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Abstract

The optimization of fermentation parameters for higher yield of bacterial enzymes have significant contribution to the industries.
The qualitative enzymatic assay of strain HK2 in xyan agar and xylose agar plates showed a zone of clearance which indicated that
the strain has potential to produce xylanase and xylose/glucose isomerase (GI) respectively. The strain produced highest xylanase
activity of 23.09 +0.009 U/ml when grown in beechwood xylan and yeast extract in a ratio of 3:2 (w/w) at 37 °C and pH 7 for 96 h.
Similarly, the strain preferred 35 to 40 °C temperature and 8 to 9 pH for efficient GI production. The GI activity was 3.3 folds higher
than control when 1.5% xylose and 1:3 (w/w) ratio of peptone and yeast extract were used in the culture medium. SDS-PAGE of
crude enzyme revealed that the molecular weight of xylanase and GI were about 55 kDa and 63 kDa respectively. The strain HK2
was identified as the Serratia marcescens by 16S rRNA gene sequencing. The strain has an ability to utilize low cost agricultural
residue and the whole cell immobilization of strain improved the enzyme production which can further minimize the cost of down
streaming processing. Thus, S. marcescens HK2 could be a promising candidate for foods and biofuels industries.
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Statement of Novelty

To the best of our knowledge this is the first recorded xylose/
glucose isomerase (GI) and xylanase activities from Serratia
marcescens strain HK2 with relatively higher enzyme activi-
ties than several other earlier reported strains. The produc-
tion of xylanase and GI enzymes from isolated strain Ser-
ratia marcescens HK2 was optimized and an improvement
in GI yield has been observed by immobilization of strain.

Introduction

The bioconversion of organic materials, usually the ligno-
cellulosic biomass performed by microorganisms have an
enormous potential to fulfill the global energy demand and
mitigate the environmental challenges associated with con-
sumption and flaring of fossil fuel. Hemicellulose, a major
component of lignocellulosic biomass, formed of a cross-
linked network of complex heteropolymers, requires xyla-
nase enzymatic components- endoxylanase, f-xylosidase,
a-glucuronidase, a-arabinofuranosidase, and acetylxylan
esterase [1] which act synergistically to disarray the recal-
citrant biopolymers. The cross-linked hemicelluloses are
cleaved by endo- and exoxylanases to form xylo-oligosac-
charides, which can be further hydrolyzed by p-xylosidases,
a-arabinofuranosidase and esterases into monosaccharides
[2]. The glucose so formed after enzymatic saccharification
can be utilized directly in microbial fermentation for biofuel
production or can be converted into fructose for other indus-
trial applications.

Recently, fructose is discovered as a more reactive feed-
stock than glucose for the production of 5-hydroxymethyl-
furfural (5-HMF), a high-value platform chemical to pro-
duce carbon neutral, high efficiency, furan based biofuels
and other value-added bioproducts such as levulinic acid,
furan dicarboxylic acid (FDCA) and bio-based polyesters
such as polyethylene furanoate (PEF)- a green substitute
for polyethylene terephthalate (PET), polyamides, polyu-
rethanes, etc. [3, 4]. Several studies have been conducted
on catalytic compounds such as CrCl, or CrCl; for the
conversion of glucose to 5-HMF [5, 6] with fructose as
a reaction intermediate. Although, the single step cata-
lytic conversion of glucose to HMF is highly desirable for
industrial applications, the HMF yield was still low due to
the chemical equilibrium limitation of isomerization step
involved in the process. Moreover, financial and environ-
mental concerns associated with isomerization is another
major limitation of catalytic conversion. Thus, there is an
increasing interest on biological conversion of glucose
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to fructose where the microbes produce xylose/glucose
isomerase (GI) enzyme, which help in the isomerization of
glucose and xylose to fructose and xylulose respectively.
Bacteria such as: E. coli, Aerobacter sp., Pseudomonas
sp., Sarcina sp., Arthrobacter sp., Streptomyces murinus
have been reported for their ability of converting glucose
to fructose [7]. Although the GI production has also been
reported from several bacteria including Bacillus licheni-
formis [8], Anoxybacillus gonensis [9], the majority of
commercial GI is produced from Streptomyces or Actino-
planes species [10], and the enzyme immobilization has
been widely practiced for industrial applications to mini-
mize the production cost and maximize its recovery. Study
was mainly focused on to isolate effective bacterial strain
that can produce xylanase and GI enzymes, optimize the
enzyme production and immobilized the strain for possible
industrial application.

Materials and Methods
Bacterial Isolation and Characterization

The soil sample taken from forest nearby the King-
fisher lake was kept in 10% xylose solution for 5 days
followed by streaking in xylose agar plate (containing
1.5 g xylose, 0.1 g NaNO;, 0.1 g K,HPO,, 0.1 g KClI,
0.05 g MgSO,.7H,0, 1.15 g agar and distilled water up
to 100 ml). The plate was incubated at 37 °C for 24 h.
The bacterial colonies were isolated, and loop transferred
into 5 ml of LB broth (containing 10 g peptone, 5 g yeast
extract, 5 g NaCl and distilled water up to 1000 ml) for
overnight incubation at 37 °C in a shaking incubator at
200 rpm. Single bacterial colonies were selected after suc-
cessive streaking and re-cultured in LB nutrient media.
DNA was extracted after the confirmation of xylanase
and GI activities from qualitative enzyme assays. The
16S rRNA was amplified using polymerase chain reaction
(PCR) where the PCR thermal cycle was adjusted as fol-
lows: initial denaturation at 94 °C for 3 min, 30 successive
amplification cycles (denaturation: 94 °C for 30 s, anneal-
ing: 58 °C for 30 s and extension: 72 °C for 1.3 min) and
final extension at 72 °C for 10 min. The PCR product was
run through 1% agarose gel-electrophoresis and purified
using PCR/Gel fragments extraction kit (Geneaid, Frog-
gaBio). Purified 16S rRNA was sent to Eurofins Genomics,
ON, Canada for sequencing and finally characterized using
basic local alignment search tool of national center for
biotechnology information (NCBI) data base.
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Bacterial Seed Culture and Inoculum Size

The LB broth seed culture for quantitative assay was pre-
pared from LB agar plate (containing 10 g peptone, 5 g
yeast extract, 5 g NaCl, 11.5 g agar and distilled water up to
1000 ml) stock culture by single loop transferring of strain
into 5 ml LB broth. The seed culture was incubated at 37 °C
and 200 rpm for 24 h. The seed culture of 1 ml was trans-
ferred into a 250 ml Erlenmeyer flask containing 50 ml cul-
ture medium (i.e. 1:50 ratio of inoculum size) in each batch
fermentation for both quantitative xylanase and GI enzyme
activity assays.

Qualitative Enzyme Assay

The qualitative screening of xylanase and GI were carried
out separately using the LB broth seed culture. The over-
night grown HK?2 seed culture (5 pl) was inoculated in the
xylan and xylose agar plates separately. The agar plates
were incubated- 96 h at 37 °C for xylanase activity and
48 h at 30 °C for GI activity assay. The xylan agar plate
containing 1 g xylan from corn core, 0.1 g NaNO;, 0.1 g
K,HPO,, 0.1 g KCl, 0.05 g MgSO,-7H,0, yeast extract
0.05 g, 1.15 g agar and distilled water up to 100 ml was
used for qualitative xylanase assay. The xylan agar plate
was flooded with 0.1% Congo Red at room temperature
for 30 min followed by de-staining with 1 M NaCl and
analyzed the zone of clearance [11]. Wheras xylose agar
plate containing 15 g xylose, 1 g NaNO;, 1 g K,HPO,,
1 g KCI, 0.5 g MgSO,:7H,0, 11.5 g agar and distilled
water up to 1000 ml was used for qualitative GI activity
assay. The xylose agar plate was treated with 2,3,5-triph-
enyltetrazolium in alkaline medium (NaOH) using plate
assay technique, subsequently followed by observation of
zone of clearance [12].

Quantitative Enzyme Assay

The minimal salt medium composed of 0.5% (w/v) corn
core xylan, 0.25% (w/v) peptone, 0.25% (w/v) yeast
extract, 0.1 g NaNO;, 0.1 g K,HPO,, 0.1 g KCI, 0.05 g
MgSO,-7H,0 in 1 L distilled water was used as a standard
culture medium for xylanase production. Whereas, every
100 ml of culture medium containing 1% (w/v) xylose,
0.15 g peptone, 0.15 g yeast extract, 0.1 g K,HPO,, 0.01 g
MnCl,-4H,0, 0.1 g MgSO,-7H,0 was used for GI produc-
tion. The seed culture of 1 ml was maintained as a standard
inoculum size for 50 ml culture medium in each 250 ml
Erlenmeyer flask incubated in shaking incubator (200 rpm)
throughout the experiments. The bacterial production of
extracellular xylanase and GI were optimized by changing
temperature (a constant temperature of 37 °C for xylanase

and a range of 25 to 45 °C for GI), incubation time (up
to 7 days), pH (5 to 10), sources of carbon (commercial
carbon and agricultural residues) and sources of nitrogen
(organic and inorganic nitrogenous sources) in the cul-
ture medium. The quantification of enzyme activity was
made by harvesting 1 ml of culture medium each day for
5 to 7 days. The culture broth (1 ml) was centrifuged at
12,000x g for 3 min and the extracellular crude enzyme
collected from the supernatant was further analyzed for
enzyme activity. The enzyme activities were estimated
from absorbance values at OD 540 nm using a micro-
plate reader spectrophotometer (BioTek, USA) whereas
the bacterial growth was measured in term of biomass at
OD 600 nm. The enzyme activity was expressed in U/ml,
where one unit of enzyme corresponds to the release of
1 uM of sugar equivalent per minute from the substrate.

The xylanase activity was estimated by the measure-
ment of reducing sugars yield with some modification on
3,5-dinitro-salicylic acid (DNS) method [13]. Briefly, the
aliquot (50 pl) of crude enzyme and 50 pl of 0.1 M citrate
buffer (pH 4.8) with 1% beechwood xylan were mixed into
a | ml microcentrifuge tube and the mixture was incubated
at 55 °C for 30 min. The incubation was followed by addi-
tion of 200 pl of DNS solution and kept into a boiling water
bath for 5 min. The reducing sugars liberated were estimated
using a glucose standard curve.

Similarly, the GI activity was estimated by measurement
of fructose yield after isomerization reaction. The enzyme
activity assay of GI was carried out with some modifications
on Cysteine-Carbazole method [14]. An aliquot of superna-
tant (200 ul) was transferred to a reaction mixture contain-
ing 0.5 M p-glucose solution 100 pl, 0.2 M K-Na-Phosphate
buffer (pH 7.8) 75 ul and 0.1 M MgSO,-7H,0O 25 pl. The
reaction mixture was kept into the hot water bath (70 °C,
1 h) for isomerization. The reaction was terminated by add-
ing 10 pl of 0.2 N HCl and keeping the mixture into ice-cold
water for 5 min. It was followed by simultaneous addition
of 50 ul of 1.5% cysteine hydrochloride solution, 50 ul of
0.12% alcoholic solution of carbazole (prepared in 99% etha-
nol) and 1 ml of 70% H,SO,. The solution was vigorously
mixed and kept in 50 °C hot water bath for 20 min. The
development of a purple colour in the reaction mixture after
20 min of hot water (50 °C) bath represents the presence of
fructose in the mixture after the isomerization reaction [15].
The measurement of fructose formed was estimated using a
fructose standard curve.

Effect of Bacterial Immobilization on Gl Activity
The bacterial strain was immobilized in calcium alginate
beads with some modification in the entrapment method

[16]. Briefly, the sodium alginate of 0.25 gm was mixed
in 5 ml distilled water. The LB broth seed culture of equal
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volume (5 ml) was thoroughly mixed into sodium alginate
solution. The mixture was collected into a syringe and
dropped from 15 cm height into CaCl, solution (1.5 gm
of 0.2 M CaCl, in 100 ml distilled water) with continuous
steering to form small beads of calcium alginate. The beads
were left for 20 min in CaCl, solution to become hardened.
The strain HK?2 entrapped into calcium alginate beads were
washed with autoclaved distilled water and used for enzyme
production in 50 ml culture medium in its optimum culture
condition. The inoculum size of immobilized strain was
maintained equivalent with the seed culture inoculum size
of free strain as used in all other experiments. All the immo-
bilization procedures were performed at room temperature
by using autoclaved apparatus and chemical reagents in a
laminar air flow cabinet to minimize the contamination.

SDS—Polyacrylamide Gel Electrophoresis

The xylanase and GI enzyme were separated in sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The crude enzymes from strain HK2 were run along
with protein marker in 10% acrylamide gel. A constant sup-
ply of 120 V was maintained throughout the experiment. The
gel was immersed in Coomassie brilliant blue for 45 min and
de-stained with hot water until the bands were prominent.
The presence of protein bands in the gel was compared with
standard protein marker (Bio Basic, Canada) to estimate the
molecular weight.

Whereas the hydrolytic activity of xylanase was observed
in zymogram analysis. The gel was washed with 1% (v/v)

Fig. 1 Phylogeny of selected
strains of Serratia sp. clustered
with Serratia marcescens HK2
with high bootstrap value

Triton X-100 followed by immersed in 0.1 M citrate buffer
(pH 4.8) with 1% beechwood xylan and incubated in hot water
bath (55 °C) for 30 min. The gel was stained in 0.1% Congo
Red for 30 min subsequently de-stained with 1 M sodium
chloride solution and treated with 4% (w/v) acetic acid solu-
tion to observe the prominent hydrolytic band. The molecular
weight of xylanase was estimated by comparing the hydrolysis
bands with the standard protein marker (Bio Basic, Canada).

Results and Discussion

Qualitative Screening of Xylanase and Gl Activity
Assay

The plate assay techniques were performed for qualitative
screening of strain for xylanase and GI activities. The strain
HK?2 isolated from soil showed positive results with a zone
of clearance when treated with Congo Red and 2,3,5-tri-
phenyltetrazolium representing potential xylanase and GI
activities respectively. Thus, the strain HK2 was further used
for strain’s characterization and quantification of both xyla-
nase and GI activities.

Bacterial Isolation and Characterization

Bacterial DNA of strain HK2 was isolated using bacterial
genomic DNA isolation kit (Norgen Biotek Corp) and ampli-
fied its 16S rRNA using PCR (FroggaBio), universal forward
primers HAD-1 (5'-GACTCCTACGGGAGGCAGCAGT)

Serratia marcescens JCM-8536 (LC505493)
Serratia marcescens BAB-3285 (MN945437)
63 Serratia marcescens R-ME1 (K'Y968669)
Serratia marcescens ATCC-274 (AP021873)
Serratia marcescens HK2 (MN795833)

Serratia marcescens AS-1(AP019009)

64| Serratia marcescens KS10 (CP027798)
_65F Serratia marcescens UMH1 (CP018915)
Serratia marcescens EL1 (CP027796)

Serratia sp. (DQ530081)

100

0.002
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Serratia grimesii ZFX-1 (AY789460)
7

Serratia liquefaciens 41SILo (KX108963)
50 Serratia proteamaculans (KC514128)
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Fig. 2 Effect of different pH (a) and incubation time (b) in xylanase production by strain HK2
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Fig. 3 Effect of different pH (a) and incubation time (b) in GI production by strain HK2

and reverse primer E1115R (5'-AGGGTTGCGCTCGTT
GCGGQG) following their protocols. The amplified DNA
sample was run in 1% agarose gel-electrophoresis and vali-
dated the presence of 16S rRNA. The high-quality nucleo-
tide sequence of 768 bp, obtained after Geneious consensus
alignment, was submitted in NCBI database to identify the
strain. The strain HK2 was identified as Serratia marcescens
HK?2 with the NCBI accession number MN795833.

The available sequence data for related species of Serra-
tia marcescens were downloaded from GenBank. Sequences
were assembled and aligned using the Clustalw module in
BioEdit v. 7.0.9.0 [17] with default settings. Phylogenetic
analysis was conducted using Neighbor Joining tree with
1000 bootstrap using the program MEGA 7 [18]. The phylo-
genetic analysis indicates that the Serratia marcescens HK2
in this study was clustered with other strains of Serratia
marcescens with high bootstrap support value (Fig. 1).

Effect of pH and Incubation Time on Enzymes
Production

The effect of pH and incubation time on enzyme produc-
tion was measured at 37 °C by harvesting 1 ml of culture
broth each day for 5 days. The initial pH of culture medium
was adjusted to 5, 6, 7, 8, 9 and 10 using 0.2 N KOH and
0.2 N HCI. The xylanase production from S. marcescens
HK?2 was started from 3 days which significantly increased
and attained the highest yield at pH 7 in 4 days of fermenta-
tion, then after it decreased with increasing the pH values.
The earlier study also reported a maximal production of
xylanase from Streptomyces sp. [19]. and Aspergillus niger
LPB 326 [20] with increased activity in 4 days. However,
Techapun et al. [21] suggested the higher yield of xylanase
from Streptomyces sp. Ab106 in neutral culture medium (pH
7) after 5 days of fermentation (Fig. 2).
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On the other hand, the GI production from S. marces-
cens HK2 was high in a slightly alkaline medium at 96 h of
incubation. Chou et al. [22] also reported the pH range of 7
to 8 for optimum GI production. Our study on extracellular
GI enzyme from S. marcescens HK2 agreed with similar
earlier findings where the GI production was noticed with
gradually increased with increasing pH, reached the highest
at pH 8 and decreased in pH 9 and 10 after 72 h of incuba-
tion. Similarly, the GI production in Streptomyces sp. CH7
was high in 72 h when grown in 1% oat-spelt xylan [23]
and in Streptomyces sp. HMS5, the GI production was high
when grown in 1.5% xylose with an initial pH 7.5 in 72 h of
incubation [24] (Fig. 3).
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Fig. 6 Effect of different nitrogen sources (a), and proportion of peptone and yeast extract (b) in GI production

@ Springer



Waste and Biomass Valorization (2021) 12:833-845

839

Effect of Temperature on Xylanase and Gl
Production

The enzyme production is greatly influenced by minor fluc-
tuation in temperature. Several bacterial strains including
Bacillus mojavensis AG137 [25] and Bacillus tequilen-
sis ARMATI [26] showed their higher xylanase production
at 37 °C. Thus, the xylanase production from S. marcescens
HK2 was observed by growing strain HK2 at a constant
temperature of 37 °C for 6 days and its enzyme activity was
estimated each day by incubating the reaction mixture at
55 °C for 30 min.

Whereas GI production was optimized by growing strain
at different temperature of 25, 30, 35, 40 and 45 °C for
5 days. The optimum GI activity was determined by incu-
bation of reaction mixture containing an aliquot of crude
enzyme and substrate (glucose) with K-Na-Phosphate buffer
in hot water bath at 50, 60 70, 80 °C for 1 h. Although an
extracellular GI was produced in a wider range of tempera-
ture from 35 to 45 °C, the bacterial strain S. marcescens
HK?2 preferred 40 °C for maximum GI production and opti-
mum temperature of 70 °C for significantly high (P <0.05)
GI activity. This result was in harmony with species of
Streptomyces which has been recorded for optimal GI activ-
ity at 70 °C [27]. Although, Bacillus licheniformis have been
reported with optimum GI activity at a temperature of 50 °C
[8], most of the microbial GI are known to produce maximal
activity in relatively higher temperature range from 60 to
80 °C [28] more likely because the equilibrium of isomeriza-
tion of glucose to fructose is driven by higher temperature
[29] (Fig. 4).
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Effect of Nitrogen on Xylanase and Gl Production

The sources of nitrogen greatly affected in both xylanase
and GI enzymes production from S. marcescens HK2.
The experiments were conducted separately on various
nitrogen sources including (NH,),SO,, peptone, urea and
yeast extract to observe their effect in both xylanase and
GI enzymes production. The xylanase production from S.
marcescens was inhibited by the presence of (NH,),SO,
probable due to acidification of medium whereas the other
nitrogen sources showed a relatively higher yield of xyla-
nase. Although the strain HK2 showed wider selections
of various nitrogen sources for xylanase production, a sig-
nificantly increased xylanase activity was observed when
organic nitrogen source, yeast extract was used in the culture
medium. It might be due to supplemental elements present
in the yeast extract [30] (Fig. 5).

On the other hand, although the peptone and yeast extract
showed relatively lower GI activity when used separately
in the medium, the activity was greatly increased when
both used in the same culture medium (Fig. 6a). The yeast
extract and peptone are organic nitrogen sources which
supported in higher GI production than inorganic nitrogen
[8, 31]. Similarly, the different proportion of peptone and
yeast extract have a greater impact on enzyme production.
Relatively, increasing yeast extract concentration in the
medium resulted in higher GI activity [31] and the highest
GI activity was observed when 1:3 ratio of peptone and yeast
extract was added in the media (Fig. 6b). It may be due to
the presence of suitable supplemental growth elements such
as vitamin, trace nutrients, sulfur, etc. in yeast extract [30].
On the contrary, the presence of inorganic nitrogen such as
urea in the culture medium did not support bacterial growth
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Fig. 7 Effect of carbon sources (a) and C:N ratios (b) in xylanase production by strain HK2 (BW beechwood xylan, CC corn core, Wh wheat, Br
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or enzyme production. The least activity observed in urea
and (NH,),SO, might be due to the acidification of medium
resulted from metabolism of inorganic nitrogen which in
turn affects enzyme production.

Effect of Carbon on Xylanase and Gl Production

Presence of different carbon sources in the culture medium
has a significant impact on enzymes production. The strain
HK2 was grown in various carbon sources including car-
boxymethyl cellulose (CMC), sucrose, xylan from corn core,
beechwood xylan, barley straw and wheat straw for the pro-
duction of xylanase. Similarly, the strain HK2 was grown
in glucose, xylose and various lignocellulosic biomasses as
the carbon sources for GI production. The strain HK2 was
grown separately in minimal salt medium containing 0.5%
(w/v) and 1% (w/v) of different carbon sources for xylanase
and GI enzymes respectively.
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The xylanase production in the medium with CMC and
sucrose as a carbon source was relatively very low. However,
the strain HK2 showed significantly higher xylanase produc-
tion when grown in media containing 0.5% (w/v) of beech-
wood xylan for 96 h. The xylanase activity of 22.054 +0.029
U/ml was higher than the earlier reported 1.06 U/ml from
Streptomyces sp. K37 [32], 14.5 U/ml from Penicillium
oxalicum ZH-30 [33], however lower than 25.44 U/ml
from Penicillium glabrum [34] and 55.92 U/mL from Cla-
dosporium oxysporum GQ-3 [35]. Interestingly the strain
HK?2 also produced higher xylanase activity when grown
in media containing 0.5% (w/v) barley straw (18.03 +0.062
U/ml) and wheat bran (20.861 +0.029 U/ml) as sole carbon
sources. These values were comparable to the higher activ-
ity shown with the beechwood xylan (22.054 +0.029 U/ml)
in this study and earlier 22.071 +0.186 U/ml reported with
wheat bran [36]. Whereas, the xylanase activity was higher
than some other earlier studies with 1.4 U/ml obtained in
wheat bran [37] and 11.646+4.163 U/ml obtained in barley
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Fig.9 Effect of different lignocellulosic biomass (a) and barley straw concentrations (b) in GI production by strain HK2
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husk [36]. The strain HK2 showed that it can utilize the
cheap agricultural residues as a sole carbon source and can
economize the enzyme production, presenting itself as a
potential candidate in biomass saccharification process and
thus useful for biofuel industries. In another experiment the
concentration of beechwood xylan and yeast extract (as a
carbon and nitrogen sources respectively) were optimized
by considering the C:N ratios of 1:1, 1:2, 1:3, 3:1, 3:2, 2:3
and 2:1. The strain was grown in a minimal salt medium
by maintaining an initial pH 7 at 37 °C for 7 days. It was
observed that with the increasing proportion of nitrogen in
the medium decreased the enzyme production whereas the
increasing proportion of carbon increased the enzyme pro-
duction. The highest xylanase activity of 23.09+0.009 U/
ml was observed when HK2 was grown in C:N ratio of 3:2
for 96 h (Fig. 7).

Similarly, the strain HK2 produced GI when grown in
either glucose or xylose (Fig. 8a). Although the GI activity
(1.88 +£0.004 U/ml) was higher in 48 h with the glucose as
a carbon source, the activity (3.256 +£0.003 U/ml) was sig-
nificantly high (i.e. P<0.05) in 72 h when xylose was used
as a carbon source. The observed GI activity was higher than
GI activity in Streptomyces sp. SB-P1 (1.3 U/ml) [38], Pseu-
domonas sp. 0.7 U/ml, and Bacillus sp. 0.3 U/ml [39] where
xylose broth medium were used. We observed nearly 2 folds
higher GI activity in the medium containing xylose than
compared to the medium containing glucose as a carbon
source. The GI activity in the xylose medium was increased
because the GI production in most of the bacteria is induced
by xylose [38]. This result was in harmony with GI activity
in Streptomyces sp. SB-P1 [38] and Streptomyces sp. CH7
[23] where the activity was high in the presence of xylose
as a carbon source.

The concentration of glucose or xylose in the culture
medium also affect enzyme production. Thus, both car-
bon sources were optimized separately to estimate the GI
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activity. The activity gradually increased with increase in
carbon concentration in the medium from 0.5% (w/v) and
attained the maximum GI activity at 1.5% (w/v) in both glu-
cose or xylose then after it decreased (Fig. 8b). The higher
GI activity of 3.515+0.019 U/ml and 4.384 +0.002 U/
ml observed in the optimum concentration of glucose and
xylose respectively. However, Habeeb et al. [40] recorded
higher GI activity of 13.6 U/ml from Streptomyces sp. SH10
in its optimum production medium containing 1.5% xylose
as a carbon source.

Various lignocellulosic biomasses including barley straw,
corn stover, wheat bran, Miscanthus and wood dust were
tested discretely in GI production medium. The biomass of
1% (w/v) was used as a sole carbon source at pH 8 and 40 °C
followed by measurement of GI activity in standard assay
condition. However, 1 ml of 2% glucose was introduced into
the culture medium to initiate the bacterial growth, main-
taining a constant volume of 50 ml culture medium. The
HK?2 strain was found to utilize various lignocellulosic bio-
mass in GI production. The higher GI activity was observed
in barley straw as a sole carbon source (Fig. 9a). It showed
continues increase in activity with increased in barley con-
centration until it reached to 2% (w/v) which subsequently
decreased above this concentration (Fig. 9b). Several studies
have been conducted in GI production by using cheap carbon
sources. In an earlier study, the extracellular GI (1.5 U/ml)
was produced from Streptomyces flavogriseus when grown
on straw hemicellulose in about 72 h [41]. Chanitnun and
Pinphanichakarn [23] found the corn husk at 2.5% (optimum
concentration) resulted in higher GI production from Strep-
tomyces sp. CH7. Similarly, the agricultural residues such
as corn cob and wheat husk have been recorded for high GI
yield from Streptomyces sp. SB-P1 [38]. Our finding agreed
with the previous suggestion that the application of barley
straw, a cheap agro-residue, can act as a good substitute of
expensive glucose or xylose in the production medium. Use
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Fig. 10 Effect of immobilized strain HK?2 in calcium alginate beads cultured in 1% xylose (a), and 2% barley straw (b) as a sole carbon source
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Fig. 12 SDS-PAGE of crude xylanase (a) and GI (b) from strain
HK2. (M protein marker, C protein bands of crude enzyme, E protein
bands after denaturation by boiling, Z hydrolytic band in zymogram).
Molecular weight of xylanase and GI were estimated about 55 kDa
and 63 kDa respectively in HK2

of such agricultural residues in industrial production line not
only minimize the overall economics of enzyme production
but also help to overcome the environmental issues associ-
ated with agricultural waste disposal.

Bacterial Immobilization and Gl Production

The seed culture (1 ml) of strain HK2 was immobilized
and transferred to the 250 ml flask containing 50 ml culture
medium for efficient enzyme production. The GI activity of
extracellular enzyme from culture supernatant was meas-
ured for 5 days in standard assay condition. There was an
improved GI production in immobilized strain than its free

@ Springer

strain. The immobilized strain HK2 produce higher GI activ-
ity of 3.348 +0.02 U/ml in 48 h when 1% xylose was used
in the culture medium. The improvement in GI production
was also recorded when 2% barley straw used as a carbon
source in 5 days of incubation in optimum condition. Similar
improved GI production have been reported in whole cell
immobilization of Streptomyces phaeochromogenes [42]
and Streptomyces kanamyceticus [43]. As the alginate beads
offered an increase in porosity and retaining property [44],
the immobilized strain HK?2 entrapped into the calcium
alginate beads can receive nutrients or inducements from
culture media into the microenvironment so as to improve
the enzyme production. The encapsulation or entrapment
of cells provides higher cell density and cellular interac-
tion which create favorable microenvironment and increased
productivities [45, 46]. Studies on whole cell immobilization
have reported the improved activity than free cells because
the immobilized cells were less sensitive to minor tempera-
ture and pH fluctuations [47] (Fig. 10).

Effect of Alginate Concentration on Gl Production

The porosity, gel strength, size of alginate beads and cell
activity depends on the concentration of sodium alginate
and CacCl, thereby affect the enzyme production efficiency
of immobilized strains [48]. The strain HK2 was immobi-
lized in six different concentrations- 1, 1.5, 2, 2.5, 3, 3.5%
of sodium alginate and tested for enzyme production using
same nutrient broth. The beads of 1% alginate were very
soft, gradually lost its binding affinity and observed disrup-
tion into smaller fragments after 48 h of incubation with
low enzyme yield. Whereas the immobilized strain in 3% of
sodium alginate beads significantly increased the GI produc-
tion and thus the activity of 7.12+0.021 U/ml was observed
in 48 h. The disruption of beads in 1% alginate and increased
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polymethylgalacturonase production in 3% alginate has been
observed in immobilized Aspergillus niger 26 [49]. Similar
increased enzyme production has been reported from immo-
bilized strains in 3% sodium alginate [50, 51]. However,
GI production and its activity while re-utilization of immo-
bilized beads were reduced as reported by Bernardi et al.
[50] and Ellaiah et al. [51] in contrast to increased enzyme
production from successive second cycle onwards [49] in
immobilization experiments (Fig. 11).

SDS-PAGE

The protein bands of xylanase and GI were observed sepa-
rately in 10% acrylamide gel. Multiple bands were observed
in the gel due to crude extraction and production of some
other proteins in the medium. However, the band which cor-
responds to 55 kDa with a hydrolytic band of zymogram
in Fig. 12a and 63 kDa in Fig. 12b confirm the presence
of xylanase and GI enzyme respectively. A relatively simi-
lar molecular weight of 58 kDa xylanase has been reported
from Streptomyces sp. [19], and 50 kDa from Pycnoporus
cinnabarinus [52]. On the other hand, nearly similar size of
60 kDa has been reported for GI from Bacillus megaterium
BPTKS [53] and Enterobacter agglomerans [54].

Conclusion

The strain HK?2 isolated from soil sample was identified
as Serratia marcescens HK2 from partial sequence of
16S rRNA (NCBI accession: MN795833). Several bacte-
rial species of Arthrobacter, Streptomyces, Bacillus etc.
were reported in the production of GI and xylanase how-
ever, to the best of our knowledge this study was the first
recorded GI and xylanase activities from S. marcescens
HK?2. Thus, we preferred to provide evidence of these
enzymes based on genomic analysis of S. marcescens. The
NCBI database records of S. marcescens genome study
showed that xylose isomerase genes are present on Serratia
marcescens subsp. marcescens ATCC 13880 (accession:
WP_033639090.1), Serratia marcescens CAV1761 (acces-
sion: WP_047729570.1), Serratia marcescens AR_0027
(accession: WP_033636544.1).

It is also known that most of the xylanases are related
to glycosylhydrolase (GH) families 10, 11, and 30 which
play a crucial role in degrading complex carbohydrates.
Moreover, GH family 10 is composed of endo-1,4- and
1,3-pB-xylanases [55]. According to the recent genomic study
of S. marcescens recorded in NCBI database, the GH fami-
ly’s genes including GH 10 is present on Serratia marcescens
subsp. marcescens Db11 (accession: WP_025302710.1). On
the other hand, GH families 18, 19, and 85 are chitinases
[56]. Most of the chitinases have potential to degrade plant

structural polysaccharides. Whereas some potential cellulose
degraders also known to target xylan and chitin [57]. Our
strain S. marcescens HK2 showed unique ability to secret
extracellular xylanase and GI enzymes with broader selec-
tion in substrates utilization. Higher yield of xylanase and
GI enzymes from S. marcescens HK2 showed that our strain
HK?2 is competent to the other known strains. Production
of these high valued enzymes from single strain opened up
new scope in food and biofuel industries. Furthermore, it can
effectively utilize the barley straw, a cheap agriculture resi-
due as an alternative to expensive xylose carbon source for
GI production. Additionally, the whole cell immobilization
of strain in the alginate can further facilitate the purification
steps and economize the downstream processing.
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