality in optimal ranges for the cultivation of the
species, the system is maintained by established
bacterial communities (Ayazo-Gene et al., 2019). The
results of this study show that the presence of specific
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microorganisms varied across treatments, and that a
significant difference in CFU of total bacterial and SFU of
total fungi could be attributed to differences in the
composition of the carbon sources (simple and complex
carbohydrate) used in the experiment, allowing us to
conclude that the fungi and bacterial communities
varied across all treatments. The current microbiota is
linked to the system's dynamics, with a higher
proportion of enterobacteria and heterotrophic
bacteria. The immune system is divided into two parts:
innate (non-specific) and adaptive (specific). Innate
immunity serves as a barrier against infections, foreign
substances, chemical agents, and environmental
changes, and fish rely heavily on it. The innate immune
system of fish is made up of several different
components, each of which serves a specific purpose.
Many research has been conducted to determine and
understand the behavior of immune-related genes in
both normal and pathologic states on Acipenser
dabryanus (Dabry's sturgeon) (Zhang et al., 2018), on
(Carassius auratus) (Qihecrucian carp) (Wang et al.,,
2013, 2016), on Ctenopharyngodon idella (grass carp)
(Gou et al., 2018), on Pelteobagrus fulvidraco (yellow
catfish) (Liu et al., 2016), on channel catfish (Prideon et
al., 2013), and on Oncorhynchus mykiss (rainbow trout)
(Yarahmadi et al., 2016). Inadequate research on C.
gariepinus immune system is a key stumbling block to
understanding immune system development, vaccine
development, and immune stimulant evaluation. In
addition, using marker assisted selection or selective
breeding, bacterial resistance strains can be selected.
There is still a lack of information about C. gariepinus
immune-related genes, as well as evaluation of the
immune response based on immune genes on the mRNA
level following stress induction and bacterial infection.
Due to the current state of C. gariepinus immune
response, it is required to expand research on the
expression of immune-related genes following a
bacterial challenge.  This paper reports on the
expression of immune-related genes in the liver (a
significant immunological organ in fish) of C. gariepinus
maintained in bioflocs systems and challenged with A.
hydrophilia, which will aid in a better understanding of
the disease resistance mechanism.

When determining the biological significance of
changing gene expression profiles, it's crucial to
consider the amount of expression in comparison to the
control (Gorgoglione et al., 2013) Relative quantification
is a widely used approach for analysing gene expression,
and as the name implies, it is an analysis based on the
target gene's expression being normalised relative to
the expression of a control gene (Kheirelseid et al.,
2010). Changes in cytokine gene expression were
detected between treatments and between the
reference genes employed (Table 5). TNF-a and IL-168
were observed in the liver to generate a statistically
significant increase in the fold among the treatments. In
the cascade signaling of pro-inflammatory genes, TNF-a
is most commonly the first cytokine secreted, which

eventually leads to the downstream of /L-18 and other
chemokines. In parasite and bacterial infections,
cytokines such as /L-18 and TNF-a are key and crucial
mediators of pro-inflammatory responses, and they are
frequently co-expressed with other macrophage-
derived inflammatory mediators such as /L-16. The
target genes' fold changes in all treatments, adjusted
against GAPDH, were significantly lower than in the
calibrator sample (Untreated), which could be due to
the presence of probiotic bacteria in the bioflocs culture
medium. These findings matched those of Xiao et al.
(2019), who looked into the effect of Clostridium
butyricum (CB) diet on yellow catfish (Pelteobagrus
fulvidraco).

Table 5. Mean fold change in gene expression for four
different genes in C. gariepinus raised in biofloc systems

Gene Treatment Beta-Actin GAPDH
TGF-8  Control 1.05+0.74 6.60+3.53 "
Cassava peel 0.63+0.92 1.02+0.43
Tapioca 2.71+0.58 0.87+0.07
Wheat offal 1.24+1.07 1.06+0.11
Brewery waste 0.08+0.95 1.60+0.84
TNF-a  Control 3.82+0.83 ™" 11.47+1.97"
Cassava peel 2.19+0.14" 3.84+0.35"
Tapioca 1.12+0.79 2.4210.28
Wheat offal 1.27+0.38 1.45+0.80
Brewery waste 0.89+0.19 2.57+0.08
IL-B Control 0.231#0.76 7.42+3.55"
Cassava peel 1.24+0.67 0.42+0.18
Tapioca 6.22+0.23 *** 2.6410.28
Wheat offal 3.32+0.29 " 3.14+1.47
Brewery waste 1.70+0.34 0.02+0.23
IL-10 Control 6.54+0.23 """ 14.19+2.57""
Cassava peel 6.85+0.10 *** 8.50+0.40 ™"
Tapioca 4.40+1.36™" 8.00+0.85 ™"
Wheat offal 8.16+0.81 """ 8.34+0.37™
Brewery waste 6.78+0.30 """ 8.45+0.19™

The value for the negative control group for each gene and treatment
is always 1 and is therefore not shown. Greater than two-fold
increases or decreases in gene expression relative to the negative
control appear in bold, and statistically significant changes are marked
with asterisks: * = p < 0.05, ** =p <0.01, *** = p < 0.001.

The results showed that downregulation of /L-10
expression in CB treated fish could have resulted in the
anti-inflammatory effect of the probiotic administered
after bacterial challenge. Probiotics have been shown
to be effective against bacterial pathogens in
aquaculture species (Chinabut & Puttinaowarat, 2005;
Rendueles et al., 2012; Plaza-Diaz et al., 2014). The
presence of this probiotic in the bioflocs culture system
can increase the organism's tolerance to pathogenic
invasion by inducing the secretion of anti-inflammatory
cytokines such as IL-10 and TGF-B as standardised
against Actin relative to the calibrator sample, the fold
change seen in this study was down-regulated (TNF-a
and /L-18), with the tapioca-based treatment being the
most down-regulated among the treatments when
compared to the control. This could explain why, in
response to the inflammatory response, pro-
inflammatory genes were activated more in the tapioca-
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based bioflocs than in the other treatments. Other
immune-related signaling pathways and enzyme activity
production are affected by these inflammatory
substances. As a result, /L-18 and TNF-a are two major
pro-inflammatory molecules that can trigger an
inflammatory response by controlling the expression of
other cytokines (Zhang et al., 2018). It's worth noting
that the bioflocs culture technique drastically lowered
TNF-a and IL-18 expression in this study.

The immune response genes TGF-8 and IL-10 in C.
gariepinus were up-regulated in the bioflocs-based
treatments, with the exception of the tapioca-based
bioflocs system, which was down-regulated compared
to a calibrator sample (Untreated). The up-regulation of
these anti-inflammatory cytokines shows that the pro-
inflammatory response began early in the challenge,
since IL-10 was up-regulated in this study compared to
the negative control. /L-10 regulates the immunological
response of the fish by preventing macrophages from
releasing pro-inflammatory cytokines such as TNF-a, IL-
2, and IL-3. TNF, IL-18 may have been down-regulated
because of this. The regulating effect of /L-10 on IL-18
expression has been found in Indian main carp (Catla
catla) (Moore et al.,, 2001; Swain et al., 2011), /L-10
modulates inflammatory responses and potently
inhibits the production of various cytokines including
interleukinl and TNF-a.

TGF-B is a pleiotropic cytokine that regulates
inflammatory response onset and resolution. TGF-8
expression is up-regulated in rainbow trout when
parasite pathogens are produced, according to research,
and infection with IHNV on rainbow trout expression
(Holland et al., 2003; Lindenstrom et al., 2004; Purcell et
al., 2004). In this study, the bioflocs system increased
TGF-8 expression in all treatments when compared to
the calibrator sample, indicating that the fish grown in
the bioflocs system had a higher level of resistance.
Although the fold change was normal in magnitude, it
was statistically significant between the control and
treatment groups.

Conclusion

Due to its numerous advantages, bioflocs
technology is one of the most widely used advanced
culture methods in shrimp and fish farming. It provides
nourishment for the cultured animals and increases the
farm's biosecurity while requiring little or no water
exchange. This study and its findings have shed light on
the impact of bioflocs consumption on C. gariepinus
immunological performance and gene expression. This
provides important information about bioflocs
supplementation in feed and its development in culture
ponds for the maintenance of optimal water quality
parameters, growth performance, and immune gene
regulation in C. gariepinus grow-out culture systems.
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Introduction

Yeast is a eukaryotic microorganism that is widely
used for the fermentation of alcohol or acids to produce

Abstract

Present study aims to explore Pichia kudriavzevii FOL-04 (FOL-04)’s: i) survival against
artificial gastric juice (AGJ) and artificial bile juice (ABJ), ii) growth kinetics in shake flask
(SF) and fed-batch trials (FBT). Survival of FOL-04 as measured by relative cell density
(RCD) against AGJ and ABJ was screened at four different pH-levels (control, 3, 2, 1.5) and
ox-bile concentrations (control, 0.2%, 1%, 2%), respectively. Growth kinetics was
calculated by periodic measurement of ODggo in SF (225 rpm, 30°C) or in FBT using
exponential feeding regimen where pH, dissolved-oxygen and temperature were
controlled at 5.5, 21%, and 30°C, respectively. The doubling-time, maximum specific
growth rate, and final cell densities achieved for SF and FBT were 81.7min, 1.67, 11.79
and 170.4 min, 4.75, 37.95, respectively. RCDs calculated were similar for pH=3 and
control vs both were significantly higher(p<0.05) than pH=1.5 and 2 with the latter two
pH-levels were not significantly different(p>0.05). RCDs were similar across control, 0.2%,
and 1% ox-bile levels(p>0.05). However, 2% ox-bile yielded significantly lower RCD
(p<0.05) compared to all except 1%. FOL-04 is a potential probiotic candidate showing
robustness against AGJ and ABJ and remarkable biomass increase was achieved when
grown under FBT which could pave the way for developing a yeast-based probiotic using
this strain.

strains are also used to manufacture various
traditionally fermented foods (Kurtzman, 2011;
Smukowski Heil et al., 2018). This species is not under
the pathogens list and possesses GRAS status
(Bourdichon et al., 2012) due to its safe use over

different fermented products such as baking dough,
beer, wine, and vinegar. The first use of yeast for
fermentation by humans' dates before 8000 BC (Liti,
2015). Some yeast strains have probiotic characteristics
that help to prevent certain intestinal disorders.
McFarland and Bernasconi (1993) stated that
Saccharomyces boulardii treatment could inhibit
Clostridioides difficile, a toxin secreting bacterium that
causes nosocomial diarrhea in adults.

Strains of Pichia kudriavzevii are widespread in the
environment and are often seen in sporadic
fermentations (Douglass et al., 2018). The P. kudriavzevii

Published by Field Crops Central Research Institute (FCCRI) Ankara, Turkey

centuries to make fermented foods such as cassava and
cacao in Africa, fermented milk in Tibet and Sudan, and
maize beverages in Colombia (Bourdichon et al., 2012).
It is also utilized as a starter culture for Chinese vinegar
and sourdough (De Vuyst et al., 2016; Li et al., 2014). P.
kudriavzevii's potential utilization includes probiotic
applications (Chelliah et al., 2016) owing to its high
stress-tolerance thus displays a growing role in the
biotechnology industry such as production of bioethanol
(Mukherjee et al., 2017; Radecka et al., 2015), succinic
acid, and glycerol (Wang et al., 2001; Xiao et al., 2014).
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Shalgam is a non-alcoholic traditional beverage
manufactured in Turkey. It is produced by lactic acid
fermentation of turnip and red carrot (Karaoglan et al.
2019). Studies showed that predominant microbiota of
Shalgam is composed of lactic acid bacteria (LAB) and
yeast organisms where Lactobacillus plantarum is the
most abundant LAB in Shalgam. There are other LAB in
Shalgam such as L. paracasei, L. brevis, and L. fermentum
(Tanguler & Erten, 2012). Also, several health promoting
compounds exist in Shalgam, such as anthocyanins and
phenolic compounds (Konczak & Zhang, 2004).

Although majority of research on probiotics
focused on lactic acid bacteria, there is a growing trend
on finding new yeast strains carrying probiotic effects
(Hatoum et al., 2012; Kumura et al., 2004; Moslehi-
Jenabian et al., 2010; Perricone et al.,, 2014). As a
general approach, most probiotics are evaluated
according to their capability to survive and subsequently
colonize in the gastrointestinal system. In fact, survival
against gastrointestinal conditions and the ability to
attach to the intestinal mucosa is crucial to reach the
target organ in certain numbers to confer health
benefits to the hosts (Ouwehand et al., 2002). In the
gastrointestinal tract, firstly, probiotics must pass
through the harsh acidic conditions of the stomach that
exerts a strong barrier for entry to the gut (Greppi et al.,
2017).

To date, relatively few artificial gastric juice and
artificial bile juice survival tests, which are the
fundamental challenge conditions that probiotics come
across when ingested (Sun & Griffiths, 2000; Yetiman et

DNA Isolation and PCR

DNA of the yeast sample was isolated with
MACHEREY-NAGEL’s NucleoSpin® Microbial DNA Mini
kit according to yeast DNA extraction protocol. The
following primers were used to amplify the 5.85-ITS
rRNA region and D1/D2 domains of the 26S rRNA region:
ITS1 (5'-TCCGTAGGTGAACCTGCGG-3’),
ITS4 (5’ -TCCTCCGCTTATTGATATGC-3'),
NL1 (5’-GCATATCAATAAGCGGAGGAAAAG-3’),
NL4 (5'-GGTCCGTGTTTCAAGACGG-3'), respectively.

Reagents of PCR amplification (EasyTaq® DNA
Polymerase, 10X EasyTaq ® Buffer, 2.5 mM dNTPs, 6X
DNA loading dye) was obtained from Transgen Biotech,
otherwise specified. A 50 pl of total PCR master mix was
prepared by adding 1 pL of templated DNA, forward and
reverse primers at 0.2 uM final concentration, EasyTaq®
buffer at 1X final concentration, dNTPs at 0.2 uM final
concentration, 0.5 pL of EasyTaq® DNA polymerase, and
37.5 uL of nuclease-free water. Thermal cycling started
with the first denaturation at 95°C for 5 minutes. Then,
it continued with denaturation at 94°C for 30 seconds,
annealing at 55°C for ITS1/4, 52.5°C for NL1/4 for 30
seconds. After annealing, samples were extended at
72°C for 2 minutes. Denaturation, annealing, and
extension phases were repeated 36 times. Samples
were incubated at 72°C for 10 minutes for the last
extension, followed by running samples on agarose gel,
and the NL amplified DNA fragment was sent for Sanger
sequencing. The sequencing results were analyzed at
the BLAST at blast.ncbi.nlm.nih.gov (Altschul et al.
1990).

al., 2022; Klaenhammer & Kleeman, 1981; Song et. al.,
2003), were explored for P. kudriavzevii strains. Also,
bioprocess studies targeting P. kudriavzevii microbial
biomass production characteristics are limited if any. To
fill those gaps in the literature i) survival of a novel P.
kudriavzevii strain FOL-04, isolated from traditional
Shalgam, was evaluated under artificial gastric and bile
juice conditions, ii) shake flask and fed-batch bioreactor
experiments were conducted to explore and compare
growth kinetics of P. kudriavzevii FOL-04 under two
bioprocess conditions. This is the first report describing
artificial gastric and bile juice tolerance in addition to
microbial growth kinetics of a new P. kudriavzevii strain
isolated from Shalgam produced in the Southern
Anatolia region.

Materials and Methods

Isolation of P. kudriavzevii FOL-04

A traditionally fermented lactic acid beverage
called Shalgam was purchased from a local store in
Southern Anatolia region. After performing serial
dilutions of liquid Shalgam sample, Dichloran Rose
Bengal Chloramphenicol (DRBC) agar (Merck, Germany)
was used to grow yeast strains. The FOL-04 was streak
plated and purified for further DNA isolation, PCR,
Sanger sequencing, survival against artificial gastric and
bile juice, and microbial growth kinetic determinations.

Cultivation in Shake Flasks

Yeast extract-peptone-dextrose (YPD) media,
containing 1% vyeast extract, 2% peptone, and 2%
dextrose (g/L), was used in shake flask cultivations.
Firstly, 5 mL of pre-inoculated for 16 hours with the P.
kudriavzevii YPD media was mixed with 65 mL of YPD
media inside the Erlenmeyer flask. Then, the Erlenmeyer
flask was incubated at 30°C at 225 rpm in a shaker
incubator for 24 hours. Samples were taken every hour
to measure optical density at 600 nm wavelength.
Doubling time (minutes) was calculated during the
exponential phase as follows (Roth, 2006)

i duration - log(2)
" log(finalOD) - log (initialOD)

Where the tq is doubling time. Maximum specific
growth rate (umax) was calculated by measuring the
slope of the steepest linear portion of the growth curve.

Cultivation in Fed-batch Bioreactors

For optimizing P. kudriavzevii FOL-04’s growth
conditions and increase its biomass yield, fed-batch
cultivations were performed. Bioreactor cultivations
were performed at 700 mL YPD media (50 mL pre-
inoculated and 650 ml sterile YPD media). The
composition of YPD media was adjusted to 1% yeast
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extract, 2% peptone, and 1% dextrose (g/L) to shorten
the batch phase. The dissolved oxygen level was set at
25% and controlled with airflow and stirrer cascade. pH
was set to 5.5, and the temperature was set to 30°C to
achieve the highest biomass (Ndubuisi et al., 2020)
during both batch and fed-batch cultivations.
Exponential feeding regimen was tested on the growth
kinetics of P. kudriavzevii FOL-04. A 50% dextrose feed
solution was used during fed-batch phase, which started
upon arrival of batch fermentation which was evident
with no more base consumption in alignment with pH
curve flattening. Fed-batch cultivations lasted for
around 22 hours, and samples were taken every 2 hours
to measure the biomass yield of the P. kudriavzevii FOL-
04 by measuring its optical density at 600 nm. Doubling
time (minutes) was calculated during the exponential
phase as follows (Roth, 2006):

duration - log(2)

t, =
a log(finalOD) - log(initialOD)

Where the tq is doubling time. Maximum specific
growth rate (umax) was calculated by measuring the
slope of the steepest linear portion of the growth curve.

Artificial Gastric Juice

To investigate the influence of pH on survival of P.
kudriavzevii FOL-04, a modified method from Sun &
Griffiths (2000) and Yetiman et al. (2022) was applied to
prepare artificial gastric juice. First, YPD media was
prepared according to manufacturer’s instructions and
following pH conditions were adjusted using HCI
solution: control (no acid supplementation), pH = 1.5,
pH =2, and pH = 3 with each treatment being prepared
in six replicates. Each treatment media was autoclaved
at 121°C for 15 minutes at 2 atmospheres. Each sterile
treatment media was inoculated with fresh culture of P.
kudriavzevii FOL-04 cells. Each treatment tube was
incubated at 30°C under 225 rpm shaking conditions for
two days. Then, the optical density of each treatment
tube was measured with Shimadzu UVmini-1240
spectrophotometer at 600 nm wavelength. The
experiments were performed in six replicates and
results were presented as relative cell density ratio
(ODeoo tfinal/ODsoo to). Statistical analysis of relative cell
density ratios were performed with the analysis of
variance (ANOVA) and Tukey tests in R programming
language (R Core Team, 2020).

Artificial Bile Juice

Artificial bile juice (ABJ) was prepared according to
a modified method of Klaenhammer & Kleeman (1981),
Song et. al. (2003), and Yetiman et al. (2022). Simply,
YPD broth supplemented with following concentrations
of ox bile extract (Sigma, Germany): control (no bile),
0.2%, 1%, and 2% by w/v (Yetiman et al., 2022) was
autoclaved at 121°C for 15 minutes at 2 atmospheres.
Each sterile treatment media was inoculated with fresh
culture of P. kudriavzevii FOL-04 cells. Each treatment

tube was incubated at 30°C under 225 rpm shaking
conditions for two days. Then, the optical density of
each treatment tube was measured with Shimadzu
UVmini-1240  spectrophotometer at 600 nm
wavelength. The experiments were performed in six
replicates and results were presented as relative cell
density ratio (ODeoo tfinal/ ODsoo to). Statistical analysis of
relative cell density ratios were performed with the
analysis of variance (ANOVA) and Tukey tests in R
programming language (R Core Team, 2020).

Results

PCR Fingerprinting and Sanger Sequencing

After running PCR samples on the agarose gel, both
ITS and NL primers amplified PCR products yielded clear
bands on pulse field gel electrophoresis. However, non-
specific binding was seen on the sample amplified with
ITS primer (Figure 1). The sample that was amplified
with NL primers had only one clear band on the gel
image which shows specific amplicon has been
achieved. Therefore, the NL primers amplified DNA
fragment of yeast isolate was sent to Sanger sequencing
for strain level identification (Sanger et al., 1977).

Figure 1. Gel image of PCR fingerprinting assay of P.
kudriavzevii FOL-04. There is a non-specifically bonded
fragment on ITS.

Sanger sequencing results were analyzed with the
Basic Local Alignment Tool (BLAST) (Altschul et al.
1990). BLAST results show that the isolated P.
kudriavzevii FOL-04 has the highest homology against P.
kudriavzevii feni92 (KM234470.1) and P. kudriavzevii
cs280 (KM234470.1) with 98.93% and 58% identity
score and query cover score achieved, respectively.
BLAST results are represented in a phylogenetic tree to
show the phylogenetic distance of species against the P.
kudriavzevii FOL-04 (Figure 2) (Paradis & Schliep, 2019).
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Figure 2. The phylogenetic distance between species and P.
kudriavzevii FOL-04 (red) based on D1/D2 domains of the 26S
rRNA region.

Biomass in Shake Flasks

The biomass yield of P. kudriavzevii was observed
by measuring optical density values at 600 nm. Results
showed that the lag phase he P. kudriavzevii strain was
around 6 hours and the exponential phase took around
8 hours (Figure 3). During the shake flask cultivation,
Umax achieved was 1.67/hour, and the doubling time was
calculated as 81.7 minutes.

Biomass in Shake Flask
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Figure 3. Time vs optical density at 600 nm results of shake
flask cultivations.

Biomass in Fed-batch Bioreactor Cultivation

The biomass yield of the P. kudriavzevii FOL-04 was
measured with the same method that was applied for
the shake flask cultivations. Results showed that the lag

1000 6.3

phase of the P. kudriavzevii strain was shortened to 4
hours. The exponential phase took up to 8 hours.
Moreover, biomass vyield increased after the
deceleration phase perhaps due to feeding with 50%
dextrose (Figure 4).
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Figure 4. Time vs optical density at 600 nm results of fed-
batch bioreactor cultivations.

During the fed-batch cultivation, pmax achieved was
4.75/hour and doubling time calculated was 170.4 min.
The first 12 hours of bioreactor cultivation, similar
biomass results were achieved. After that, the
difference in biomass of the P. kudriavzevii strain got
bigger in favor of the yeast fed with the exponential
feeding regimen. Figure 5 shows that pH was oscillating
at 5.4 at the beginning of the batch process. At that time
base pump works to increase the pH to 5.5. When the
pH exceeds the 5.5 base pump stops to control pH. Base
pump restarts to work around 13 h time point to adjust
the pH of the vessel. Pre-set dissolved oxygen levels
throughout the fed-batch process was adjusted by
stirrer and airflow intake through cascade system
(Figure 6).

Survival Against AGJ and ABJ

Results of the AGJ tolerance test show that the P.
kudriavzevii FOL-04 is able to grow in a pH 3 level acidic
environment similar to the control environment at pH
6.5. However, the survival of the P. kudriavzevii FOL-04
decreases significantly when pH is at or lower than 2.
Moreover, Tukey’s test results show that there is not a
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hours while bioreactors are operating.



Biotech Studies 31(1), 28-35

32

s e www»
RS | “ W ”?' \” '“‘\\’

20:00 22:00

Figure 6.

significant difference (p = 0.05) in survival of the P.
kudriavzevii FOL-04 at pH 2 and pH 1.5 (Table 1, Figure
7).

Table 1. Acid tolerance of P. kudriavzevii FOL-04 after 42 hours
of incubation. ODggo values of AGJ at the onset of incubation
were as follows: 0.494 +0.02 (control), 0.511 +0.02 (pH 3),
0.470 10.09 (pH 2), and 0.550 +0.02 (pH 1.5). The relative cell
density ratio was calculated by dividing final cell densities
achieved against initial cell turbidity measured at 600 nm
wavelength. Means sharing the same superscript letters are
not significantly different than each other (a =.5)

oH Relative Cell Density Ratio Standard
(ODeoo tfinal/ ODsoo to) Deviation
1.5 10.4% 4.3
2 18.8bx +10.5
3 34,72 9.8
6.5
(Control) 42.22 7.7

P. kudriavzevii FOL-04 can easily survive at 0.2% bile salt
concentration in YPD media. However, survival of the P.
kudriavzevii FOL-04 drops significantly when the bile
concentration is higher than 1%. In addition, there is not

o 40-

H

g

aQ

Q

= 30 pH
s

H B35
8 B2
g B>
©

C 2 B3 Control (6:5)
-

]

S .

o

B ]

2 1

2 9

H |

©

VIS ;‘ :a C’;vw{r:‘whr} 5)
pH

' "w' |l u Uy St
l)w wu Mh \(. M”H'w l\ ;“) 'H‘ ]} \" ﬂ il

i ”‘”' '*r y

HHEH |‘u“‘:}'c‘|. VIS

m
\

}\1 lﬁ J\ I b Ml”;} \\ i “lul' J‘y ;’ ‘l;ym
\1/!

I *Hl. ! Jl”ﬂ!Jln it

”w’r «‘m‘ M f IHW"[‘ 1 “

h \\

04:00 06:00 08:00

Time vs dissolved oxygen (pOz) (orange), airflow rate (grey), and stirrer rate (red) during the fed-batch cultivation.

a significant difference in survival of P. kudriavzevii FOL-
04 observed while bile salt concentration is between 1%
and 2% (Table 2, Figure 7).

Table 2. Bile salt tolerance of P. kudriavzevii FOL-04 after 42
hours of incubation. ODgoo values of ABJ at the onset of
incubation were as follows: 0.546 +0.01 (control), 0.593 +0.01
(0.2%), 0.786 +0.02 (1%), and 1.026 +0.06 (2%). The relative
cell density ratio was calculated by dividing final cell densities
achieved against initial cell turbidity measured at 600 nm
wavelength. Means sharing the same superscript letters are
not significantly different than each other (a =.5)

Relative Cell Density Ratio (OD goq t fna /OD 500 to )
m

Bile Salt Relative Cell Density Ratio  Standard
Concentration (%) (ODeoo tfinal/ ODsoo to) Deviation
0 (Control) 28.242 +7.46
0.2 29.182 +9.51
1 24.473 +0.92
2 18.04bx +1.54
Discussion

Pichia kudriavzevii FOL-04 showed similar growth
characteristics during batch cultivation in the bioreactor
with a previous study (Ndubuisi et al., 2020). Lag phases

Bile Salt Concentration (%)

=

=

B3 control (0)

Control (0)

i 2
Blle Salt (%)

Figure 7. Relative cell density ratios of P. kudriavzevii FOL-04 against various pH and bile salt conditions after 42 hours. ODgg values
of AGJ at the onset of incubation were as follows: 0.494 +0.02 (control), 0.511 +0.02 (pH 3), 0.470 +0.09 (pH 2), and 0.550 +0.02 (pH
1.5). ODgno values of ABJ at the start are following: 0.546 +0.01 (control), 0.593 +0.01 (0.2%), 0.786 +0.02 (1%), and 1.026 +0.06 (2%).
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of both strains last about four hours in the YPD medium.
Moreover, their exponential phases took around six
hours. Recent studies showed that P. kudriavzevii is a
viable candidate yeast for biodiesel (Sankh et al., 2013)
and ethanol biosynthesis (Diaz-Nava et al., 2017). P.
kudriavzevii can utilize glycerol, fructose, and glucose as
a carbon source. However, P. kudriavzevii ITV-S42 lacks
the utilization of sucrose and xylose sugars, and it
ferments ethanol while sugar concentration is high
(Diaz-Nava et al., 2017). A previous study on
thermotolerant P. kudriavzevii isolated from nuruk, a
traditional Korean fermentation starter, showed that P.
kudriavzevii KCTC17763 provides optimal growth at
30°C in YPD media and synthesizes the highest amount
of ethanol (Choi et al., 2017). Moreover, the P.
kudriavzevii used in the present study performed a
slightly longer exponential phase than P. kudriavzevii
KCTC17763, MBY1358 (Choi et al., 2017), and LC375240
(Ndubuisi et al., 2020).

Bile salt and acid tolerance test results revealed
that P. kudriavzevii FOL-04 can be a potential probiotic
yeast strain. For example, P. kudriavzevii FOL-04 is
tolerant to bile salts at similar concentrations with other
P. kudriavzevii strains previously studied, such as M26,
M28, M29, M30, M31, 06, G5, G6 (Greppi et al., 2017).
These strains survived satisfactorily in pH 2 conditions
although P. kudriavzevii FOL-04 still survived at pH 2, it
showed significant loses in viability compared to pH 3
and pH 6.5. Several P. kudriavzevii strains are resistant
to elevated temperatures and ethanol conditions, which
were previously discovered (Pongcharoen et al., 2018).
Chelliah et al. (2016) indicated that an P. kudriavzevii
strain isolated from traditional Indian food had better
survivability than FOL-04 in artificial gastric and bile
juice. However, P. kudriavzevii 0G32, a probiotic strain,
possessed remarkably lower survivability in artificial
gastric juice compared FOL-04 (Ogunremi, Agrawal, &
Sanni, 2015). Chen et al. (2010) reported that P.
kudriavzevii BY10 and BY15 strains, isolated from raw
milk, showed probiotic potential in terms of survivability
in ABJ and AGJ. In addition to P. kudriavzevii strains, P.
fermentans BY5 sufficiently survived in ABJ and AGJ to
be a potential probiotic strain (Chen et al., 2010). P.
pastoris X-33 strain has been reported that it can survive
in animal feed and gastrointestinal conditions while
showing antibacterial activity against Salmonella
Typhimurium (Franca et al., 2015). Similarly, P.
guilliermondii isolated from table olives survived in low
pH and high bile salt conditions also possessed
antimicrobial activity against Staphylococcus aureus
ATCC 8702, Salmonella Enteridis ATCC 564, and Listeria
monocytogenes ATCC 19117 (Simdes et al., 2021).

Conclusion

A new Pichia kudriavzevii FOL-04 was isolated from
fermented plant material. We identified this strain using
NL primers to amplify the D1/D2 domains of the 26S
rRNA region, followed by Sanger sequencing. BLAST

analysis against publicly available organisms in NCBI
revealed this strain did not completely match with any
other P. kudriavzevii strains. Artificial gastric juice and
artificial bile juice trials were conducted to determine
potential survivability of P. kudriavzevii FOL-04 against
gastrointestinal conditions which revealed that FOL-04
is tolerant to low pH and high ox-bile salt conditions. P.
kudriavzevii FOL-04 was also processed through shake
flask and fed-batch fermentations to determine and
compare microbial growth kinetics of this new strain.
Fed-batch fermentation trials with 50% dextrose
supplementation using exponential feeding regimen
provided remarkably higher final biomass vyield
compared to shake flask experiments as measured by
optical density at 600 nm wavelength. P. kudriavzevii
FOL-04 could be a potential candidate for probiotic
yeast strain with promising robustness under harsh AGJ
and ABJ conditions also carrying bioprocess
compatibility which should lead to further in-depth
probiotic characterizations by in vitro and in vivo trials.
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Abstract

A bacterial strain from petroleum-contaminated soil in south-eastern Turkey was
isolated and characterized to determine the potential of alkane hydrocarbon
biodegradation. Phenotypic characteristics and the sequence analysis of the 16S
rRNA gene revealed that the strain D9 is a member of the Delfitia genus and most
similar to Delftia tsuruhatensis (100%). The optimum pH and temperature values for
the growth of D. tsuruhatensis strain D9 were found to be 9.0-10.0 and 35°C,
respectively. The strain was found to grow in some single, medium and long-chain
hydrocarbons such as decane, hexadecane, and squalene, tested by short-time
incubation in basal medium (BM) in the presence of 1% hydrocarbon concentrations
under optimum conditions. After incubation for 3 days, 65% of the single
hydrocarbon hexadecane was degraded by the D. tsuruhatensis strain D9, revealed
by GC-MS analysis. The biodegradation of petroleum hydrocarbons by D.
tsuruhatensis strain D9 isolated and characterized in the present study shows that it
can be a good candidate in the bioremediation process.

Introduction

Petroleum hydrocarbons are well known to cause
pollution over the world and oil spills cause a great
danger to various ecosystems (Head et al., 2006; Emtiazi

dispersion, burying, and washing are the main
technologies commonly used for soil remediation,
although these technologies are expensive and can
result in insufficient decomposition of contaminants
(Medina-Bellver et al., 2005). Bioremediation using the

et al., 2009). Due to petroleum being an important
resource of the global economy with several million tons
of crude oil, its transport, manipulation, and
exploitation can lead to accidental spills (Malatova
2005; Crone & Tolstoy, 2010; Mapelli et al. 2017). When
petroleum enters the natural environment, all biotic
communities are exposed and affected due to the oil
hydrocarbons and toxic fumes (Peterson et al., 2003;
Fingas, 2011). Several techniques are possible for
hydrocarbon pollution removal: Physical, chemical, or
biological (Costes & Druelle, 1997; Chu & Kwan, 2003;
Hamme et al., 2003; Koma et al., 2003; Parales &
Haddock, 2004; Pieper et al., 2004; Malatova, 2005;
Mittal & Singh, 2009). Mechanical, evaporation,

Published by Field Crops Central Research Institute (FCCRI) Ankara, Turkey

microorganisms degrading hydrocarbons has major
advantages to remove  contaminants  from
environments (Adams et al., 2015) which is regarded as
a productive, environmental-friendly, and low-cost
technology (Liu et al., 2014). Bioremediation, which is
the process of using microorganisms to detoxify or
remove pollutants due to their diverse metabolic
capabilities is a developing method also for the
elimination and degradation of pollutants arising from
the petroleum industry (Medina-Bellver et al., 2005).
Recently, a wide variety of microorganisms from oil-
contaminated soils, which can degrade hydrocarbons
within petroleum were studied. Among microorganisms
including, bacteria, archaea, and fungi, the bacteria are
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the most plentiful and significant in ecosystems (Acer et
al., 2020). To date, more than 79 genera of bacteria have
been identified that can degrade hydrocarbons in crude
oil (Tremblay et al., 2017) including Acinetobacter,
Achromobacter, Alkanindiges, Arthrobacter,
Alteromonas, Dietzia, Burkholderia, Enterobacter,
Mycobacterium, Marinobacter, Kocuria, Pseudomonas,
Streptococcus, Streptobacillus, Staphylococcus, and
Rhodococcus which play significant roles in the
destruction of petroleum hydrocarbons (Margesin. et
al., 2003; Chaerun et al., 2004; Jin et al., 2012; Nie et al.,
2014; Varjani & Upasani, 2016; Acer et al., 2016; Sarkar
etal., 2017; Varjani, 2017; Xu et al., 2017; Xu et al., 2018;
Acer et al., 2020). In recent studies, Delftia species have
been reported to degrade various contaminants such as
chlorobenzene degraded by D. tsuruhatensis (Ye et al.
2019), Dimethylphenols degraded by Delftia sp. LCW
(Vasquez-Pifieros et al., 2018) and diesel oil degraded by
Delftia sp. NL1 (Lenchi et al., 2020). The Delftia,
described in the vyear 1999 within the class
Betaproteobacteria, is a group that contains only five
characterized species: Delftia acidovorans (Wen et al.
1999), D. tsuruhatensis (Shigematsu et al., 2003), D.
lacustris (Jgrgensen et al., 2009), D. litopenaei (Chen et
al., 2012) and most recently identified D. deserti (Li et
al., 2015). Delftia spp. are known to have a wide
geographic distribution in marine and fresh-water,
rhizosphere, soil, plants, and clinical samples (Wen et al.
1999).

However, there are few studies regarding the
degradation of petroleum hydrocarbons by various
Delftia sp. strains. They report different effectiveness
and range of degradable hydrocarbons suggesting that
there is still a pool of unexplored information.
Therefore, more studies are needed on the degradation
of petroleum hydrocarbons by Delftia sp. In the current
study, we isolated and identified D. tsuruhatensis strain
D9 from petroleum-contaminated soils and investigated
its potential for petroleum hydrocarbon biodegradation.
It is expected that the result of this work will contribute
towards improving biodegradation efforts of petroleum-
contaminated sites.

Materials and Methods

Collection of Samples

For the isolating bacteria which degrade
petroleum-hydrocarbons, a soil sample was collected
from petroleum-contaminated soil around the petrol
well at areas of Southern Raman (237. petroleum
station, Batman).

The Basal medium (BM) consisted, per liter: 5.0 mL
phosphate buffer, 1.0 mL solution of calcium chloride,
3.0 mL solution of magnesium sulfate, 1.0 mL solution of
ferric chloride, as well as 1.0 mL mineral elements at
trace levels which contain ZnS04.H,O, MnSOs and
(NH4)6M0024.4H20. 1% crude oil was filtered (0.2 mm
pore size) and then transferred into the medium as
the sole carbon source to get the energy to

determine the bacteria biodegrading the petroleum
hydrocarbons. The crude oil used in the experiments
was provided from a petroleum-contaminated site. 1 g
of the soil samples were transferred into 100 mL BM
composed of 1% crude oil and samples were incubated
in a shaker water bath at 30°C at 120 rpm for 5 days.
After incubation, 1 mL aliquots were taken from each
sample and transferred to freshly prepared BM
containing 1% of crude oil. Following two subculture
cycles, the bacterial cells were cultivated on Nutrient
agar at 30°C for 5 days. Phenotypically different colonies
on the plates were transferred to a fresh Nutrient agar.
Morphological, Biochemical, and
Characteristics

Aspect, color, consistency, elevation, shape, size,
and surface, etc. characteristics were used for
phenotypical characterization of selected colonies.
Gram staining to confirm the gram reaction was
investigated using a light microscope according to the
Dussault method (Dussault, 1955). Motility was
determined by the hanging drop method. For the
presumptive identification, data of phenotypic
characteristics from the conventional methods such as
catalase, citritase, indole, oxidase, and urease activity,
utilization of starch, and gelatine were used.

Physiological

Antibiotic Resistance

The antimicrobial susceptibility profiles of the
isolate were determined using the antibiotic disk
diffusion method. Antibiotic multi-disks were comprised
of ampicillin (10 pg), fucidic acid (10 pg), lincomycin (15
ug), neomycin (10 ug), novobiocin (5 pg), kanamycin (5
pg), chloramphenicol (30 pg), nystatin (100 units),
gentamicin (10 pg), tilmicosin (15 pg), streptomycin (10
ug), penicillin (2,10 units), bacitracin (10 units),
tetracycline (30 pg). Following the inoculation of
bacterial D. tsuruhatensis strain D9 on Nutrient agar in
Petri dishes, the antibiotic disks were replaced on
Nutrient agar. The agar plates were placed into an
incubator at 30°C for 48 h. Following incubation, the
evaluations were made by measuring the diameters of
the zone of inhibition.

Phylogenetic Analysis

The final isolate namely D. tsuruhatensis strain D9
chosen as the petroleum hydrocarbon degrader were
identified using a gene sequence of 16S rRNA. The 16S
rRNA sequence analysis of the isolate was conducted by
BM Laboratory system (Technocity/Ankara). Universal
16S rDNA primers (27 F, 5-AGAGtttGAtcAtGGctcAG-3
and 1492 R, 5-tAcGG ttAccttGttAcGActt-3) were applied
for bacterial identification through PCR technique. PCR
conditions was designed as 95°C for 5 min; 40 cycles at
95°C for 45 s, 57°C for 45 s, 72°C for 60 s, and final step
at 72°C for 5 min. 1.5% of Agarose gel was applied for
detecting amplified amplicon of 16S rDNA fragment
which eluted (ExoSAP-IT™ PCR Product Cleanup
Reagent, ThermoFisher Scientific, USA), sequenced by



Biotech Studies 31(1), 36-44

38

ABI 3730XL Sanger Sequencing Equipment and BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA).The 16S rRNA gene
sequence for D. tsuruhatensis strain D9 was determined

(D. tsuruhatensis strain D9:1405). The GenBank
database using a BLAST search
(http://www.ncbi.nlm.nih.gov/blast/) was used to

compare the sequences. The 16S rRNA gene similarities
were retrieved from the database, determining the
most closely related strains. A phylogenetic tree was
obtained by using the software package CLC Sequence
Viewer 8 (Qiagen, Denmark).

Growth of the Strain in the Medium Supplemented
with Hydrocarbons

The bacterial cells grown overnight in nutrient
broth liquid medium was washed several times with BM
to determine the growth in BM supplemented with
hydrocarbons (hexane, heptane, octane, decane,
pentadecane, hexadecane, squalene, and toluene; all of
these hydrocarbons were obtained from Sigma-Aldrich,
St. Louis, MO, USA). The bacterial strain was cultivated
in 25 mL BM containing 1% hydrocarbons in 100 mL
Erlenmeyer flasks and incubated at pH 7.0, 30°C, and
120 rpm for 3 days in hydrocarbons. After incubation,
bacterial growth was measured by using a
spectrophotometer at 600nm. Each data point
represents the mean of at least three experiments.

Analysis of Degradation of Hexadecane by the Strain
The degradation activities of alkane hydrocarbons
by D. tsuruhatensis strain D9 were determined by Gas
Chromatography-Mass Spectrometry (GC-MS). Pre-
cultured bacterial strain incubated for at least 12 hours
at 30°C was transferred to 25 mL of BM plus with 1%
hydrocarbon hexadecane in a 100 mL flask. After
incubation, the bacterial cells were removed and the
remained hexadecane in the medium was used for
calculating the degradation ratio of the hydrocarbon
tested. The remaining hexadecane fractions were
analyzed by GC-MS with a flame ionization detector

(Hewlett Packard, Wilmington, USA; FID; HP 6850) and
also equipped with a PONA quartz capillary column (100
m x 0.250 mm [inner diameter, i.d.] x 0.50 m). Helium
was utilized as a carrier gas to perform split injections.
The increase of column temperature was from 60°C to
320°C with a rate of 3°C per minute. The injector and
detector temperatures used were 300°C and 350°C,
respectively. Individual hexadecane fraction was
determined, using an authentic standard for matching
the retention time (70.528 min).

Results and Discussion

Collection of Samples

For the isolation of alkane hydrocarbon-degrading
D. tsuruhatensis strain D9 strain, soil samples were
collected from petroleum-contaminated soil around the
petrol well at areas of Southern Raman (237. petroleum
station, Batman).

Biochemical, and
Characteristics

The results of the biochemical and morphological
tests on the isolated D. tsuruhatensis strain D9 were
used for identification which is presented in Table 1. As
can be seen from Figure 1, the cells are rod-shaped and
gram-negative. D. tsuruhatensis strain D9 is aerobic and
able to utilize oxidase, catalase, starch hydrolysis,
citrate, urease, as well as positive for indole test and
negative gelatine test.

Lenchi et al. (2020) found that Delftia sp. NL1 strain
was gram-negative, not-motile, rod-shaped, oxidase-
positive, and catalase-negative. Moreover, several other
studies on Delftia strains showed that they are gram-
negative, motile, rod-shaped, catalase, and oxidase-
positive (Carro et al., 2017; Jgrgensen et al., 2009;
Shigematsu et al., 2003).

The time-course experiments showed that the
growth of D. tsuruhatensis strain D9 was observed to be
maximum up to 8 h, while the growth is constant from
12 h to 48 h, followed by the death phase up to 72 h
(Figure 2).

Physiological, Morphological

Table 1. The phenotypical characteristics of the Delftia tsuruhatensis strain D9 in comparison with other Delftia species

Characteristic D. tsuruhatensis Delftia sp.  D. tsuruhatensis D. lacustris  D. rhizosphaerae D. acidovorans
strain D9 strain NL1 strain T77 strain 3327 strain RA6T  strain ACM 489
Cell shape R R R R R R
Gram staining - - - - - -
Motility + - + + ND +
Oxygen requirement A ND ND ND A A
Growth temperature (°C) 20-40 20-50 10-40 3-37 4-30 4-41
Optimum Growth temperature (°C) 35 30 35 25 28 30
Growth pH 5.0-10.0 5.0-9.0 5.0-9.0 5.0-10.0 6.0-10.0 ND
Optimum growth pH 9.0-10.0 8.0 7.0 6.0-7.0 7.0 ND
Starch hydrolysis + - - - - -
Gelatin hydrolysis - - ND + - -
Oxidase + + + + + +
Catalase + - + + + +
Citrate + ND + + ND ND
Urease + ND + ND - ND
Indole + ND ND ND - +
NaCl resistance (%) 3 2 ND 0.1 1 0.5-1.5
. (Lenchi et (Shigematsu et (Jgrgensenetal.,, (Carroetal.,
References This study al., 2020) al,, 2003) 2009) 2017) (Wen, 1999)

+ = positive; - = negative; ND= no data available; R= rod; A= aerobic.
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Figure 1. The Gram-staining of D. tsuruhatensis strain D9
observed under a light microscope (x1000 magnification).

To deterimine optimum pH and temperature
values, pH, D. tsuruhatensis strain D9 was cultivated in
Nutrient broth for 24 h, after which bacterial growth was
measured by using a spectrophotometer at 600nm.

/N

2‘4'8'12'16‘20'24'36‘48'60'72
Time (hour)

Figure 2. Effects of cultivation time on the growth of D.

tsuruhatensis strain D9. The cells were incubated at 30°C, pH

7.0 for72 h.
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The range of growth for D. tsuruhatensis strain D9
was determined to be between 20°C and 40°C with an
optimum of 35°C (Figure 3a). Furthermore, D.
tsuruhatensis strain D9 grew at pH ranging from 5.0 to
10.0 with a wide optimum value of pH 9.0-10.0 (Figure
3b). D. tsuruhatensis strain D9 was also found to tolerate
NaCl up to 3%. In a previous study by Shigematsu et al.
(2003), strain D. tsuruhatensis strain T7" also grew at 10-
40 °C, with 35°C of optimum growth. Similarly, the range
of pH for growth was from 5.0 to 9.0, with an optimum
value of pH 7.0. Jgrgensen et al. (2009) reported that
cells D. lacustris strain 332" grow between 3 and 37°C,
with optimum growth at 25°C, as well as observing
growth at a pH range of 5.0 to 10.0, with an optimum of
pH 6.0-7.0. In a recent study, optimal growth for the
strain Delftia sp. NL1 strain was observed at 30°C and pH
8.0 (Lenchi et al., 2020). The reason of different and such
a high optimum pH for Delftia tsuruhatensis strain D9
compared to other strains described above is probably
due to different culture media utilised with different
initial pH and composition, as bacteria tend to release
acidic products into their environment, which can
interfere with their growth by changing the pH of the
culture media.
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Figure 3. Effects of temperature (a) and pH (b) on the growth
of D. tsuruhatensis strain D9. The bacterial strain was
cultivated in Nutrient broth for 24 h, after which the growth
was measured by using a spectrophotometer at 600nm.

Antibiotic Resistance

In Table 2, the effects of various antibiotics on D.
tsuruhatensis strain D9 were determined by measuring
the zone (mm) of inhibiton of antibiotics. D.
tsuruhatensis strain D9 was resistant to ampicillin,
gentamicin, streptomycin, penicillin, bacitracin, fusidic
acid, novobiocin, lincomycin, neomycin, kanamycin,
nystatin, however, it was semi-sensitive to
chloramphenicol, tilmicosin, sensitive to tetracycline.
There have been several studies on the effects of
antibiotics on Delfitia sp. For example, Lenchi et al.
(2020) reported that strain Delftia sp. NL1 was resistant
to ampicillin, but it was sensitive to fusidic acid,
gentamicin, and kanamycin. Delftia tsuruhatensis strain
TR1180 was also found to be resistant to ampicillin,
gentamicin, tetracycline and streptomycin, but sensitive
to chloromphenicol (Cheng et al., 2021).

Table 2. Antibiogram results of D. tsuruhatensis strain D9
D. tsuruhatensis strain D9 (mm:
zone of inhibition)

Antibiotics

Novobicin (5 pg)
Fucidic acid (10 pg)
Kanamycin (5 pg)
Bacitracin (10 units)
Gentamicin (10 pg)
Tilmicosin (15 pg)
Ampicillin (10 pg)
Streptomycin (10 pg)
Chloramphenicol (30 pg)
Lincomycin (15pg)
Penicillin G (2 units)
Tetracycline (30 pg)
Neomycin (10 pg)
Penicillin G (10 units)
Nystatin (100 units)

w = =
cooWoolgooljjooo0oo
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Phylogenetic Analysis

The sequence analysis of the 16S rRNA gene
indicated that D. tsuruhatensis strain D9 belonged to the
genus Delftia. Following the phylogenetic analysis,
similarity calculations revealed that the closest relative
of D. tsuruhatensis strain D9 was Delftia sp. NLI. As can
be seen in Figure 4, the constructed phylogenetic
dendrogram shows D. tsuruhatensis strain D9 identified
as D. tsuruhatensis strain D9 (100%) (GenBank accession
number: MT374262).

000 Delfta tsuruhatensis strain T7 (AB075017)

0 il Delfialacustris strin 332 (EUB88306)
00

0000 Delfiasp.strain AN (AY0S2781)
- e 05— Defio s srain NLI (KYB7882)

LA Db D9 TR
Defio . strain FM6- (MHG20456)
ki 8L Delfia acidovoranssrain ACM 489 (AFO6774)
Q0% Dol cidooransstrain AM 12409 (ABO21417
——L0 Dol cidovorans srain KBL2I (MGS5174)
" s U oo s v GUT2EZ)

(08— e sp, T540 (EUO7310)

00006 0001

00018

Figure 4. The 16S gene sequence analysis of the D.
tsuruhatensis strain D9.

Growth of the Bacterial Strain in Various Hydrocarbons

Figure 5 shows that D. tsuruhatensis strain D9 uses
alkane hydrocarbons to grow. For studying the growth
of alkane-degrading bacteria, a basal mineral salt
medium (BM) modified from Nie et al. (2010) was used.
D. tsuruhatensis strain D9 was found to biodegrade and
grow in medium and long-chain alkanes including
decane, hexadecane, and squalene, rather than the
short-chain alkanes. Hexadecane was found to be the
most preferred hydrocarbon to grow effectively. In a
previous study, Delftia tsuruhatensis B7 strain was also
found to grow in crude oil and hexadecane (Roy et al.,
2014). Moreover, Delftia lacustris strain LZ-C was grown
in the mineral salt medium with PAHs as sole carbon
source including naphthalene, 2-methylnaphthalene,
anthracene, phenanthrene, pyrene, naphthol, benzene,
phenol or toluene (Wu et al., 2016).
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GC Analysis of Degradation of Hexadecane by D.
tsuruhatensis strain D9

The gas chromatography analysis of hexadecane
degradation by the strain incubated at a growth
temperature of 30°Cin BM with 1% (v/v) hexadecane for
3 days under constant shaking is shown in Figure 6b,
compared to abiotic control in Figure 6a. The average
hexadecane (1%) degradation rate was found to be as
much as 65% after 3 days incubation time.
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Figure 6. GC Analysis of hexadecane degradation. (a) Abiotic
control of 1% hexadecane. (b) After degradation of 1%
hexadecane by D. tsuruhatensis strain D9.

Oil hydrocarbons have been the most dangerous
pollutants in the environment, and seem to continue to
be a major energy and chemical source (Peterson et al.,

Control Hexane Heptane Dctane

Decane Pentadecane Hexadecane Squalene Toluene

Hydrocarbons  {1%)

Figure 5. Growth of D. tsuruhatensis strain D9 at 1% concentration of different hydrocarbon sources. Each data represents the mean

of at least 3 different experiments.
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2003; Macaulay & Rees, 2014; Khan et al., 2018). It has
been more than a century that the biodegradation of
hydrocarbons by microbial activity has been recognized
(Muthukamalam et al., 2017). In many studies,
petroleum hydrocarbon-degrading bacteria have been
described from various environments including oil-
contaminated soils and waste-water (Cappello et al.
2012; Jurelevicius et al., 2012). The capacity of native
bacterial populations is well known to mineralize
hydrocarbons in crude oil-contaminated soil sites (Ojo,
2006). Wang et al. (2011) studied Dietzia sp.
determining that bacteria use n-alkanes (Cs-Cs0) as a
carbon source. Throne-Holst et al. (2007) determined
that Acinetobacter strain can use carbon sources in the
range of decane and tetracontane long-chain n-alkanes.
Razak et al. (1999) isolated Acinetobacter sp. degrading
more than 60% crude oil in 15 days. In another study,
diesel-oil alkanes were degraded an average of 58.1% by
Acinetobacter baumannii in 10 days incubation (Nkem,
2016). Among the various groups of bacteria,
Pseudomonas species and strains were found to be the
most potent oil-degrading bacteria, having a wide
distribution at the petroleum contaminated sites. Zhang
et al. (2011) found that the strain Pseudomonas DQ8
degraded crude oil, n-alkanes, and polycyclic aromatic
hydrocarbons (PAH). Pseudomonas aeruginosa was
found to be a degradation of 49.93% of 0.5% diesel oil at
the end of 20 days incubation period (Panda et al.,
2013). P. aeruginosa had shown 34.4% of diesel oil
degradation in 10 days (Simaria et al., 2015). Godini et
al.  (2018) found that three strains, namely
Staphylococcus arlettae (strain 3), Pseudomonas sp.
(strain 8), Pseudomonas sp. (strain 5) utilized crude oil
containing various compounds, as carbon and energy
source. In a recent study, GC-MS analysis of the
hydrocarbon compounds indicated that the studied
crude oil possessed alkanes in the range of C2o.Caa.
Enterobacter species ALK-23, Bacillus methylotrophicus
ALK16 and Alcaligenes species ALK-14 were found to
degrade maximally 5.59%, 8.11%, and 11.65%,
respectively (Dwivedi et al.,2019). There have also been
some studies on the use of members of Delftia genus in
bioremediation processes. Liu et al. (2002) found that
Delftia sp. strain (named AN3) for its sole carbon,
nitrogen, as well as energy sources utilizes aniline or
acetanilide. D. tsuruhatensis AD9 obtained from the soil
site near a textile dyeing plant were also found to
degrade aniline (Geng et al., 2009). Similarly, several
Delftia strains degrading aniline were also reported
(Kahng et al., 2000; Urata et al., 2004; Sheludchenko et
al., 2005; Xiao et al., 2009).

Moreover, phenanthrene degrading D.
acidovorans strain was collected and characterized from
soil contaminated with PAH (Vacca et al., 2005).
Moreover, D. lacustris strain LZ-C was found to degrade
compounds such as naphthalene and 2-
methylnaphthalene (Wu et al., 2016). In recent studies,
Delftia species have been reported to degrade various
contaminants such as chlorobenzene degraded by D.

tsuruhatensis (Ye et al., 2019), dimethylphenols
degraded by Delftia sp. LCW (Vasquez-Pineros et al.,
2018). Most recently, more than 66.76% of diesel oil was
found to be degraded by Delftia sp. NL1 in only 7 days
(Lenchi et al., 2020).

Conclusion

A wide variety of microorganisms including
bacteria that can degrade petroleum hydrocarbons
were isolated from oil-contaminated soils. Bacteria are
the most dominant microorganisms determined in
microbial ecology that can degrade petroleum
hydrocarbons. Among bacteria, Delfitia is recently found
to be the most common genera that are capable of
degrading hydrocarbons. A bacterial strain designated
as D9 from petroleum-contaminated soil was isolated
and characterized by phenotypic characteristics and 16S
rRNA gene sequence analysis, which was found to be
most similar to Delftia tsuruhatensis (100%). The
optimum pH and temperature values for the growth of
D. tsuruhatensis strain D9 were found to be 9.0-10.0 and
35°C, respectively. Although D. tsuruhatensis strain D9
was found to grow in some single, medium and long-
chain hydrocarbons, it should be emphasized that D.
tsuruhatensis strain D9 is a very effective degrader of
hexadecane as much as 65% in a short incubation time
(3 days). Further studies on D. tsuruhatensis strain D9
and microbial consortium studies with the related
strains may provide a good advantage in the
bioremediation process of oil-contaminated soil.
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