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Abstract

Gellan gum (GG) has gained tremendous attention owing to its diversified applications. However, its high production and
hence market cost are still a bottleneck in its widespread utilization. In the present study, high GG producing mutant of
Sphingomonas spp. was developed by random mutagenesis using ethyl methylsulphonate (EMS) for industrial fermentation
and identified as Sphingomonas trueperi after 16S rRNA and matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF-MS) analysis. The fermentation conditions such as pH, temperature, and inoculum ratio were
optimized by one factor at a time (OFAT) followed by screening of medium components by the Plackett—Burman statistical
design. The most critical nutrients were further optimized by response surface methodology for maximizing GG production.
The effect of dissolved oxygen tension in bioreactor on cell growth, substrate consumption, GG production, and batch pro-
ductivity was elucidated. The highest GG titer (23 +2.4 g/L) was attained in optimized medium at 10% inoculum (6.45 +0.5
log cfu/mL) under controlled fermentation conditions of pH (7), temperature (30 °C), agitation (300—600 rpm), and aeration
(0.5-2.0 SLPM) at 22 +2% dissolved oxygen tension in a 10-L bioreactor. Kinetic modeling of optimized batch process
revealed that logistic growth model could best explain biomass accumulation, while GG formation and substrate consump-
tion were best explained by Luedeking-Piret and exponential decay model, respectively. Structural and physico-functional
features of GG produced by mutant Sphingomonas spp. were characterized by HPLC, FTIR, NMR, DSC, TGA, GPC, SEM,
and rheological analysis. The higher productivity (0.51 g/L/h) under optimized fermentation conditions suggests potential
consideration of mutant and process for commercial utilization.
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Introduction

Gellan gum (GG) is a linear anionic exopolysaccharide
(EPS) having glucose: rhamnose: glucoronic acid in 2:1:1
ratio along with acetyl and glycerate substitution in a
repeating tetra-saccharide unit (O’Neill et al. 1983). It is
produced by fermentation using non-pathogenic bacteria
Sphingomonas paucimobilis under controlled fermentation
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conditions. In its native form, GG is categorized as “high
acyl” which forms soft and elastic gels. Deacylation by alkali
treatment yields “low acyl” GG which forms hard and brit-
tle gels (O’Neill et al. 1983; Kuo et al. 1986; Morris et al.
2012). The stability over wide range of pH and temperature
along with tunable rheological properties makes GG a mate-
rial of choice as thickener, stabilizer, taste controller, texture
modifier, gelling agent, and emulsifier in a wide spectrum of
industries such as in food, pharmaceutical, biomedical, per-
sonnel care, and oil recovery industries (Fialho et al. 2008;
Dev et al. 2022).

The global industrial demand of GG is rising continu-
ously with approximately 12% compound annual growth
rate (CAGR). Higher demand, lower industrial productivity
(g/L/h), and high production cost are the reasons for higher
price of GG (up to 150 $/kg) which restricts its preferential
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use over other competitive hydrocolloids such as agar
and xanthan (Wu et al. 2011; Li et al. 2019; Viswanathan
et al. 2020). To overcome the current scenario, different
approaches such as strain development (Lobas et al. 1992;
Monteiro et al. 1992; Fialho et al. 2008), media optimiza-
tion (Nampoothiri et al. 2003; Bajaj et al. 2007; Banik et al.
2007; Huang et al. 2012), fermentation, and downstream
process optimization (West and Fullenkamp 2001; Kanari
et al. 2002; Banik and Santhiagu 2006; Giavasis et al. 2006;
Zhu et al. 2011; Huang et al. 2012; Viswanathan et al. 2020)
have been attempted and are still ongoing. Previous attempts
have enlightened the researchers for better understanding of
challenges in the fermentative and downstream operations
of GG bioprocess.

Random and targeted mutations for strain development
have been long explored for improving the yield of GG.
Although, such attempts have added significant new infor-
mation on genetic assembly of Sphingomonas spp., but it
has not persuasively translated in improving the yield of GG
from an industrial perspective (Lobas et al. 1992; Dev et al.
2022). Random mutagenesis has been preferred in industrial
fermentation owing to its simple, time saving, cost-effective-
ness, and capacity to generate stable mutants (Lobas et al.
1992; Wu et al. 2011; Zhu et al. 2011). Approaches such
as UV or gamma radiation treatment or chemical mutagen-
esis using chemicals such as ethyl methylsulphonate (EMS)
are promising ways for developing Sphingomonas mutant
with desired capabilities of industrial fermentation. Such
physical or chemical treatment generates mutants by cre-
ating lesions, or irreversibly altering base sequences of
microbial genome (Foster 1991). Such mutational breed-
ing have been reported to improve the EPS production in
Cordyceps militaris SU5-08 and Xanthomonas campestris
(Lin et al. 2012; Kothari et al. 2014). Lobas et al. (1992)
have developed an industrial mutant Sphingomonas pauci-
mobilis E2 (DSM 6314) by EMS treatment from wild type
strain Auromonas elodea (ATCC 31461) and showed an
impressive increase in productivity from 0.04 to 0.17 g/L/h.
Similarly, Li et al. (2019) used a combined approach of UV
radiation and EMS treatment for elevating the production of
GG in Sphingomonas elodea by 14.4% (1.35 g/L) over the
wild type strain. Although, there has been little improvement
in gellan gum production by random mutational breeding,
and the approach has been successfully worked for other
similar microbial polysaccharide such as pullulan. Recently,
Li et al. (2023) reported atmospheric and room temperature
plasma (ARTP) mediated random mutagenesis and adap-
tive evolution of Aureobasidium pullulan for high produc-
tion yield of pullulan (162.3 g/L). This confirms efficacy
of random mutagenesis in strain development for industrial
fermentation.

Although random mutagenesis has been a proven and
preferred way to develop stable mutants, it also has certain
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disadvantages. Different mutants of bacterial strain from
same genus developed by random mutation, under identi-
cal culture conditions, can produce EPS like GG with vari-
able structural and hence physico-functional characteris-
tics (Matsuyama et al. 2003; Dertli et al. 2013). Hence, a
detailed assessment of structural and functional attributes of
the metabolite is crucial in random mutagenesis. Similarly,
stable and high productive mutant has to be optimized for
media components such as the type and concentration of
carbon and nitrogen source, C/N ratio, precursors, and dis-
solved oxygen tension (DOT) in the bioreactor to accomplish
maximum process yield and productivity (Huang et al. 2012;
Dev et al. 2022).

Literature reports indicate the efficacy of EMS for random
mutational breeding of Sphingomonas spp. for improved
polysaccharide production as reported earlier (Lobas et al.
1992; Jay et al. 1998; Wu et al. 2011; Li et al. 2019). Hence,
EMS treatment was explored in the present study to gen-
erate a stable mutant of wild strain Pseudomonas elodea
NCIMB 12171. The potential mutants were screened based
on survival capacity, colony size, extent of mucoidness and
pigmentation, generation stability, and GG yield and char-
acterized by 16S rRNA along with MALDI-TOF mass spec-
troscopic analysis. The EPS produced by mutant strains of
Sphingomonas spp. was characterized for its composition
by HPLC followed by structural analysis by FTIR, NMR,
DSC, TGA, molecular weight, and rheological properties
and compared with commercial GG. The most promis-
ing mutant was taken ahead for GG process development
wherein media components were screened and optimized
by the Plackett—Burman statistical design for screening vari-
ables followed by RCCD for further optimization. The effect
of variable dissolved oxygen tension (DOT) on substrate
consumption, cell growth, yield of GG, and productivity
in the bioreactor has been elucidated. The optimized batch
data was used to generate various kinetic parameters such as
instantaneous growth rate (r,), instantaneous rate of product
formation (rp), instantaneous rate of substrate consumption
(r,), and productivity (P,). Different kinetic models were
evaluated to understand the kinetics of cell growth, product
formation, and substrate utilization by mutant Sphingomonas

Spp-

Material and methods
Chemicals and reagents

All the reagents and chemicals were of analytical grade and
kindly provided by HiMedia Laboratories Private Limited
(Mumbai, India). The bacterial strain Pseudomonas elodea
NCIMB 12171 was procured from National Collection of
Industrial, Food and Marine Bacteria (NCIMB), USA.
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Microorganism, culture maintenance, and inoculum
preparation

Pseudomonas elodea NCIMB 12171 culture was maintained
on slant prepared of yeast peptone glucose (YPG) agar
medium (glucose 20 g/L, yeast extract 3 g/L, peptone 5 g/L,
agar 15 g/L) as reported by Nampoothiri et al. (2003) and
incubated at 37 °C for 36 h followed by storage at—4 °C.
The inoculum was prepared by cultivating loop of cells in
50 mL sterile seed culture medium pH 7.0 (NaCl 5 g/L, yeast
extract 1 g/L, peptone 5 g/L, beef extract 3 g/L, and sucrose
5 g/L) contained in 250 mL Erlenmeyer flask. The flasks
were incubated at 250 rpm and 30 °C for 24 h in a rotary
shaker.

Chemical mutagenesis of the Pseudomonas elodea
NCIMB 12171

The wild type Pseudomonas elodea NCIMB 12171 culture
was subjected to mutagenesis using EMS as per the meth-
odology reported by Cupples et al. (1990) with slight modi-
fications. Briefly, 20 mL sterile seed medium was inocu-
lated with loop of cells from the freshly sub-cultured plate.
The inoculum was grown at 30 °C at 250 rpm for the next
16-20 h till suspension optical density (OD 600 nm) reached
mid log phase. The suspension culture was harvested and
centrifuged at 4000 X g followed by washing with 40 mL of
phosphate buffer (100 mM; pH 7.0). The cell sediment was
re-suspended in 5 mL phosphate buffer (100 mM; pH 7.0)
and exposed to various concentrations of EMS (80, 160, 240,
and 320 mM) at 30 °C for 60 min. Thereafter, the suspension
was centrifuged at 4000 X g and double washed with 5 mL
phosphate buffer. The cells were further suspended in 500
pL of same buffer and spread on sterile nutrient agar plates.
Complete procedure was carried out in aseptic conditions.
The plates were incubated at 30 °C until no distinct colonies
were observed. The mutagenesis was targeted to have sur-
vival rate less than 1% which was confirmed using Eq. 1 as
reported by Naveena et al. (2012) and Amraoui et al. (2022).

. N; =N,
Survival rate(%) = = x 100 (1

where N; and N, are the viable cell count, initially and after
mutation in cfu/mL (colony forming unit/mL), respectively.

Screening and characterization of mutant

The colonies survived were screened for their stability,
morphology, and pigmentation by repeated passages on the
nutrient agar plates. There were 28 colonies with consist-
ent colony characteristics after 5 consecutive passages. All

of these were further evaluated for their ability to produce
GG. The colony giving highest yield of GG (g/L) on alco-
hol precipitation of broth was selected for further study and
hereafter named as “GGSM81.” It was checked for purity,
shape, and motility under microscope and examined for
Gram staining using K0OO1-1KT (HiMedia, India).

The mutant GGSM81 was analyzed for 16S rRNA par-
tial gene sequencing by extracting DNA as per the estab-
lished protocol (Wilson 2001). The resulting 1257 bases
so obtained were aligned with GeneBank database using
BLAST server of NCBI for comparative assessment. neigh-
bor-joining method was used to generate the phylogenetic
tree. Similarly, it was also analyzed by MALDI Biotyper
CA System (MBT-CA), Bruker Daltonics, Inc., Billerica,
MA. The sample was prepared by direct transfer method as
described by Faron et al. (2015). The isolate was deposited
under Budapest Treaty at microbial depository of Microbial
Type Culture Collection (MTCC), IMTECH, Chandigarh,
India (Accession number: MTCC 25345).

Submerged cultivation in shake flask

The submerged fermentation of the mutant GGSMS1 for
GG production was carried out in 500 mL Erlenmeyer flask
containing 100 mL production medium. The production
medium (K,HPO, 1.5 g/L, KH,PO, 1 g/L, MgSO,-7H,0
0.6 g/L, yeast extract 0.2 g/L, soy protein 2 g/L, and sucrose
30 g/L) was adjusted at pH 6 and autoclaved at 15 psig for
15 min. The sucrose solution was autoclaved separately and
aseptically mixed with the production medium before inocu-
lation. The production flasks were inoculated with 5% (v/v)
and 20 h seed (6.45 0.5 log cfu/mL) and were incubated at
30 °C for 52 h at 250 rpm in rotary shaker (Orbiteck; Scigen-
ics Biotech, India).

Optimization of cultivation conditions

The process parameters such as pH, temperature, and inoc-
ulum size were optimized by one factor at a time (OFAT)
approach. The basic production media described in “Microor-
ganism, culture maintenance and inoculum preparation” sec-
tion was adjusted at pH 5, 6, 7, and 8 using 0.5 N HCL and
0.5 N NaOH before autoclaving. The sterile flasks were inocu-
lated with 5% v/v inoculum of 20 h age (6.45+0.5 log cfu/
mL) and were incubated at 30 °C, 250 rpm for 52 h. Similarly,
the effect of temperature on the production of GG was studied
at 25, 30, 35, and 40 °C at optimum pH and 5% inoculum size.
The optimum inoculum in terms of volumetric size (5%, 10%,
15%, and 20% v/v) with constant cell count (6.45 +0.5 log
cfu/mL) was studied at optimum pH and temperature. All the
experiments were performed in triplicate, and results were
expressed as mean standard deviation.
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Optimization of the production medium
by statistical design

The nutritional parameters were further optimized to maxi-
mize the production of GG by statistical design. Variables
affecting the production of GG were screened by the Plack-
ett—Burman design. The most influencing factors (sucrose,
urea, and ADP) were then further optimized using response
surface methodology. The level of sucrose, urea, and ADP
was fixed based on their model coefficient and p-values after
statistical analysis (please see supplementary file. Higher
model coefficient (from 0.75 to 1.10) and lower p-values
(p <0.05) of these factors were indicative of their positive
influence on response, i.e., GG yield. This indicated that
values higher than those tested through the Plackett-Bur-
man design may further improve the response. Similarly,
literature on fermentation for the production of microbial
polysaccharides including GG also indicates that carbon
source up to 4 to 6% w/v, urea up to 2.5 g/L., and ADP up to
1 mM is appropre for higher yield (Bajaj et al. 2006; Bajaj
et al. 2007; Huang et al. 2020; Prajapati et al. 2013; Dev
et al. 2022). Hence, considering statistical analysis and lit-
erature reports, the levels of sucrose, urea, and ADP were
fixed. All the submerged batch cultivations were performed
in triplicate at optimized pH, temperature, and inoculum
size in shake flasks. The results are presented as the average
values of three trials.

Production of gellan gum in a bioreactor

The batch cultivation of the mutant was done aseptically in
10 L stirred-tank bioreactor (BioFlo 120; Eppendorf, USA)
with 7 L working volume. The 12 h polarized sterile vessel
was inoculated with 10% (v/v) 20 h aged seed (6.45+0.5
log cfu/mL). The inoculum was prepared as per procedure
described in “Microorganism, culture maintenance, and
inoculum preparation” section. The batch process was exe-
cuted at 30 °C, and pH was maintained at 7.0 £0.5 using
IN NaOH and IN HCL. The foaming was controlled by
automatic addition of silicon oil emulsion (GRM704, HiMe-
dia, India). The samples were harvested and analyzed at
every 4 h interval for cell growth, yield of GG, and residual
sucrose concentration.

(e")

Luedeking — Piret model : P, = Py + aX|

Effect of dissolved oxygen

The yield of GG, cell growth, substrate consumption, and
process productivity by the mutant Sphingomonas trueperi
GGSMS1 were studied with respect to variable dissolved oxy-
gen tension (DOT) in bioreactor using optimized production
media. The aeration and agitation were varied in the range of
300 to 600 rpm and 0.5 to 2.0 SLPM, respectively, to main-
tain DOT in the bioreactor at targeted levels of 20%, 40%,
and 70%. Oxygen-enriched air was supplied as per demand
beyond mentioned upper values of aeration and agitation. All
the experiments were performed as batch process in triplicate,
and results were recorded as mean =+ standard deviation.

Different kinetic parameters such as instantaneous growth
rate (r,), instantaneous rate of product formation (r,,), instan-
taneous rate of substrate consumption (r,), product formation
specific rate (u,), substrate consumption specific rate (i),
and productivity (P,) were determined using equations dis-
cussed by Miranda et al. (2020).

Kinetic modeling of gellan gum fermentation

Kinetic modeling of the fermentation process enables basic
understanding about the cell growth and associated meta-
bolic changes. Experimental values of cell count, residual
sucrose, and gellan gum yield obtained from batch fermenta-
tion under optimized conditions were evaluated for different
kinetic model fitting. Microbial hydrocolloid fermentation
processes do not follow the classical substrate-limited cell
growth and product formation kinetics. Hence, empirical
models such as logistic equation are used as alternative to
define the kinetics (Zhang et al. 2015). Like other polysac-
charides, cell growth in GG fermentation process was mod-
eled by logistic equation (Eq. 2)

ut
Xye

1= (&)1 —em) @

X,

Logistic equation : X, =

where X,=cell growth at time “t” [log (cfu/mL)], X,=cell
count at beginning, p=specific growth rate (h™!), and
t=time (h). The product formation was modeled by Luedek-
ing-Piret model (Eq. 3).

X X,
— _m — 2 (1 — M 3
1+ﬁ”mln<1 % eu)) 3

m
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The kinetics of substrate consumption was modeled by
Weibull model (Eq. 4) and exponential decay model (Eq. 5).

Weibull model : Log(S,) = —ut" 4)
Exponential decay model : S, = Sye™* (5)
Analytical methods

Cell count and gellan gum quantification

Cell count in the fermentation broth samples was deter-
mined by streak plate method. Briefly, broth was serially
diluted in the saline solution to make 107! to 107> dilu-
tions and plated on the sterilized MS agar plate in tripli-
cate followed by incubation at 30 °C for 24-48 h. The cell
count was expressed as average of three plate counts. The
GG from the fermentation broth was quantified by alcohol
precipitation as reported by Bajaj et al. (2006).

Physico-chemical characterization of the gellan gum
Compositional analysis by HPLC

The samples were hydrolyzed using 2 M trifluoroacetic acid
(TFA) at 90 °C for 3 h. The residues were washed with HPLC
grade methanol repeatedly for 2-3 times by evaporating the
methanol to dryness in order to remove the acid component.
The dried residue was dissolved in HPLC grade water and fil-
tered through 0.22 u PVDF filters. The samples were loaded on
the COSMOSIL Sugar-D packed column (4.6 ID X500 mm,
05397-51) and analyzed using RI-4070 refractive index detector
(RID) HPLC system (JASCO, Japan). The analyses were done at
a column temperature of 40 °C using acetonitrile: water (70:30)
as the mobile phase in isocratic elution mode at 1 mL/min flow
rate. The commercial gellan gum Clerigel was used as control.

Determination of acetyl content

The acetyl content was determined by colorimetric method
as described earlier (Hestrin 1949). Briefly, 2 mL of alka-
line hydroxylamine reagent was added to 1 mL sample
(100 pg/mL). The solution pH was adjusted at 1.2 +0.2
using 1N HCI. The chromogenic solution of ferric chloride
(1 mL) was added into the mixture and shaken gently. The
absorbance was measured using UV-Vis spectrophotometer
at 540 nm (SpectroStar microplate reader, BMG Labtech,
Germany). The blank was prepared using distilled water
instead of sample. Standard curve was prepared using ace-
tylcholine chloride (45-3600 pg/mL) solutions (0.004 M, in

0.001 N; pH 4.5 sodium acetate solution). Standard curve
has been provided in the supplementary file (SI F1).

Other physico-chemical properties

The other physico-chemical properties such as ash content and
protein content were determined following the methods reported
in Association of Official Analytical Chemist (AOAC 2005). The
color values such as L*, a*, and b* were determined using Hunter
Lab colorimeter (LabScan XE, Hunter Associates Laboratory,
VA, USA) with standard settings (D65/10°, reflection mode). The
water activity (a,,) was measured using RotoMac™ at 25 +1 °C.

Structural characterization
FTIR

The test samples and Clerigel were analyzed for functional
groups using ATR-FTIR of Alpha Instruments, Bruker,
USA. The samples were scanned for 4000—-400 cm™! fre-
quencies at 4 cm™! resolution.

NMR

Polysaccharide from mutant GGSMS81 and Clerigel was
analyzed by 'H-NMR. The samples were prepared at con-
centration 5 mg/mL in D,O and analyzed at 90 °C using
600 MHz NMR, JEOL, Japan, at 14 T filed strength,
2.75 Hz resolution, and 11.28 kHz frequency sweep.

Molecular weight

The GG from mutant GGSMS81 was evaluated for the
molecular weight by gel permeation chromatography
(GPC) and compared with the commercial gellan gum,
Clerigel for their number average molecular weight, weight
average molecular weight, and molecular weight distribu-
tion. The solution (0.5 mg/mL) was prepared in deionized
water by overnight hydration. The samples were injected
on PL Aquagel OH-40 column through guard column at
a flow rate of 1 mL/min and analyzed by refractive index
detector (RID) of Agilent 1260 multi-detector system. For
every analysis, calibration curve was plotted using range
of known molecular weight dextran (668-5.2 kDa).

Thermal characterization
The commercial GG and GG from mutant GGSM81 were

analyzed for their thermal properties using differential
scanning calorimetric, Shimadzu, Japan. The analysis
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was carried out under nitrogen (N,) flow for thermal cycle
from 25 to 500 °C at 10 °C/min. The results were pro-
cessed using TA software (TA instruments, New Cas-
tle, DE, USA). TGA measurements of Clerigel and GG
from mutant GGSMS81 were performed in nitrogen flow
(100 mL/min) in a temperature range of 25 to 500 C at
10 °C/ min in TA instrument.

Microscopic analysis

The microstructural characteristics of the powdered GG
and commercial Clerigel were studied by Scanning Elec-
tron Microscopy (SEM) using Quanta 200F ESEM (FEI
Company, Netherland) with accelerating voltage of 20.0 kV
under low vacuum condition.

Rheological analysis

The rheological characterization of GG solution was per-
formed using MCR-e302 rheometer (Anton Paar, Austria)
equipped with parallel plate geometry (0.5 mm gap, PP50).
The analysis was performed at 25 °C. The equilibrated
sample was analyzed for flow curve parameters such as
shear stress (c), apparent viscosity (n,), and over shear rate
(y) 0.1 to 100 s~!. The data was used to determine flow
behavior index (n), consistency index (k), and yield stress.
Similarly, the frequency test was determined in frequency
0.01 — 10 rad/s with shear strain 1%.

Statistical analysis
All the experiments were performed in triplicate. The statis-

tical significance of the experimental observations has been
performed by analysis of variance (ANOVA), followed by

a)
10 -
9_
— 8 A1
g ;]
g6
= 5 A
2 4
S
5 31
mz_
1_
0 T T T 1
80 160 240 320

EMS concentration (mM)

Duncan’s multiple range test for multiple comparisons using
the IBM®, SPSS® statistics software (version 20) (NY,
USA) at p <0.05 significance level.

Results and discussion
Mutant generation, selection, and characterization

The random mutagenesis by any physical or chemical meth-
ods is well known to produce microbial strains with superior
characteristics. These techniques alter the genetics of the
wild microorganism either by in vivo addition or deletion
of the nucleotides (Foster 1991). EMS as chemical muta-
gen works by irreversible alterations in the base sequence
of DNA or by creating a lesion in the DNA sequence. The
ethyl group from EMS owes its overall mutagenic capacity.
This ethyl group transfers to available nucleophilic sites,
principally nitrogen, but it could also be at oxygen or phos-
phate group in the DNA (Bleisch et al. 2022; Sega 1984).
The transfer occurs via SN,/SN, reaction mechanism which
immediately tends to be corrected by the molecular assem-
bly of the microorganism. However, microorganisms which
are not able to correct such alterations or lesions and still
survive on the nutrient supplements are termed as mutants
(Sega 1984; Devchand and Gwynne 1991; Amraoui et al.
2022; Bleisch et al. 2022). In the present study, EMS treat-
ment was observed to have lower survival rate at higher
EMS concentration (Fig. 1a).

Among the survived colonies, only 28 mutants were sta-
ble on passaging which were then screened for their col-
ony characteristics and GG yield. Among these, GGSMS81
mutant consistently gives large, mucoid, convex, and slightly
yellow-colored colonies and shortlisted for further study. It
was observed to be aerobic, rod-shaped, non-spore forming

b)
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Fig. 1 a Survival rate of Pseudomonas elodea NCIMB 12417 against different EMS concentration. b Generation stability of mutant Sphingo-

monas trueperi GGSM81 for gellan production
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Fig.2 Phylogenetic tree show-
ing close relationship of mutant
GGSMB81 with other species
based on neighbor-joining 8]
method

|().l|(l|

Sphingomonas sp. BR12259 16S ribosomal RNA gene, partial sequence
Sphingomonas sp. BR12247 168 ribosomal RNA gene, partial sequence

a-proteobacteria | 15 leaves

a-proteobacteria | 4 leaves

© 9 Sphingomonas azotifigens gene for 168 rRNA, partial sequence, strain: NBRC 15496
Olcl|Query 49415
OSphingomonas trueperi strain KUDCI819 16S ribosomal RNA gene, partial sequence
OSphingomonas trueperi strain Je44-11 16S ribosomal RNA gene, partial sequence
OSphingomonas sp. BR12249 168 ribosomal RNA gene, partial sequence
OSphingomonas sp. ATCC 21423 168 ribosomal RNA gene, partial sequence

9 Sphingomonas sp. strain GHY1 16S ribosomal RNA gene, partial sequence

ol - proteobacteria and bacteria | 11 leaves

&l proteobacteria and bacteria | 34 eaves

Gram negative in character showing consistent GG yield
(10-13 g/L) over 10 production cycles with similar colony
characteristics (Fig. 1b). The yield (g/L) and productivity
(g/L/h) were much higher than the wild type strain produc-
ing GG up to 67 g/L after 96 h of shake flask fermentation.
Li et al. (2019) have reported 14.4% increment in GG yield
from mutant Sphingomonas spp. after combined UV and
EMS treatment on wild Sphingomonas elodea. Lobas et al.
(1992) also have reported four-fold increased in GG pro-
ductivity by Sphingomonas paucimobilis E2 (DSM 6314)
which was a mutant of an industrial strain Auromonas elo-
dea (ATCC 31461) developed using EMS as mutagen. Simi-
larly, increased xanthan gum production in Xanthomonas
campestris, EPS production in Cordyceps militaris SU5-08,
and pullulan production in Aureobasidium pullulan have
been reported after random mutational breeding (Lin et al.
2012; Kothari et al. 2014; Li et al. 2023).

a) b)

Gellan gum (g/L)
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5 6 oH 7 8
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20.0 -, ==te=Cell count (CFU/mL) 20 9 empem=Cell count (Log CFU/mL)

25 30 35
Temperature (°C)

Based on 16S rRNA analysis, phylogenetically mutant
GGSMS81 showed 100% similarity with Sphingomonas true-
peri KUDC1819 (partial sequence, query covered =100%,
E. value: 0.0, Accession number: KC3553261.1), S. true-
peri Je44-11 (partial sequence, query covered=100%, E.
value: 0.0, Accession number: KC152652.1), 99.92% simi-
larity with S. trueperi NBRC 100456 (partial sequence,
query covered =100%, E. value: 0.0, Accession number:
NR_113897.1), and 99.76% similarity with Sphingomonas
azotifigens BT364 (partial sequence, query covered =100%,
E. value: 0.0, Accession number: MN204209.1). Phyloge-
netically mutant GGSMS81 were closer to S. trueperi fol-
lowed by S. azotifigens with 14 and 12 number of hits dur-
ing nucleotide BLAST, respectively (Fig. 2). Similarly,
MALDI-TOF mass spectroscopic analysis also confirmed
the mutant closeness with S. trueperi. It has been deposited
in Microbial Type Culture Collection (MTCC), Chandigarh

GG Yield (g/L)

@y Cell count (Log CFU/mL) 9.0
16 8.5
14 8.0
7.5

12
7.0
10 6.5

5 10 15 20
Inoculum size (% v/v)

Fig.3 Effect of process parameters on the cell growth and yield of gellan gum by mutant Sphingomonas trueperi GGSM81: a pH, b tempera-

ture, and ¢ inoculum size
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depository under Budapest Treaty with accession number
MTCC 25345. Considering the high GG production capac-
ity, mutant GGSM81 was used to optimize fermentation con-
ditions aiming for maximum yield and productivity.

Optimization of culture conditions
Effect of pH on the gellan gum yield

The effect of pH on the yield of GG by the mutant strain
GGSMSI is depicted in Fig. 3a. The bioprocess pH is a
decisive parameter for nutrient solubility, cellular physiol-
ogy, and hence the overall metabolism. In the present study,
maximum GG yield (14.4 g/L) was observed at pH 7 beyond
which it declined. This indicated a reduced cell growth in
alkaline environment and consequently decreased product
formation (Nampoothiri et al. 2003; Bajaj et al. 2006). The
optimum pH for growth and production may vary for the
same bacterium. Our results are in agreement with litera-
ture reports (Bajaj et al. 2007; Raghunandan et al. 2018).
However, few reports suggest that acidic stress (pH 5 to 6.5)
boosts the exopolysaccharide production, but it specifically
varies for individual bacterial strain (Sengupta et al. 2018;
Dev et al. 2022).

Effect of temperature on the gellan gum yield

Figure 3b depicts the effect of temperature on the yield of GG.
An increase in temperature increased the yield of GG with
maximum yield (15.9 g/L) being obtained at 35 °C. However,
there was non-significant difference between GG yield at 30
and 35 °C. Temperature influences the physiological and bio-
chemical characteristics of the bacteria by directing role of
multiple enzymes in metabolic pathways and hence the rate of
biochemical reactions (Dev et al. 2022). Therefore, higher tem-
perature is known to promote the secretion of shorter chains of
GG (Martins and Sa-Correia 1994). The results are in agree-
ment with the literature reporting 30 °C as optimal temperature
in GG fermentation (Kamer et al. 2021; Dev et al. 2022).

Effect of inoculum size on the gellan gum yield

Inoculum size determines the extent of the lag phase in the
batch profile, overall growth pattern, and GG biosynthesis.
An inoculum of 10% v/v was observed to produce maximum
yield of GG (15.6+0.3 g/L) which was slightly higher than
GG yield at 15% v/v inoculum size (14.8+0.6 g/L). Com-
paratively lower GG yield (14.3 +0.4) was observed at 20%
v/v inoculum size (Fig. 3c). This decrease in GG production
with increasing inoculum size could be due to increasing cell
population density. The cell density at the beginning of batch
in 5, 10, 15, and 20% v/v inoculum was 5.1, 5.5, 5.7, and 5.8
log cfu/mL (see supplementary file) which ultimately led to
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the production of more biomass with progress in fermenta-
tion (Fig. 3c). Such high cell density obviously utilizes more
substrate for growth and proliferation as compared to lower
cell density system (Bajaj et al. 2007; Prajapati et al. 2013).
The results are in agreement with the literature reporting 10
to 15% v/v inoculum size as optimum for GG bioprocessing
in batch fermentation (Bajaj et al. 2007; Sukumar et al. 2021;
Dev et al. 2022).

Optimization of the production medium
by statistical designs

Plackett-Burman design

In the Plackett—-Burman design, eleven factors were assessed
through 12 different trials giving variable GG yield from 6.8
to 13.9 g/L for different runs. The correlation coefficient (r) of
the model was 0.9573, indicating a good agreement between
the experimental data and the model-predicted values. The
determination coefficient (R*>=0.9884) indicated that nearly
99% of the variation in gellan gum yield could be attributed
to the experimental factors (see supplementary file).

Based on the model coefficient and p-value, sucrose,
urea, and ADP were observed to prominently affect the GG
yield (see supplementary file). Sucrose is one of the major
carbon supplements in the environment. Most of eubacte-
ria including Sphingomonas spp. possess sucrose catalyzing
enzymes, i.e., sucrose-6-phosphate hydrolases and sucrose
phosphorylases. These enzymes empower the metabolism of
this disaccharide in a controlled fashion to glucose-6-phos-
phate and fructose-6-phosphate through phosphotransferase
system (PTS) and/or non-PTS permease transport system
to make it easily available for different glycolytic pathways
(Reid & Abratt 2005). This has been evident by utilization
of sucrose as prominent carbon source in the production of
GG (Arockiasamy and Banik 2008; Wang et al. 2020; Dev
et al. 2022). Similarly, nitrogen is a key element of the cel-
lular metabolism for the synthesis of amino acids, proteins,
nucleic acids, enzymes, and key energy buckets including
ADP and ATP. However, preferential utilization of different
nitrogen sources is strain dependent. S. paucimobilis ATCC
31461 utilizes organic nitrogen such as peptone, yeast extract,
and tryptone, whereas strain-like S. paucimobilis GS1 and S.
azotifigens GL-1 utilize inorganic nitrogen from potassium
nitrate and ammonium chloride, respectively (Wang et al.
2020). Model statistical analysis (ANOVA) indicates pref-
erential use of inorganic nitrogen from urea by mutant S.
trueperi than other organic nitrogen sources screened (see
supplementary file). Similarly, higher linear coefficient for
ADP indicates its positive influence on GG production (see
supplementary file). This could be due to its role as energy
source for various biochemical reactions as well as precursor
in GG biosynthesis (Bajaj et al. 2006; Dev et al. 2022). These
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Table 1 Central composite

. R Run Sucrose (g/L) Urea (g/L) ADP (mM) Gellan gum yield (g/L)

design for optimization of

media components for the Actual value® Predicted value

production of gellan gum

by Sphingomonas trueperi 1 35 1.5 1.00 15.9+0.35 15.8

GGSM3I 2 35 3.0 1.00 14.0+0.60 14.2
3 35 1.5 2.00 13.5+0.25 13.4
4 35 3.0 2.00 11.8+0.42 11.8
5 70 1.5 1.00 21.0+0.70 20.4
6 70 3.0 1.00 14.4+0.55 139
7 70 1.5 2.00 21.6+0.65 20.8
8 70 3.0 2.00 14.9+0.40 14.3
9 525 0.99 1.50 12.9+0.75 13.5
10 52.5 3.51 1.50 6.42+0.30 6.7
11 52.5 2.25 0.66 19.3+0.55 19.7
12 52.5 2.25 2.34 17.3+0.67 17.9
13 23.1 2.25 1.50 149+0.28 14.7
14 81.9 2.25 1.50 19.5+0.91 20.7
15 52.5 2.25 1.50 13.2+0.64 15.1
16 52.5 2.25 1.50 16.0+0.81 15.1
17 52.5 2.25 1.50 15.5+0.85 15.1
18 52.5 2.25 1.50 15.1+0.78 15.1
19 52.5 2.25 1.50 15.8+0.90 15.1
20 52.5 2.25 1.50 14.9+0.72 15.1

*Values are mean = SD of three or more determinations; The bold values indicate the combination of exper-
imental variables for highest GG titer

factors were further optimized for their optimum numerical
values by response surface methodology (RSM).

Response surface methodology (RSM)

A total 20 runs were carried out, and their predicted and
experimental values of GG yield as response are shown in
Table 1. The overall quadratic modeling showed good fit-
ting with p-value less than 0.0001, model F-value (25.14),
and determination coefficient (R*=0.9577) that suggested
statistical significance of the model (see supplementary
file). As per the statistical analysis of model, concentrations
of sucrose and urea as well as its interaction effects had
significant coefficients (p < 0.05). Surprisingly, contrary to
the Plackett—-Burman results, negative coefficients (linear
and interaction) showed that an increase in the urea con-
centration decreased the yield of GG. A possible reason for
such observation could be a change in the C/N ratio as well
as change in organic to inorganic nitrogen ratio which is
reported to navigate the GG production in Sphingomonas
spp. (Kanari et al. 2002; Huang et al. 2012; Wang et al.
2020). Similarly, higher inorganic nitrogen concentration
is reported to improve the cell growth/biomass but limits
the GG production (Bajaj et al. 2006; Dev et al. 2022) as
well as the concentration of type and concentration of nitro-
gen source directs the flow of carbon source towards either

biomass or GG formation (Ashtaputre and Shah 1995; Wang
et al. 2020). Contrary to this, inorganic nitrogen such as urea
is reported to be efficiently used at concentration 2.5 g/L by
Sphingomonas spp. for growth and GG production (Huang
et al. 2020). Moreover, interaction of ADP and sucrose con-
centration in their additive terms showed irrelevance on the
yield of GG (see supplementary file). The higher amount of
energy associated with the phosphate bonds of ADP are used
in the cellular synthesis of primary and secondary metabo-
lites. Similarly, activated precursors of nucleotide phosphate
sugars such as ADP are reported to be required in the GG
biosynthesis (Kanari et al. 2002) and reported to influence
the carbon utilization (Bajaj et al. 2006). The results are in
agreement with the literature claiming C/N ratio and pres-
ence of precursors to dictate the fermentation yield of GG
(Fialho et al. 2008; Prajapati et al. 2013; Dev et al. 2022).

Production of gellan gum production in bioreactor

Figure 4 depicts the fermentation batch profile of the mutant
Sphingomonas trueperi GGSMS81 using the RSM-optimized
medium in a 10 L bioreactor.

It suggested the growth dependent production of GG in
the exponential phase. The production profiling also sug-
gested cell death in the stationary phase which could be due
to high viscosity limiting mass transfer. The pH of broth
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dropped from 7.0 to 5.2 during batch fermentation, which
demonstrated active cell metabolism producing acidic inter-
mediates during GG biosynthesis (observed when performed
batch fermentation with pH uncontrolled mode under identi-
cal process conditions). A consistent decrease in DOT from
the lag phase to stationary phase was observed attaining 30%
saturation level after 24 to 26 h of fermentation. It was main-
tained above 30% onwards by means of agitation (gradu-
ally increasing from 300 to 600 rpm), aeration (gradually
increasing from 0.5 to 2.0 SLPM), and by gradual increased
in oxygen supply by increasing its fraction in sterile air
(from 0 to 50%) as per demand. The GG production was
seen to increase consistently during whole batch fermenta-
tion with highest yield of 19.4 g/L at 62 h. This suggested
that lower DOT saturation improves the yield of GG. The
results are in agreement with the literature affirming low
DOT as stimuli for GG biosynthesis (Giavasis et al. 2006;
Huang et al. 2012; Dev et al. 2022).

Effect of dissolved oxygen tension

Effect of DOT on the fermentation batch profile was stud-
ied at 20, 40, and 70% DOT. It was observed that the DOT
greatly influenced the batch fermentation profile of the
mutant Sphingomonas trueperi GGSM81. Bioreactor under
low DOT promoted the production of GG and also improved
the kinetics of cell growth, substrate utilization, and product
formation (Fig. 5 and Table 2).

A decrease in DOT from 70 to 20% increased the yield
of GG from 15+ 1.3 to 23 +2.4 g/L. with approximately
2.5-fold-improved productivity from 0.29 to 0.51 g/L/h.
These observations are accordance with the reports by Gia-
vasis et al. (2006) after detailed investigation of aeration
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and agitation effect on GG fermentation. The batch yield
(23+2.4 g/L) of GG and productivity from mutant GGSM81
was observed to be competitive with reported values in lit-
erature (Table 3) (Dev et al. 2022). Furthermore, there is a
scope for investigation of various approaches such as feeding
rate of carbon or nitrogen source, fed-batch fermentation,
and use of inducers such as hydrogen peroxide to enhance
overall productivity (Wang et al. 2006; Zhang et al. 2015;
Dev et al. 2022).

Figure 5d depicts the effect of GG concentration in the
broth on the rate of gellan production. It was clearly seen
that DOT non-significantly influenced the rate of GG pro-
duction with initial values of 0.48, 0.59, and 0.68 g/L/h for
70, 40, and 20% DOT, respectively. However, the rate of gel-
lan production decreased beyond 7 to 8 g/L gellan concentra-
tion in the broth. This must be due to viscosity contribution
by GG, limiting the mass and oxygen transfer in the broth.
Similar observations have been reported by Arockiasamy
and Banik (2008). A significant decrease in the cell count
between 35 and 45 h of fermentation at all tested DOT could
be due to high viscosity of the broth which limited the effi-
cient nutrient transfer and ultimately leading to autolytic cell
death (Giavasis et al. 2000). An extensive lag phase was
observed at high DOT promoting the cell growth, whereas
at low DOT, a short lag phase brought about an early expo-
nential phase. This indicates higher rate of instantaneous cell
growth and instantaneous product formation as indicated in
Table 2.

Kinetic modeling of gellan gum fermentation

Figure 6 depicts the kinetics of cell growth, substrate utiliza-
tion, and product formation of GG.
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Fig.5 Effect of dissolved oxygen tension (DOT) on batch fermentation profiling of gellan gum by Sphingomonas trueperi GGSM81: a gellan
gum yield, b cell count, ¢ substrate consumption, and d effect of gellan gum broth concentration on its production

Table 2 Effect of dissolved
oxygen tension (DOT) on
the expressions of kinetic
parameters, yield of gellan
gum, and batch productivity
by Sphingomonas trueperi
GGSMSI1

Dissolved oxygen tension

70%

Kinetic parameter r, T, T TN 'R Hp P,
12h 1.59 0.53 3.12 0.58 0.34 0.03 0.46
24h 0.84 0.45 1.53 0.39 0.15 0.02 0.42
36h 0.60 0.41 0.92 0.36 0.09 0.02 0.38
48h 0.46 0.31 0.68 0.29 0.06 0.01 0.29
40%

12h 1.58 0.69 2.67 0.55 0.28 0.03 0.69
24h 0.88 0.66 0.95 0.48 0.09 0.03 0.66
36h 0.70 0.49 0.63 0.58 0.05 0.02 0.48
48 h 0.46 0.38 0.43 0.29 0.04 0.02 0.38
20%

12h 1.65 0.65 2.60 0.72 0.26 0.04 0.65
24h 0.98 0.77 1.15 0.71 0.10 0.03 0.77
36h 0.70 0.66 0.57 0.58 0.05 0.03 0.66
48h 0.54 0.51 0.46 0.47 0.04 0.02 0.51

r,, cell growth instantaneous rate (g/L/h); Ty product formation instantaneous rate (g/L/h); r,, substrate
consumption instantaneous rate (g/L/h); p,, cell growth specific rate (h™'); H,» product formation specific
rate (h™1); u,, substrate consumption specific rate (h™'); P,, productivity (g/L/h)
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Table 3 Experimental and

A Carbon source Concentration GG titer (g/L) Productivity References

literature values of batch

P ) (g/m) (g/L/h)

ermentation process outcomes
Glucose 30 8.72 0.18 Lobas et al. 1992
Glucose 30 14.75 0.25 Wang et al. 2006
Sucrose 40 27.86 0.58 Arockiasamy and Banik 2008
Glucose 30 15.7 0.39 Huang et al. 2012
Waste glycerol 80 52.6 0.31 Raghunandan et al. 2018
Cheese whey 68 33.75 0.70 Wang et al. 2020
Grape pomace 50 12.08 0.17 Kamer et al. 2021
Sucrose 70 234 0.51 Present study

The logistic model was used to express the cell growth
by taking X,=5.45 log (cfu/mL) and X,,=10.8 log (cfu/
mL). The model showed a good fit between experi-
mental values and model-predicted values for the cell

growth data (R*>=0.97) with maximum specific cell
growth rate of 0.05 h™! (Fig. 6a). The statistical analy-
sis (ANOVA) showed higher F-value (1009) and lower
p-value (p <0.05) assuring the ability of model to predict
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Fig.6 Kinetic modeling of growth, sucrose consumption, and gellan production by Sphingomonas trueperi GGSM81

@ Springer



International Microbiology (2024) 27:459-476

471

the experimental values. The results are in agreement
with the literature reporting logistic model as best fit
to describe cell growth during the production of GG
and other similar polysaccharides (Wang et al. 2006;
Dev et al. 2022). As depicted in Fig. 6¢, d, exponen-
tial decay model (R*=0.83) provided good fit for sub-
strate utilization over Weibull model (R>=0.28). It has
been confirmed by higher model F-value for exponen-
tial decay model (F-value =3246) than Weibull model
(F-value =66.6). The model predicted and experimental
values of GG production were observed to best fitted with
Luedeking-Piret model with correlation coefficient 0.98
(Fig. 6b). The result suggests linear correlation between
GG production and cell growth (Mitra and Dutta 2018).
The higher value of “a” (> 1) and lower value of “B”
(< 0) cumulatively indicate the growth-associated GG for-
mation. The results are also in agreement with literature
reporting higher o value and lower  value for the pro-
duction of GG in batch fermentation (Wang et al. 2006).

Physico-chemical characterization of gellan gum

The HPLC analysis of the polysaccharide from Sphingo-
monas trueperi GGSM81 confirmed the glucose, rhamnose
and glucoronic acid as its constituents (see supplementary
file), which is line with the commercial GG. The hydro-
colloid obtained from mutant Sphingomonas spp. was with
high degree of acylation (5.9%) compared with the Clerigel
(0.5%). There was significant difference between the ash
and protein content as well as color values (L*, a*, b*) and
water activity (a,,) (Table 4, part a). This could be due to
variation in the strain, culture medium or culture conditions,
deacylation treatment, and downstream processing as widely
reported in the literature (Prajapati et al. 2013; Kamer et al.
2021). However, it indicates the scope for optimizing the
downstream operations.

Structural characterization
FTIR

Figure 7a depicts the spectral pattern for commercial
GG and the GG produced by the mutant GGSMS1. For
both the samples, the major absorption was recorded
at~3400-3300 cm™', 3000-2850 cm™", 16201550 cm™",
1410-1300 cm™', and 1300-1000 cm™' which could
be attributed for polymeric hydroxyl group stretch-
ing, -C-H stretching of methyl group, carboxylic acid
or carboxylic acid ionic salt, tertiary alcohol and last
for primary or secondary alcohol, or -C =0 stretch
of ester group, respectively. Similarly, the peak in the
region 1620—1550 cm™! reflected the presence of gly-
cosidic linkage in the molecule. The results are in good

Table 4 Evaluation of commercial gellan gum and that produced by Sphingomonas trueperi GGSM81 for (a) physico-chemical properties, (b) proton (1H) NMR peak analysis, and (c) flow

behavior and dynamic rheology

(a) Physico-chemical and color analysis of Clerigel and GG from mutant GGSM81

a* b*

L*

Water activity (a,,)

0.298 +0.006
0.514+0.003

Ash content (% w/w)

5.24+0.11

Protein content (% N)

0.98+0.24
2.34+0.38

Sample

6.94+0.0.01
9.49+0.01

-0.41+0.01
1.11+0.01

88.8+0.01
66.7+0.03

Clerigel

12.16+0.79

(b) Proton NMR peak profile Clerigel and GG from mutant GGSMS81

GGSMS81

GGSMS1
5.37
5.20
5.04
1.79

Clerigel
5.59
5.38
5.15
1.80

Proton chemistry

-CH of rhamnose

-CH- of glucose

-CH- of glucuronic acid

-CH;- of rhamnose

(c) Flow behavior of Clerigel and GG from mutant GGSM81

Apparent viscosity (1)

118.09+1.44

Yield stress (6,)

Flow behavior index (n)

Consistency index (K)

Sample

80.64+2.02

9.72
4.86

0.47+0.01
0.46+0.01

v <t
S <
o O
H H
oo o
- <
- 3

Clerigel
GGSM81
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Fig. 7 Characterization of Clerigel and gellan gum from Sphingomonas trueperi GGSM81 by a FTIR and thermal analysis by b DSC and ¢

TGA

agreement with reported literature on GG (Sudhamani
et al. 2003; Dev et al. 2023).

NMR

The proton NMR spectra of GG obtained from GGSM8I1 as
well as Clerigel showed all the characteristic peaks of struc-
tural arrangements reported for GG (Coutinho et al. 2010)
(Table 4, part b). The sample from mutant GGSM81 also
showed an extra high intensity peak at & 2.65 ppm and 8
3.57 ppm which corresponded to the acetyl group (please
see supplementary file). Similar observations have also been
reported by Coelho et al. (2019). The low resolution and
some interference in the GGSMS81 sample around  2.45 ppm
could be due to presence of impurity such as yeast extract in
the sample (Osmalek et al. 2014; Coelho et al. 2019).

Molecular weight

The molecular weight of GG varies from few hundred to thou-
sand kilodaltons which offers different rheological and other
functional properties (Hamcerencu et al. 2008; Coutinho et al.
2010). The entire tested sample including standard showed
a mixture of GG of varying molecular weights (please see
supplementary file). The GG from GGSMS81 had a higher
molecular weight and number average molecular weight of
2,531,733 and 2,046,225 g/mole than commercial GG which
had corresponding values of 1,103,157 and 604,537 g/mole,
respectively. The results are in good agreement with literature
reporting variable range of GG from different sources (Ham-
cerencu et al. 2008; Coutinho et al. 2010).

Thermal analysis

The thermal properties such as DSC and TGA of GG
from mutant GGSM81 were studied and compared with
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commercial sample. The DSC thermogram of both the sam-
ples showed a broad endothermic peak around 90 to 95 °C
suggesting water loss. The exothermic peak at 250 to 255 °C
indicated the complete degradation of GG (Fig. 7b). The
additional peak in the commercial sample may be indicative
of formulation additives optimized for appropriate gelling.
The results are in agreement with the literature reporting
complete thermal degradation of the GG around 250 °C
(Yang et al. 2013; Viswanathan et al. 2020).

Figure 7c depicts the comparative thermogravimetric
analysis of the GG from GGSMS81 and commercial sample.
The mass loss curve of both samples indicated a similar
pattern of thermal degradation. An initial phase of mass
reduction up to 25 to 30% in both samples was observed
between 30 °C and 245 °C. This phase indicates the dehy-
dration of the GG followed by single sharp loss of mass at
temperature range 244 to 265 °C in both the samples with
mid-point temperature of 252 °C and 258 °C for commercial
and GGSM81 GG. The results are in good agreement with
literature (Manda et al. 2018). Both the samples showed only
single degradation point followed by plateau curve repre-
senting residual inorganic material.

Microstructure analysis

Figure 8 depicts the surface morphology and qualitative
information about the microstructure of the commercial and
laboratory produced GG. The particle size of commercial
GG was comparatively lower than that from GGSM81. This
could be due to oven drying of the laboratory sample which
collapses the internal structure of the GG during drying.
This could be due to the capillary hydrostatic stress posed
by surface tension of the water ebbing from the structure
(Dev et al. 2023). The higher magnification explains the
pore size, shape, and its distribution. GG from GGSM81
had a more compact than porous structure than commercial
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Fig.8 Scanning electron microstructure of a Clerigel and b gellan gum produced by mutant Sphingomonas trueperi GGSM81

sample. This could also be due to internal structure col-
lapsing at higher drying temperature as well as high rate
of drying which resulted in structural packing (Cassanelli
et al. 2019).

Rheological properties

The flow behavior analysis reveals higher consistency index
(K), yield stress (o)), and apparent viscosity (n) of the Clerigel
than GG from mutant GGSMS81 (Table 4, part c). The observa-
tions indicate relatively higher viscous nature of the Clerigel
than GG from mutant GGSM&81 which could be either due to
variable molecular weights or chain lengths or due to lack of
ionic compounds in GG solution from mutant GGSMS81. The
effects of molecular weight variation; ionic crosslinker type
such as mono, di, or trivalent cations; and their strength on
relative viscosity of GG are well reported (Morris et al. 2012;
Garcia et al. 2018). However, the shear thinning behavior (1) of
the GG from mutant GGSM81 was observed to be competitive
with Clerigel (Table 4, part c). This confirms its low stickiness
and better mouth feel and depicts its applicability in easy to
swallow formulations (Dev et al. 2023).

The frequency sweep analysis revealed the storage modu-
lus or elastic modulus (G’), loss modulus (G’’), and loss
tangent (tan 6=G’’/G’) over the frequency range of 0.1 to

100 rad/s. The elastic modulus (G’) is directly related to
bolus formation which is important for the safe and easy
swallowing. The GG produced by the mutant strain had com-
paratively lower elastic modulus (G’) than Clerigel (Fig. 9a).

This could be due to presence of ionic components at
their optimized concentration in the Clerigel which sup-
ports the gel-cluster formation and imparts the strength in
material (Garcia et al. 2018). However, GG from mutant
shows competitive storage modulus to that of Clerigel with
increasing angular frequency. The viscoelastic behavior of
these samples can be explained to be due to changes in the
macromolecular structure from normal to random helix lead
to formation of more complex networking, thereby raising
elasticity of material (Morris et al. 2012). Figure 9b depicts
the absolute and dominant liquid viscoelastic behavior of
the commercial GG over to the solid viscoelastic nature of
GG produced by mutant GGSMS81 at low frequency range.
However, it becomes parallel to each other with increasing
frequency. The higher value of the loss tangent (> 1) is indic-
ative of the liquid viscoelastic nature whereas its lower value
(< 1) indicates the solid viscoelastic nature. The increasing
angular frequency that reduces the loss factor <1 is indica-
tive of applicability of the GG produced by mutant GGSMS81
as an ingredient in food formulations for dysphagia (Ishihara
et al. 2011).

@ Springer



474

International Microbiology (2024) 27:459-476

100
—a— Clerigel G'
—e— Clerigel G"

80 —— GGSM81G'

e —v— GGSM81 G"

© ~

E © 601

E

__ =

=

3 3 40

g €

e 9

S35l

2

»n

1T 71T 1T T 17T "7 " 1T "1 * 1T " 1T °
0 10 20 30 40 50 60 70 80 90 100 110

Angular frequency (rad/s)

b)
6 —=a— Clerigel
! —e— GGSM81
54
L
4 ]

Loss factor
w

8 e
0 10 20 30 40 50 60 70 80 90 100 110

Angular frequency (rad/s)

Fig. 9 Rheological profile of gellan gum from Sphingomonas trueperi GGSM81 and Clerigel: a storage modulus (G’) and loss modulus (G’’) vs.
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Conclusion

The present study demonstrates the applicability of the
random mutational breeding using EMS as mutagen in the
development of industrially viable mutants of Sphingomonas
spp. for the production of gellan gum. The mutant strain was
identified as Sphingomonas trueperi. Sequential optimiza-
tion of process parameters and media components yielded
almost double (15.6 g/L) gellan gum than wild type strain
of Sphingomonas. The fermentation profiling at bioreactor
level deciphered the role of DOT in gellan fermentation.
Bioprocess after upstream optimization yielded 23 +2.4 g/L.
gellan gum with batch productivity of 0.51 g/L/h at 20%
DOT. The gellan gum by mutant GGSM81 was character-
ized for structural and physico-functional attributes and
found to be competitive with commercial gellan gum. To
the best of our knowledge, this is the first study reporting
Sphingomonas trueperi as potential producer of gellan gum.
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