
ORIGINAL PAPER

Journal of Polymers and the Environment
https://doi.org/10.1007/s10924-024-03197-6

Introduction

Levan is a type of fructan homopolymer composed of 
β-fructose units [1]. Lippmann proposed the first accepted 
definition of this substance in 1881 and used the term “lavu-
lan” to describe the gum obtained from molasses [2]. Sub-
sequently, the term “levan” was introduced by Greig-Smith 
in 1901 [3]. These definitions paved the way for research 
on the biosynthesis and collection of levan, leading to the 
development of the polysaccharide trade [4].

Levan can be synthesized by various organisms, includ-
ing plants, yeasts, fungi, and bacteria. The levan biosyn-
thesis is generally carried out by the enzyme levansucrase 
(EC 2.4.1.10), although the formation of levansucrase is 
more commonly observed in bacteria. The production of 
microbial levan is influenced by various factors, including 
temperature, pH, oxygen concentration, and nutrient con-
tent [1]. Moreover, levan polymers synthesized by differ-
ent microorganisms exhibit variations in their molecular 
weight, viscosity, and bioactivity, which are attributed to 
the producer microorganism and its growing parameters, 
such as the amount of carbon and nitrogen sources [1]. To 
achieve high efficiency in microbial levan production, dif-
ferent microorganisms and optimum production conditions 
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that enhance the levan synthesis of the microorganism are 
tested [1].

Levan is characterized by its high adhesiveness and low 
internal viscosity, which are important features that distin-
guish it from other polymers [5]. Due to its unique physical 
and chemical properties and its biological activities, levan 
has garnered significant attention and is being studied for its 
potential applications in various industrial sectors, includ-
ing pharmaceuticals, food, and cosmetics [5].

Despite successful microbial levan production in labo-
ratory environments, large-scale production of this product 
has not yet been fully achieved [6]. Several significant rea-
sons hinder the industrial-scale production of levan. Firstly, 
levansucrase requires sucrose as a substrate for levan syn-
thesis, and the supply and cost of sucrose on a large scale 
can be limiting factors. Additionally, it can be challenging 
to maintain stable conditions such as temperature and pH, 
which can affect the functioning of the levansucrase enzyme 
on a large scale. Optimizing these conditions can be time-
consuming and costly. Finally, purification, a crucial step in 
levan production, can be complex and time-consuming on 
a large scale, adding to the overall cost of production [7]. 
Consequently, studies on levan production from different 
microorganisms are ongoing. Levan production has been 
observed in mesophilic species belonging to genera such as 
Bacillus, Pseudomonas, and Zymomonas, as well as in halo-
philic species [8]. Levan production by halophilic isolates is 
advantageous for large-scale production, as it enables pro-
duction in non-sterile conditions at high salinity levels [9].

Currently, there are two main approaches for discover-
ing new microbial levan producers. The conventional way 
involves screening for high producers [10], while the sys-
tems-based approach applies metabolic engineering prin-
ciples from a holistic perspective. Over the years the former 
approach revolved around growing the candidate isolates on 
suitable substrates and observing slime mucoid phenotype 
typical of levan production [11]. The activation of enzymes 
responsible for the synthesis of exopolysaccharides such 
as levan is highly dependent on environmental conditions. 
Therefore, these traditional methods may exclude potential 
producers that are not grown in optimal conditions [12]. 
Identifying these strains could provide a more accurate pool 
of potential producer strains that could be further optimized 
for culture conditions using experimental design methodol-
ogies such as response surface methodology and statistical 
analysis. In this context, it is desirable to identify genotypic 
potential rather than phenotype alone.

Levansucrases (EC 2.4.1.10) are the group of enzymes 
responsible for the synthesis of levan from sucrose as 
substrate. Levan-producing microbes have been shown to 
express the levansucrase gene which catalyzes the levan bio-
synthesis from sucrose, and hydrolysis of levan to fructose 

units [13]. The presence of this gene in levan producers 
suggests it could be used as a marker for levan biosynthe-
sis. Dedicated to levan production, levansucrase is often 
favored for industrial applications. Therefore, microbes 
expressing this gene are likely to be favored for industrial 
applications [14].

Quantitative PCR (Q-PCR), also known as real-time 
PCR, is a widely used technique in microbial ecology for 
determining the abundance and expression of taxonomic 
and functional gene markers. This approach can be applied 
at both environmental and bacterial levels and is typically 
combined with traditional PCR and fluorescent detection 
techniques in real time. Q-PCR and Reverse Transcriptase 
Q-PCR (RT-Q-PCR) have significant applications in both 
theoretical and practical implementations, as they enable the 
detection of amplicons during the early exponential phase. 
These techniques are valuable tools for studying microbial 
communities and their functions, and they have numerous 
applications in fields such as environmental monitoring, 
medical diagnostics, and biotechnology [15].

Relative quantification is a method that expresses the cor-
relative change at the mRNA levels. This approach detects 
variations in steady-state mRNA levels of a gene in various 
samples and expresses it with the correlation of the levels 
of another RNA in these samples. Relative quantification is 
a useful tool for investigating small physiological changes 
in gene expression. Fixed expressed reference genes are 
selected for reference, and they can be co-amplified in the 
same tube (endogenous controls) or amplified in a separate 
tube (exogenous controls) [16]. Therefore, this screening 
approach, namely quantitative PCR, is considered practi-
cal in microbial diagnostics and microbial ecology and bio-
technological applications related to biopolymer studies. 
Relative quantification is a valuable technique for studying 
gene expression and can provide insights into the molecular 
mechanisms underlying various biological processes.

In this study, the levan production potential of halophilic 
bacterial species isolated from saline environments was 
investigated. Initially, levansucrase gene amplification was 
studied in all isolates. Microorganisms with positive bands 
were then used for gene expression studies using relative 
quantitative Real-Time PCR. Simultaneously, levan pro-
duction abilities were validated by carrying out microbial 
production. At the outset of the study, it was hypothesized 
that microorganisms with higher gene expression would 
produce higher amounts of levan. At the end of the study, 
the levan production of the microorganism with the high-
est production potential was optimized in a fermenter, and 
the resulting biopolymer was characterized. In addition, 
whole genome analysis of the selected microorganism was 
performed. This study provides valuable insights into the 
levan production potential of halophilic bacterial species 
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and highlights the importance of gene expression studies in 
predicting levan production capabilities.

Materials and Methods

Bacterial Strains

The halophilic bacterial strains used in this study were iso-
lated from hypersaline areas (Tuz Lake, Çamaltı Saltern, 
Tunceli Pülümür Spring Saltern) in different geographical 
regions of Turkey. Isolated halophilic strains were grown in 
a modified growth medium (5,6 g/L MgCl2; 14 g/L MgSO4; 
2,8 g/L KCl; 0,32 g/L NaBr; 0,08 g/L NaHCO3; 2 g/L CaCl2; 
1 g/L yeast extract; 1 g/L peptone) containing 12% and 18% 
salt at 37 °C for 24 h. The long-term storage was carried out 
in glycerol at -80 °C.

Amplification of the Gene Region Encoding the 
Levansucrase Enzyme

The gene region encoding the levansucrase enzyme was 
referenced by Halomonas smyrnensis [17]. The DNAs of 
the halophilic isolates were extracted following the A.B.T™ 
DNA Purification Kit procedure and a polymerase chain 
reaction was set up for levansucrase gene region amplifica-
tion consisting of pre-denaturation at 95 ℃ for 5 min then 
35 cycles at 95 ℃ for 30 s, 60 ℃ for 30 s and 72 ℃ for 
75 s. Primers used in the amplification of the gene coding 
for levansucrase (sacB) designed specifically for the ref-
erence gene region were used in the reaction (Forward:5′-
CGG TGA TGT GGT ATC AGT CG-3′; Reverse:5′-CTT 
GCC ACC TTT CTC TAC GC-3′). The products formed at 
the end of the PCR reaction were visualized by running gel 
electrophoresis. Positive results showing bands with the size 
of the levansucrase gene region were sequenced. Multiple 
alignment of the sequences obtained was done in MEGA11 
(11.0.10) software and isolates with conserved regions asso-
ciated with the levansucrase gene region were selected.

RNA Isolation and cDNA Synthesis for Expression 
Analysis of the Gene Encoding Levansucrase

Real-time PCR reactions were carried out using cDNAs as 
templates. In order to determine the expression levels of 
the isolates associated with the levansucrase gene region, 
RNA isolation was first performed. The A.B.T™ Blood/Tis-
sue RNA Purification kit procedure was followed for RNA 
isolation and A.B.T™ High-Capacity cDNA Reverse Tran-
scription for cDNA synthesis.

Relative Quantification Real-Time PCR for 
Levansucrase

PCR Relative quantification method is based on the sig-
nal which is obtained from the target. The 2−ΔΔCT method 
is convenient to analyze the expression level of the target 
gene. Designed primer pairs and universal primer pairs for 
16 S rRNA were used for the relative quantitative 2−ΔΔCT 
method [18]. All reactions were performed in Roche, Light-
Cycler 96. The total volume of the PCR reaction mix was 
20 µL made up of SYBR Green master mix 1x, forward and 
reverse primer 10 µM, and 2 µL template cDNA. For each 
assay, all samples were run in triplicate. The thermal cycling 
conditions were 40 cycles of 95 °C for 15 s 60 °C for 30 s 
and 72 °C for 30 s. The relative expression levels were cal-
culated using the 2−ΔΔCT method of Livak and Schmittgen 
[18].

Levan Production for Validation

After expressing the gene coding levansucrase, levan pro-
duction was carried out with bacterial isolates for valida-
tion. For this purpose, isolates were inoculated in basal 
medium (pH 7.0) (per liter: 137.2 g NaCl; 50 g sucrose; 7 g 
K2HPO4; 2 g KH2PO4; 1 g (NH4)2SO4; 0.1 g MgSO4.7H2O, 
0.32 g; 0.5 g peptone) [19] then incubated at 37 °C with 
shaking at 180 rpm for 72 h. This medium was also used for 
fermenter studies.

Whole-Genome Sequencing

The genomic DNA of P19-1 bacterial strain was extracted, 
and the purity and integrity were checked as previously 
described [20]. For DNA sample preparation, 1.0 µg of total 
DNA was used as the starting material. Sequence libraries 
were created using the NEBNext® DNA Library Prep Kit, 
following the indices added to each sample as instructed by 
the manufacturer. For genomic DNA sequencing, DNA frag-
ments were sheared to a random 350 bp size, then the ends 
of the DNA fragments were blunted, A-tailed, and ligated 
to the NEBNext adapter, followed by enrichment PCR with 
P5 and indexed P7 oligos. The PCR products were puri-
fied (AMPure XP system) and the libraries were analyzed 
for size distribution using the Agilent 2100 Bioanalyzer 
and quantified by real-time PCR. The genomic DNA was 
sequenced using the Illumina HiSeq4000 platform.

Genome Assembly, Quality Assessment, Gene Annotation, 
and Functional Analysis

The obtained sequencing reads were subjected to qual-
ity control using FASTQc v0.12.0 [21]. Adapters and 
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programming to generate figures and diagrams representing 
the genomic features and functional annotations.

Purification and Quantification of Levan

Levan was purified using several procedures, as described 
by Erdal Altıntas et al. [32]. In the determination of the 
levan amount, levan was hydrolyzed completely to fructose 
described by Viikari [33]. Then, the fructose concentration 
was determined by the dinitrosalicylic acid (DNS) method 
[34].

Fermentation Experiments

Microorganism and Culture Conditions

Effective strain in producing higher levan was used in fer-
mentation experiments. The aerobic fermentations were 
carried out batch-wise in 2 L Pyrex flasks containing 1.5 L 
of working volume, placed on orbital shakers (Infors HT-
Minifors 2) under an aeration rate of 1.0 vvm during an 
incubation time. The inoculum utilized was 5% (v/v) of the 
total fermented volume.

Fermentation Follow-Up

At the end of the fermentation process, samples separated 
from the biomass were subjected to ethanol precipitation 
and dialysis to perform experimental sets. After each batch 
production was carried out under the conditions specified in 
the design experimental program. The samples taken from 
the fermentation medium were centrifuged at 10,000 rpm 
for 15 min and the biomass was separated from the medium. 
The separated biomass was dried at 50 °C, and weighed, and 
the amount of biomass in the 50 mL fermentation medium 
was determined [19].

The basis for the determination of levansucrase activity; 
is determining the amount of reducing sugar released as a 
result of enzymatic hydrolysis by using sugar as a substrate 
by the DNS method. One unit of levansucrase activity was 
defined as the amount of enzyme that releases 1 µmol of 
reducing sugar per minute under standard conditions [35]. 
Levansucrase enzyme activity was determined using the 
glucose standard curve with Eq. 1 given below.

Levansucrase enzyme activity (mM glu cos e / min)

=
(

A

c × t × 180

)
× D × 1000  (1)

A = mean sample absorbance - blank absorbance, c = coef-
ficient from the standard equation, t = incubation time, 
D = enzyme dilution rate.

low-quality reads were trimmed using Trimmomatic v0.39 
[22]. The quality-filtered reads were submitted to the Bacte-
rial and Viral Bioinformatics Resource Center (BV-BRC) 
v3.30.5i service [23] for genome assembly, annotation, 
exploration, and analysis. Reads were assembled using Uni-
cycler v0.4.8 [24]. The resulting contigs were evaluated for 
quality and completeness using QUality ASsessment Tool 
(QUAST) v5.2.0 [25]. The genome was annotated with the 
RAST tool kit v3.6.9 (RASTtk) [26].

The predicted open reading frames (ORFs) were also 
functionally annotated using PROKKA (PROKaryotic 
Genome Annotation) [27]. The presence of conserved pro-
tein domains and functional classifications of the predicted 
genes were determined using eggNOG-mapper v2 (evolu-
tionary genealogy of genes: Non-supervised Orthologous 
Groups) database [28].

Secondary Metabolite Gene Cluster Analysis

The identification and characterization of secondary metab-
olite gene clusters were performed using antibiotics and Sec-
ondary Metabolite Analysis Shell (antiSMASH) v7.0 [29]. 
The software was employed to predict the biosynthetic gene 
clusters involved in the production of secondary metabo-
lites, including antibiotics and other bioactive compounds.

Pathway and Functional Enrichment Analysis

To elucidate the metabolic pathways present in the bacte-
rial genome, the annotated genes were mapped to the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
[30]. The KAAS (KEGG Automatic Annotation Server) 
tool [31] was utilized for the automatic annotation of the 
genes to KEGG orthologs.

Comparative Genomics

To assess the genomic relatedness and identify similar 
sequences, a comparison of the levansucrase gene and the 
16 S rRNA from the assembled genome against publicly 
available bacterial genomes was performed using Basic 
Local Alignment Search Tool nucleotide (BLASTn) (https://
blast.ncbi.nlm.nih.gov/Blast.cgi). The obtained results were 
further analyzed to identify conserved genomic regions and 
potential homologous genes.

Data Analysis and Visualization

The obtained results were analyzed using various bio-
informatics tools and custom scripts. Data visualization 
was performed using Proksee (https://proksee.ca) and R 
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This obtained biopolymer’s binding and molecular prop-
erties were determined by proton 1H-NMR spectroscopy at 
27 ℃. Commercial levan from Sigma-Aldrich (St. Louis, 
US) produced by Erwinia herbicola was used as a control 
[19].

The molecular weight of the levan polymer obtained was 
measured using multi-angle laser light-scattering gel per-
meation chromatography (MALLS–GPC). The chromatog-
raphy system was equipped with an Ultrahydrogel Linear 
(0.78 × 30 cm, Waters) column, and analysis was done at 
25 °C. The mobile phase contained 0.1 M of sodium nitrate 
(NaNO3) in 2% (v/v) acetic acid solution in water and was 
supplied to the system with a flow rate of 1.0 mL/min [19].

Biological Characterization

In-Vitro Antioxidant Activity

The antioxidant activity of obtained levan in this study was 
measured in vitro by free radical 2,2-Diphenyl-1-picryl-
hydrazyl (DPPH) scavenging using a modified approach 
published by [37]. Purple-colored DPPH is known to react 
with antioxidant compounds to form a colorless product 
of 1,1-diphenyl-2-picrylhydarzine (from dark purple to 
light yellow) and the reaction was analyzed by absorbance 
decrease in 517 nm. DPPH was dissolved in methanol to 
obtain a 1 mM concentration. Levan test solutions were 
prepared by dissolving in water and diluting in methanol 
to obtain (serial dilution between 1000 and 31.25 µg/mL). 
Each well received a 50 µL mM DPPH solution and was 
incubated for 30 min in the darkness at room temperature. 
Absorbance was recorded at 517 nm. A mixture of DPPH 
and methanol was used as control, mixtures of samples and 
methanol were used as blank and ascorbic acid in similar 
concentrations with samples used as a positive control. Inhi-
bition (%) was calculated using the following Eq. 2.

%I = 100 − (Abscontrol − Abssample)
Abscontrol

× 100 (2)

In Vitro Anti-Inflammatory Activity

The anti-inflammatory activity of the obtained levan was 
determined by the modified inhibition of the protein dena-
turation method [38]. 500 µL of varying concentrations of 
levan solution were combined with 450 µL of 5% (w/v) 
BSA solution. With 1 N HCl, the pH of the reaction media 
was set to 6.3. After cooling, 2.5 mL of PBS was added, 
and the samples were incubated at 37 °C for 30 min and 
57 °C for 3 min. The absorbances of samples were measured 

To use in levansucrase specific activity calculation, the 
amount of protein in the fermentation supernatant was mea-
sured according to the Bradford [36] method using BSA as 
the standard. All enzyme and protein assays were done in 
triplicates.

Experimental Design and Statistical Analysis

The statistical analysis of the data was performed using 
Design Expert Software (Release 13.00). Optimization of 
the three most significant variables (carbon source concen-
tration levels 30–60 g/L, agitation rate levels 150–450 rpm, 
and incubation time levels 24–72 h) was carried out by 
central composite design (CCD) for levan production. The 
data of the factors were chosen after a series of preliminary 
experiments. Twenty experiments were conducted using a 
face-central composite statistical design (α = 1.5) for the 
study of three factors each at three levels. The levels were 
− 1, 0, and + 1 where 0 corresponded to the central point. 
All experiments were conducted in triplicates and the mean 
value of levan yield (mg/L) was taken as the response. 
Quadratic regression analysis of the data was carried out 
to obtain an empirical model. The optimum levels of all 
three independent variables were determined by solving 
the regression equation and analyzing the response surface 
contour plots. In addition, a 3D Surface was constructed 
for visual observation of the trend of maximum responses 
and the interactive effects of the significant variables on the 
response [19].

Chemical Characterization

Monomeric sugar analysis of acid-hydrolyzed levan was 
carried out using Thermo Scientific HPLC system, model 
Ultimate 3000 by estimating the retention time of lyophi-
lized levan (obtained from the best producer) compared 
with commercial Erwinia herbicola levan from Sigma-
Aldrich L8647. Moreover, each of the standard solutions of 
sugars (fructose, mannose, glucose, and galactose) at exper-
imental conditions using a carbohydrate analysis column 
(Agilent ZORBAX) with dimensions 4.6 mm and particle 
size 5 microns in a mobile phase consisting of acetonitrile: 
distilled water (80:20) (v: v), respectively by injection of 20 
µL at a flow rate of 1.4 mL/min and the column temperature 
is 30 °C [19].

The structural integrity of the obtained levan polymer 
was investigated by Fourier Transform – Infrared Spec-
troscopy (Perkin Elmer Spectrum Two) in the 400–4000 
wavenumber (cm− 1) range. Commercial levan from Sigma-
Aldrich (St. Louis, US) produced by Erwinia herbicola was 
used as a control [19].
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Results and Discussion

Levansucrase Gene Amplification and Relative 
Quantification Real-Time PCR

After the amplification of the levansucrase gene region of 
the 87 isolates, sequencing, and alignment were performed. 
Seventeen isolates were selected for further molecular anal-
ysis, and RNA was extracted from these isolates for cDNA 
synthesis. The 16 S rRNA gene region was used as the refer-
ence gene, and the relative quantity of this region was deter-
mined for each organism. The levansucrase gene expression 
was then studied for each organism, and Ct values were cal-
culated using the equation of 2−ΔΔCT (Table 1). P19-1 and 
P29-1 were found to be the microorganisms with the highest 
relative quantity. Levan production experiments were set up 
for all organisms based on these results. Q-PCR was sug-
gested as a new method for the screening of genes directly 
related to the production of enzyme-based biopolymers. The 
primary advantages of Q-PCR are that it allows for the rapid 
and high-throughput detection and quantification of target 
DNA sequences in a variety of matrices. Simultaneous 
amplification and viewing of newly produced DNA ampli-
cons help to reduce amplification time [39]. Additionally, 
Q-PCR can be used to identify target DNA and demonstrate 
the presence of specific genes and/or alleles [40]. Therefore, 
Q-PCR could be useful in showing the presence gene/genes 
responsible for enzyme-based polymer synthesis.

The findings of this study demonstrate the poten-
tial of Q-PCR for identifying microorganisms with high 
levan production potential and highlight the importance 
of gene expression studies in predicting levan production 
capabilities.

at 416 nm and inhibition (%) was calculated using Eq. 2, 
diclofenac sodium as a standard.

In Vitro Cell Proliferation Test (WST-1)

To estimate the cell viability of pure levan obtained was tested 
with L929 Cell Line (ATCC CCL-1) at different concentra-
tions (0, 62.5, 125, 250, 500, and 1000 µg/mL) for 24 and 
48 h. The viability of the cells was investigated with WST-1 
(4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2 H-5-tetrazolio]-
1,3-benzenedisulfonate) (Roche Applied Science, Penzberg, 
Germany) cell proliferation kit. Briefly, cells at the 70% con-
fluency were trypsinized and seeded onto a 96-well plate at 
the cell/well density of 1 × 104. After overnight attachment, 
the medium (DMEM complete with 10% FBS and 1% pen-
icillin-streptomycin) (PAN Biotech, Aidenbach, Germany) 
was replaced with an experimental medium that contained 
purified levan from the halophilic producer in this study and 
incubated for 24 and 48 h at 37 °C in humidified air contain-
ing 5% CO2. After the incubation period, the WST-1 reagent 
was added to wells and incubated at 37 °C for two more 
hours at dark in 5% CO2. The absorbance was measured at 
450 nm by Gen5 Biotek Microplate Reader (BioTek, Epoch, 
ABD). Untreated cells (cells on wells without any sample 
but DMEM media) were used as a control and considered 
100% viable. All experiments were performed in triplicate 
and statistical analysis of in vitro test data was performed 
via GraphPad Prism 9 with One-Way ANOVA and Tukey 
tests. Data were presented as a mean of 95% confidence 
interval (CI). AP-value below 0.05 was considered statisti-
cally significant [19].

Table 1 Ct values of RT-PCR analysis for levansucrase and levan yields obtained from isolates
Isolate code Reference 2ΔΔ CT CT Mean ΔCT Mean ΔΔCT Standard deviation Levan yield (mg/L)
P19-3 11.714 56.331 17.613 5.898 -5.815 0.363 135.19
P19-1 13.250 610.336 17.246 3.996 -9.253 0.035 834.002
62 11.898 0 28.571 16.672 4.774 0.413 120.588
28 14.444 1.217 28.604 14.160 -0.284 0.398 115.806
P33-3 11.372 46.330 17.211 5.838 -5.533 0.483 251.392
P29-1 12.027 145.466 16.871 4.843 -7.184 0.158 147.418
Ş21 11.809 0 31.960 20.150 8.341 0.047 111.099
21 H 7.423 0 32.730 25.306 17.883 0.010 175.458
70 8.069 0 32.200 24.130 16.061 0.010 118.476
822 11.716 0 31.170 19.453 7.736 0.085 123.472
51 6.118 0 31.660 25.541 19.423 0.146 120.829
63 11.914 0 31.990 20.075 8.160 0.072 130.458
52 12.217 0 31.340 19,122 6.904 0.072 124.545
P23-1 10.162 7.767 17.367 7.204 -2.957 0.029 412.554
67 11.436 36.803 17.671 6.234 -5.201 0.289 184.039
P23-2 10.703 9.487 18.160 7.457 -3.246 0.335 357.202
P30-A 9.798 1.951 18.631 8.833 -0.964 0.143 126.733
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The COG table (Table 3) summarizes the abundance and 
functional classification of genes based on their predicted 
protein products. A total of 3222 genes were assigned to dif-
ferent COG categories, providing insights into the genomic 
features and potential biological functions of the bacterial 
strain. The COG analysis revealed a diverse distribution of 
genes across various functional categories. The most abun-
dant category was represented by COG code S, with 598 
genes (16.66% of the total), indicating a lack of functional 
prediction for a significant portion of the genes. The next 
most prevalent category was COG code E, comprising 340 
genes (9.47%), associated with amino acid metabolism and 
transport. Lastly, 127 genes (3.54%) did not fall within any 
of the defined COG categories, as indicated by the “-” code, 
suggesting their potentially unique or uncharacterized func-
tions. Overall, the COG analysis provided valuable insights 
into the genomic composition and functional repertoire of 
the bacterial strain under investigation. The distribution 
of genes across various COG categories sheds light on the 
potential biological processes and molecular mechanisms 
driving the bacterial genome’s functional diversity.

Carbohydrate Metabolism and Energy Generation

C. salexigens P19-1 possesses the genes to synthesize 
levan from sucrose using the levansucrase gene. The gene 
sequence was submitted to NCBI blast for further investiga-
tion. Blast results revealed its homology to the levansucrase 
genes of Halomonas sp. THAF12 (88.41%) and Halomonas 
smyrnensis AAD6 (88%).

Subsystems annotation provided valuable insights into 
carbohydrate metabolism which contained 174 genes 
(Fig. 1B). Of these, 73 genes were associated with central 
carbohydrate metabolism, suggesting that the organism pos-
sesses a robust set of enzymes involved in the breakdown 
and utilization of carbohydrates. This also suggests that the 
organism can efficiently derive energy from carbohydrate 
sources.

The annotation results also highlight the presence of 
specific metabolic pathways involved in various processes 
such as methylglyoxal metabolism, pyruvate metabolism, 
glyoxylate bypass, TCA cycle, pentose phosphate pathway, 
and organic acid metabolism. These pathways play essential 
roles in energy production, carbon metabolism, and biosyn-
thesis of important cellular components.

The identification of 24 genes associated with fermenta-
tion indicates that the organism can utilize alternative meta-
bolic pathways under anaerobic conditions. Fermentation 
pathways provide a way to generate energy in the absence 
of oxygen and may be important for the organism’s survival 
in certain environments.

According to the gene expression analysis, the highest 
expression level was observed in the isolate coded P19-1, 
which was analyzed by 16 S rRNA amplification [41]. This 
strain was identified as Chromohalobacter salexigens P19-1 
based on 16 S rRNA sequence analysis.

Validation of Levan Yields

Screening of isolates grown in a levan polymer medium for 
levan production was also carried out with the colorimetric 
method. Levan quantification was performed using the sugar 
determination method and fructose standard curve, and the 
obtained values are presented in Table 1. Interestingly, some 
microorganisms, such as P23-1, P23-2, P3-A, and P29-3 
strains, produced high amounts of levan despite having low 
or no relative quantification values for levansucrase gene 
expression. These findings suggest that the expression of the 
levansucrase gene may not be the only factor influencing 
levan production in these microorganisms. Further studies 
are needed to elucidate the molecular mechanisms underly-
ing levan production in these strains and to identify other 
potential genes involved in this process.

However, we now suggest a new hypothesis that different 
pathways may be active in levan production, and/or gene 
expression may be influenced by short-term stresses. Previ-
ous research by Ates and colleagues identified key network 
elements, such as enzymes and metabolites, involved in the 
mechanism of levan biosynthesis. They constructed an in 
silico metabolic model and analyzed it to identify critical 
components. According to their results, they identified three 
metabolic pathways related to levan biosynthesis: glycoly-
sis, the pentose-phosphate pathway, and fructose-mannose 
metabolism. They also found three points – ribulose 5-phos-
phate, glucose 6-phosphate, and mannitol – at the branches 
of these pathways as critical components [42]. All of the 
microorganisms tested in this study were found to produce 
levan, suggesting that different pathways may be more 
effective than levansucrase expression for this biosynthesis.

Genome Assembly and Annotation Details

The reads obtained from sequencing were quality controlled 
with FASTQc and showed they were of good quality. The 
complete genome of Chromohalobacter salexigens P19-1 
was assembled into 15 contigs, annotated, and found to con-
sist of 3,711,318 bp base pairs, with an average G + C con-
tent of 63.94%. The genome organization exhibited a typical 
circular structure, characteristic of most bacterial genomes 
(Fig. 1A). The overall genome size and organization of C. 
salexigens P19-1 provide a fundamental framework for 
understanding its genetic potential and evolutionary history. 
The details of other statistics are given in Table 2 below.
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Also, the annotation results reveal the presence of genes 
related to the metabolism of specific sugars such as mono-
saccharides, mannose, D-gluconate, xylose, and L-fucose. 
This suggests that the organism can utilize these sugars as 
carbon sources for growth and metabolism.

Lastly, genes involved in the metabolism of organic acids, 
sugar alcohols, and other organic compounds were anno-
tated suggesting a diverse metabolic capacity, allowing it to 
utilize a wide range of organic substrates as energy sources. 
Knowledge of carbohydrate metabolism is necessary for 
understanding possible levan production capabilities in dif-
ferent environments. It also helps to provide insights into 
its ecological niche, interactions with the environment, and 
potential applications in biotechnology and bioprocessing.

Nitrogen Metabolism

Further exploration of the annotated genome revealed 
important insights into the organism’s nitrogen metabolism 

Table 2 Genome assembly and annotation statistics for C. salexi-
gens P19-1
Assembly detail and features Statistic
Genome length 3,711,318 bp
GC content 63.94
Contig L50 2
Contig N50 705,676
CDS 3,484
tRNA 60
rRNA 2
Hypothetical proteins 613
Proteins with functional assignments 2871
Proteins with EC number assignments 933
Proteins with GO assignments 789
Proteins with pathway assignments 702

Fig. 1 (A) Circular representation of C. salexigens P19-1 genome (B) Subsystems distribution of annotated genes in C. salexigens P19-1 (C) 
Phylogenetic classification of C. salexigens P19-1 genome compared to other reference genomes. Numbers in brackets represent their PATRIC ids
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aspects of plant growth and development. They are pri-
marily known for their role in promoting cell elongation, 
root development, and tropical responses. However, recent 
research has revealed that certain bacteria are capable of 
synthesizing auxin or auxin-like compounds, which can 
influence plant growth and development [44]. Auxins may 
serve multiple purposes, including Plant growth promotion, 
plant-microbe interactions, biocontrol and disease suppres-
sion, and environmental adaptation. It is However important 
to note that the exact mechanisms and functions of auxin 
biosynthesis in bacterial secondary metabolism can vary 
depending on the bacterial species and the specific ecologi-
cal context. C. salexigens P19-1 has been described in other 
studies as a plant-growth-promoting bacteria in saline habi-
tats with studies citing ectoine as the metabolite promoting 
plant growth [45]. The ability to synthesize auxin may pro-
vide a novel mechanism through which C. salexigens P19-1 
interacts with plants and survives high salinity conditions. 
Further research is nevertheless needed to elucidate the spe-
cific roles of auxin biosynthesis in C. salexigens P19-1 sec-
ondary metabolism.

The presence of secondary metabolite gene clusters was 
investigated using the antiSMASH software. This analysis 
identified several putative gene clusters associated with 
the NI-siderophore, and two RIPP-like clusters. The pres-
ence of these gene clusters suggests the potential for NI-
siderophore, and two RIPP-like clusters to produce diverse 
secondary metabolites with biological activities. NI-sider-
ophore is a type of siderophore, which is a small molecule 
secreted by bacteria to scavenge iron from the environment. 
Siderophores are essential for bacterial growth and survival, 
as iron is a critical nutrient required for various cellular pro-
cesses. NI-siderophore specifically refers to a class of sid-
erophores produced by certain bacteria.

RIPP-like clusters, on the other hand, refer to gene clus-
ters that encode for Ribosomally Synthesized and Post-
translationally Modified Peptides (RIPP). These clusters 
contain genes responsible for the biosynthesis and modifi-
cation of RIPP-like peptides. RIPP-like peptides are a class 
of small, bioactive peptides that are ribosomally synthesized 
and undergo post-translational modifications to attain their 
final structure and function. They often possess antimicro-
bial or cytotoxic activities and can be produced by diverse 
microorganisms, including bacteria, fungi, and plants.

Phylogenetic Classification

The phylogenetic tree was built using representative 
genomes from NCBI. These genomes were identified using 
the Mash/MinHash algorithm [46]. The phylogenetic posi-
tion of the genome was determined by selecting PATRIC 
global protein families [47], aligning them with MUSCLE 

(Fig. 1B). C. salexigens P19-1 possesses genes for convert-
ing nitrate and nitrite into ammonia (3) and assimilating 
ammonia (7). Saline soils often pose challenges to plant 
growth due to high salt concentrations, which can disrupt 
nutrient availability, including nitrogen [43]. By effectively 
utilizing and processing nitrogen compounds, the organism 
can contribute to nitrogen cycling in the soil, potentially 
enhancing nitrogen availability for plants.

Secondary Metabolism and Metabolite Gene 
Clusters

Subsystems annotation revealed 4 genes associated with 
auxin biosynthesis. Auxin biosynthesis, specifically in the 
context of bacterial secondary metabolism, refers to the 
production of auxin or auxin-like compounds by bacteria. 
Auxins are a class of plant hormones that regulate various 

Table 3 Clusters of orthologous groups (COG) distribution in C. salex-
igensis P19-1
COG 
Code

Count Percentage Description

S 598 16.66 No functional prediction
E 340 9.47 Amino acid metabolism and 

transport
K 262 7.30 Transcription
P 243 6.77 Inorganic ion transport and 

metabolism
C 240 6.69 Energy production and conversion
G 208 5.80 Carbohydrate metabolism and 

transport
M 207 5.77 Cell wall structure and biogenesis 

and outer membrane
J 192 5.35 Translation, including ribosome 

structure and biogenesis
N 173 4.82 Secretion, motility, and 

chemotaxis
H 151 4.21 Coenzyme metabolism
T 137 3.82 Signal transduction
I 127 3.54 Lipid metabolism
- 127 3.54 Not in COGs
L 122 3.40 Replication, recombination, and 

repair
O 113 3.15 Molecular chaperones and related 

functions
Q 90 2.51 Secondary metabolites biosynthe-

sis, transport, and catabolism
F 86 2.40 Nucleotide metabolism and 

transport
U 82 2.28 Intracellular trafficking, secretion, 

and vesicular transport
D 47 1.31 Cell division and chromosome 

partitioning
V 42 1.17 Defense mechanisms
B 1 0.03 Chromatin Structure and 

Dynamics
W 1 0.03 Extracellular structures
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quadratic effect on the response (P < 0.05). This suggests 
that the amount of levan increases with increasing values of 
carbon source concentration, agitation rate, and incubation 
time, but the amount of levan decreases as higher values 
continue (Figure S1) (see supplementary information).

To determine the optimal conditions for the levan yield 
process, the second-order polynomial equation was utilized. 
The equation was solved, and the optimal conditions were 
found to be a carbon source concentration of 45 g/L (X1), 
agitation rate of 300 rpm (X2), and incubation time of 48 h 
(X3). The model estimated that under these conditions, a 
maximum levan yield of 734.91 mg/L could be obtained at 
the end of the fermentation process. To test the accuracy 
of the model, levan production was carried out in the pro-
duction medium containing C. salexigensis P19-1 bacteria 
and sucrose, using the optimal conditions determined by 
the model. The results showed that the maximum amount 
of levan obtained at the 48th hour of fermentation was 
709.14 mg/L, which is very close to the predicted value of 
734.91 mg/L.

Analytic Methods and Chemical Characterization

Sugar Profile Analyses of C. salexigensis P19-1 Levan

The HPLC analysis conducted on C. salexigensis P19-1 
levan (ChL) revealed that fructose was the primary mono-
saccharide present, as illustrated in Figure S2 (see supple-
mentary information). The chromatogram of the standard 
mixture displayed a major peak at t = 6.98 min, which corre-
sponded to fructose. In comparison, the commercial Erwinia 
herbicola levan (EhL) exhibited a distinct fructose peak at 
t = 6.68 min. However, the chromatogram of ChL displayed 
a broad fructose peak at approximately t = 6.03 min. These 
findings suggest that ChL levan is a fructose polymer, with 
fructose being the primary monosaccharide constituent.

Chemical Characterization

The chemical characterization of levan was performed 
using FT-IR analysis, and the results are presented in Fig. 2. 
The distinctive peaks of the obtained levan sample and the 
commercial levan produced by E. herbicola are shown in 
the spectrum. The results indicate that the polymer obtained 
from the halophilic isolate is a levan-type polysaccharide, 
as evidenced by the similarity between the sample and the 
pure and commercial levan. The FTIR spectrum of the 
obtained levan sample and the commercial levan mostly 
overlap, with characteristic peaks indicating the presence of 
fructose residue. Specifically, the bands around 3369 cm− 1, 
2945 cm− 1, and 2453 cm− 1 correspond to the vibrations of 
OH stretching of fructofuranose residues, -CH2OH group, 

[48], and their nucleotides mapped to the protein align-
ments. These were then arranged into a matrix that was then 
analyzed by bootstrapping with RaxML [49]. The results 
show that the genome under study is closest to C. salexigens 
DSM 3043 (Fig. 1C).

Optimization by Response Surface Methodology

Preliminary experiments conducted in this study showed 
that carbon source concentration, agitation rate, and incuba-
tion time had a significant effect on levan production. The 
maximum levan yield was obtained at a 1.0 vvm aeration 
rate in the fermenter, and this aeration rate was kept constant 
during the optimization studies. Response surface meth-
odology was used to determine the optimum levels of the 
process parameters, including carbon source concentration, 
agitation rate, and incubation time. Based on the results of 
single-factor experiments, the levels of the process variables 
were set as carbon source concentration of 30–60 g/L, agita-
tion rate of 150–450 rpm, and incubation time of 24–72 h 
for CCD experiments. After each fermentation, levan yield 
was measured, and the results are presented in Table S1 
(see supplementary information). The results of CCD based 
on levan yields were statistically analyzed using ANOVA 
(Table S2) (see supplementary information).

The analysis conducted in this study provides the value 
of the model and determines the requirement of a more 
complex model with a fit. According to the obtained results, 
the R2 value was 0.869, indicating that the model as fitted 
explained 86.9% of the variability in levan yield. The F test 
for regression was significant at a level of 5% (p < 0.05), 
indicating that the model can explain the variation observed 
in levan yield with the designed levels of the factors. As 
shown in Table 5, the lack of fit (0.1325) was not significant 
at the 5% level (p > 0.05), indicating that the experimental 
data obtained fit well with the model. This means that the 
effects of carbon source concentration, incubation time, and 
mixing speed on levan production can be well explained by 
the model created. Using the regression coefficients found 
as a result of the multiple regression analysis on the experi-
mental data, the quadratic model equation for the face-cen-
tered design was produced and given below.

The study presents the regression coefficients of the 
terms in the model equation in Table S2. The significance of 
each coefficient is assessed using P values, where a smaller 
P value indicates a stronger correlation of the coefficient. 
The results indicate that the carbon source concentration has 
the most significant effect on the levan amount, as it has 
the highest linear coefficient (52.243). The incubation time 
(31.696) and agitation rate (0.871) follow in significance. 
Furthermore, the study finds that carbon source concentra-
tion, agitation rate, and incubation time have a negative 

1 3



Journal of Polymers and the Environment

weight (Mn) of 9.911 × 105±0.01 g/mol, and polydispersity 
(Mw/Mn) values were found to be 1.786 ± 0.02. Poli et al. 
reported that levan produced by H. smyrnensis AAD6T the 
weight average molecular weight (Mw) was found to be 
1 × 106 ± 0.1 g/mol [8].

Biological Activities

The in vitro scavenging activity of ChL was assessed using 
a non-enzymatic 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
assay. The concentration-dependent percentage inhibition 
results are presented in Figure S3 (see supplementary infor-
mation). The experiments were conducted in triplicate, and 
the results were reported as the mean ± standard deviation 
(SD).

and C-H stretching of fructofuranose residues, respectively. 
Additionally, bands in the 1430–1220 cm− 1 range were pro-
duced by C-H vibrations combined with aromatic skeletal 
vibrations. The glycosidic linkage of C-O-C vibrations of 
fructofuranose rings and glycosidic linkages at 1119 − 1054 
and 952 cm− 1 were also observed. These findings are con-
sistent with previous studies [8] and confirm that the poly-
mer obtained from the halophilic isolate is a fructose-based 
levan-type polysaccharide. The spectral peaks of the two 
polymer structures exhibited significant overlap when com-
pared to the nuclear magnetic resonance (NMR) spectrum 
of commercially available EhL, which had a purity of 99%. 
(Fig. 3).

ChL had a weighted average molecular weight (Mw) 
of 1.770 × 106±0.01 g/mol, the number average molecular 

Fig. 3 1H NMR spectra of E. herbicola and C. salexigensis P19-1 levan

 

Fig. 2 FT-IR spectra of C. 
salexigensis P19-1 levan and E. 
herbicola levan
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anti-inflammatory, and non-cytotoxic properties. Whole 
genome analysis of C. salexigens P19-1 revealed its geno-
typic potential, including the levansucrase gene involved in 
levan biosynthesis and versatile carbohydrate metabolism. 
Nitrogen metabolism capabilities, auxin biosynthesis, and 
other secondary metabolites and clusters suggest additional 
biotechnological importance in supporting plant growth in 
hypersaline environments.
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