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Abstract: Cellulose, a major component of plant biomass, plays a crucial role in the carbon cycle.
This study focuses on the isolation and characterization of Enterobacter asburiae from forest soil,
demonstrating its ability to utilize cellulose as its sole carbon source. The strain was identified and
confirmed through 16S rDNA sequencing and BLAST analysis. Additionally, we explored the
organism’s genetic potential by identifying two glycoside hydrolase genes, EA.GH1 and EA.GH2,
within its genome. These genes exhibit substrate specificity, effectively degrading dextran and p-
nitrophenyl-f3-D-glucopyranoside, but not cellobiose or lactose. Optimal enzyme activity was
observed at pH 5.0 and 50 °C. The findings suggest that Enterobacter asburiae has potential
applications in enhancing cellulose degradation in livestock feed, thereby improving nutrient
absorption and overall feed efficiency.

Keywords: cellulose; enterobacter asburiae; p-nitrophenyl-p-D-glucopyranoside; dextran
degradation; glycoside hydrolase

1. Introduction

Cellulose is the most abundant polymer substrate in nature and a primary component of plant
cell walls, widely distributed in various ecosystems, particularly in wood and agricultural residues[1,
2]. The biomass of dead plants primarily comprises cellulose and hemicellulose, along with smaller
amounts of pectin polysaccharides, lignin, and cell wall proteins[3]. Consequently, the degradation
of cellulose and hemicellulose is a crucial step in the carbon cycle, facilitating the recycling of organic
matter[4]. Moreover, the conversion of these polysaccharides into valuable products has garnered
significant interest. Through biotechnological processes, cellulose and hemicellulose can be
transformed into useful products such as fertilizers, animal feed, raw materials, fuels, and
substrates[5-7].

Cellulose’s degradation is challenging due to its composition of insoluble (3-1,4-linked glucose
chains, while hemicellulose typically consists of various sugars, including (-1,4-linked glucose,
mannose, and xylose[8, 9]. The cellulase system —comprising endoglucanases, exoglucanases, and {3-
glucosidases—plays a pivotal role in breaking the [3-1,4-glycosidic bonds in cellulose, converting it
into monomeric reducing sugars[10, 11]. Additionally, -mannanase, an endoenzyme, randomly
cleaves the internal linkages of mannan backbones, primarily producing mannobiose and
mannotriose, which is essential for hemicellulose degradation[12, 13]. These enzymes are vital for the
effective degradation of cellulose in wood and straw. The Glycoside Hydrolase Family 5 (GH5)
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family, recognized as one of the largest glycoside hydrolase families and the first described cellulase
family, has a long evolutionary history and is widely distributed among bacteria, archaea, and
eukaryotes[14, 15]. GH5 enzymes typically exhibit a highly conserved overall structure, featuring a
(B/x)8 TIM barrel fold that allows for significant loop variation, influencing their catalytic
diversity[11, 16].

Microorganisms are the primary drivers of enzyme production for the decomposition of
cellulose and hemicellulose, making them essential participants in the degradation of plant biomass
in soil[17]. Fungi are often favored over bacteria due to their superior penetration abilities and
broader substrate utilization capacities[18]. However, these assumptions predominantly stem from
studies performed with pure cultures, which may not accurately reflect the complexities of natural
ecosystems. Recent research indicates that bacteria also play a significant role in decomposition
processes[19]. Various bacteria known to produce cellulases have been identified, including Bacillus,
Paenibacillus, Pseudomonas, Clostridium, Cellulomonas, Thermomonospora, Ruminococcus, Bacteroides,
Erwinia, Activibrio, Methanobrevibacter, Gluconacetobacter, and Rhodobacter[20-22]. The cellulases and
hemicellulases produced by these microorganisms can effectively degrade plant residues, thereby
promoting organic matter cycling[23]. While genes encoding cellulases are present in microbial
genomes, suggesting a theoretical capacity for cellulose degradation, there is insufficient evidence
confirming the actual production of these enzymes. For example, although cellulase-degrading genes
are frequently identified in Actinobacteria genomes, only a few environmental isolates show the
ability to effectively degrade cellulose.[24].

In this study, we isolated the strain Enterobacter asburiae from wild forest soil, demonstrating its
ability to utilize cellulose as its sole carbon source. Additionally, we identified genes encoding
glycoside hydrolases in the genome of Enterobacter asburiae. This strain holds potential applications
as an additive in livestock feed, enhancing cellulose degradation, improving cellulose absorption by
livestock, and increasing the overall utilization efficiency of the feed.

2. Materials and Methods

2.1.. Isolation of Cellulose-Degrading Bacterial Strains

Soil samples were collected from wild forest areas in Shaoxing, Zhejiang Province, China (30.00°
N, 120.59° E). These samples underwent physical and chemical treatments, including drying and
sieving, to prepare suitable soil for microbial cultivation. Cellulose-degrading bacteria were then
screened using enrichment culture methods. The samples were inoculated into a Congo red medium
(K2HPOs 2.5 g/L, Na2HPO4+-12H20 6.3 g/L, CMC 20 g/L, Tryptone 2 g/L, Yeast Extract 0.2 g/L, Congo
Red 0.2 g/L) and incubated at 37 °C with shaking at 220 r/min for 18 hours. A color change in the
medium indicated microbial growth. Subsequently, 10 pl of the colored broth was diluted and spread
onto cellulose agar medium (at-cellulose 4 g/L; MgSO4 0.24 g/L, CaCl2 0.01 g/L, M9 salts(5x) 200 ml/L,
Agar 15 g/L). After 24 hours of incubation, colonies were selected and transferred to 25 ml of liquid
medium for further cultivation. This process was repeated to isolate microorganisms with cellulose-
degrading capabilities. The isolated strain was identified as Enterobacter asburiae through 16S rDNA
sequencing performed in Qingke Bio, and its identity was confirmed via BLAST analysis.

2.2. Amplification of Cellulase Genes

Primers were designed based on the cellulase gene DNA sequences reported in NCBI EA.GH1
(WP_167819521.1) and EA.GH2 (WP_143345957.1). Primer sequences are listed: trxa-1f: 5'-
cTGAATGAAAGCCAGGCCCCGAAAGCAGAACCGCCGCTGACAGC-3, trxa-1r: 5'-
gGTGGTGGTGGTGGTGCTCGAGTCAATTAGGACCGGCAGAGCTGGC-3, trxa-2f: 5'-
AATGAAAGCCAGGCCCCGAAAATGAAGGAACAGTGGAGCCGTGAAC-3, trxa-2r: 5'-
CAGTGGTGGTGGTGGTGGTGCTCGAGTCAACCCTGCACTTTCGGTG-3'. The cellulase genes
were synthesized by Hangzhou Youkang Biotechnology Co., Ltd., PCR-amplified, and then inserted
into the pET32a-his-SUMO-D1 vector for expression. The PCR reaction mixture consisted of 25 pl of
2x PrimeSTAR, 1.5 ul of forward primer, 1.5 pl of reverse primer, and 21 pl of sterile water. The PCR
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cycling conditions were as follows: 98°C for 3 minutes (initial denaturation), followed by 35 cycles of
98°C for 10 seconds (denaturation), 55 °C for 15 seconds (annealing), and 72°C for 20 seconds
(extension), with a final extension at 72°C for 5 minutes. The PCR products were analyzed by 1%
agarose gel electrophoresis. The extension time was increased to 70 seconds under the same
conditions to obtain the vector protein. The products were recovered, purified, ligated, and
transformed into the competent E. coli BL21(DE3) cells. A certain number of transformed cells was
spread onto ampicillin-resistant LB plates, followed by PCR amplification and sequencing to verify
positive clones.

2.3. Recombinant Cellulase Activity Assay

A 1:100 dilution of the bacterial culture was inoculated into 10 ml LB medium. After 12 hours, a
1:100 dilution was transferred to 1 L LB medium and incubated at 37 °C with shaking at 220 r/min
for 4 hours. IPTG was added to a final concentration of 0.6 mM to induce the recombinant bacteria,
which were then incubated at 16 °C with shaking at 220 r/min for 16 hours. Following this, the culture
was centrifuged at 8000 r/min for 20 minutes at 4 °C, and both the supernatant and pellet were
collected. The bacterial pellet was subjected to high-pressure cell disruption for 4 minutes (680 Pa
pressure), followed by centrifugation at 12000 r/min for 20 minutes at 4 °C to collect the disrupted
supernatant and sediment. The supernatant was incubated with the Nickel NTA Affinity Resin for 1
hour, and the proteins were subsequently eluted using an elution buffer (200 mM Imidazole, 150 mM
NaCl, 1x PBS). The purified proteins were then used for enzyme activity assays.

2.4. Enzyme Activity Assay with Dinitrosalicylic acid (DNS) Method

DNS reagent was prepared with cellobiose, lactose, and dextran as substrates. First, a standard
glucose curve was established by measuring the absorbance of glucose solutions at concentrations of
2.0, 1.5, 1.0, 0.5, 0.25, and 0.125 mg/ml. The concentration was plotted on the x-axis, with the
corresponding change in absorbance (AA) on the y-axis, to develop a standard curve and obtain the
linear regression equation y = kx + b. The measured AA values were substituted into the regression
equation to calculate the glucose concentration in the samples (x, mg/ml).

A 500 pl aliquot of the purified enzyme solution was mixed with 500 pl of substrate solution
(cellobiose, lactose, or glucose) and then combined with 1 ml of DNS reagent. The mixture was heated
in a 100 °C water bath for 10 minutes, resulting in a color change from yellow to orange-red or
reddish-brown. After the reaction, the mixture was cooled to room temperature, and the absorbance
was measured at 540 nm using a spectrophotometer.

The enzyme activity unit is defined as the amount of enzyme that catalyzes the production of 1
ug of glucose per minute, expressed as enzyme activity units per milliliter of liquid sample (U/ml).

_ 1000xxXV¢oral
CL(U/mL) = O O

Viotar : total volume of the reaction system, Vsgmpie: the volume of the crude enzyme solution

added to the reaction system.

2.5. Enzyme Activity Assay with p-nitrophenyl-p-D-glucopyranoside (pNPG)

Standard solutions of pNPG were prepared at concentrations of 0, 20, 40, 60, 80, and 100 pmol/L,
and their absorbances were measured at 420 nm. The concentration was plotted on the x-axis, with
the change in absorbance (AA) on the y-axis, to develop a standard curve and obtain the linear
regression equation y=kx+b. A 0.75 ml aliquot of the purified enzyme solution was mixed with 0.75
ml of substrate solution (1 mg/mL pNPG in 50 mM phosphate buffer at pH 5.0) and heated in a 50 °C
water bath for 30 minutes. The reaction was terminated by adding 0.5 ml of sodium carbonate
(Na2COs) solution. After cooling to room temperature, the absorbance was measured at 420 nm using
a spectrophotometer.
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The enzyme activity unit of 3-glucosidase is defined as the amount of enzyme required to
catalyze the hydrolysis of pNPG to produce 1 pumol of pNPG per minute under conditions of 50 °C
and pH 5.0, expressed as one enzyme activity unit (U).

Activity(U/ml) = —2L—2X%

KXVyXTx1000 (2)

Y: absorbance of the enzyme-catalyzed reaction, K: optical density of pNPG, b: intercept of the
PNPG optical density standard curve, T: reaction time, Vi: total volume of the reaction solution, V»:
volume of the enzyme solution in the reaction system.

3. Results

3.1. Isolation and ldentification of Enterobacter asburiae from Wild Forest Soil

Cellulose is the most abundant organic polymer on Earth, constituting a significant portion of
plant biomass[1]. Its degradation is a crucial process in the carbon cycle, facilitating the recycling of
organic matter and the storage of carbon in ecosystems. Microorganisms, particularly fungi and
bacteria, play essential roles in cellulose degradation by breaking it down into simpler sugars that
can be utilized by other organisms[25].

In order to isolate microorganisms capable of using cellulose as their sole carbon source. Soil
samples were collected from rice fields, paper mills, and forests (Figure 1a). The soil leachate was
cultured in Congo red medium, where we observed robust microbial growth (Figure 1b).
Subsequently, we diluted the cultured microorganisms and screened for cellulose-degrading
capabilities using cellulose agar medium, which contained only a-cellulose as the carbon source. We
successfully identified several clones that thrived in the cellulose agar medium (Figure 1c).

Further analysis through 16S rDNA sequencing confirmed that these clones were Enterobacter
asburige (Figure 1d). These findings suggest that Emnterobacter asburiae is a cellulose-utilizing

microorganism, highlighting its potential role in enhancing cellulose degradation processes.
a c Soil leachate Sterile water

Enterobacter asburiae
65 Enterobacter kobei strain WCHEK045523
_|: Enterobacter kobei strain C16
Enterobacter sp. T2
18 Enterobacter ludwigii strain JP9
_|: Enterobacter sp. strain 23

Enterobacter ludwigii strain CEB04
£ Enterobacter ludwigii strain JP6

Figure 1. Selection of Microorganisms for Cellulose Digestion. (a) Environment where soil samples

66

were collected for the selection of cellulose-digesting microorganisms; (b) Cultivation of soil
microorganisms in liquid cellulose medium; (c) Clones of soil microorganisms isolated from soil
leachate in solid cellulose medium, with sterile water serving as a negative control. (d) Phylogenetic
tree of microorganisms based on 16S rDNA sequencing results.

3.2. Two Glycoside Hydrolase, EA.GH1 and EA.GH2, Were Identified in Enterobacter asburiae
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Cellulose degradation is a critical biological process that converts cellulose —the primary
structural component of plant cell walls—into simpler sugars[26]. This process is facilitated by
various enzymes, including endo-pB-glucanase and [-glucosidase, which play distinct yet
complementary roles in breaking down cellulose. Endo-3-glucanase cleaves internal [3-1,4-glycosidic
bonds within the cellulose polymer chain (Figure 2a). By doing so, it generates free chain ends and
produces shorter cellulose fragments, including cellobiose (a disaccharide composed of two glucose
units) and other oligosaccharides. This action enhances the substrate's accessibility for further
enzymatic activity. Subsequently, -glucosidase hydrolyzes cellobiose and other short
oligosaccharides into glucose, a readily available energy source for microorganisms (Figure 2a).

To gain insight into how Enterobacter asburiae utilizes cellulose, we analyzed its genome, which
has been published and is accessible on the National Center for Biotechnology Information (NCBI)
website. Our investigation focused on identifying proteins containing glucanase domains. We
discovered two glycoside hydrolases, designated EA.GH1 and EA.GH2, within the Enterobacter
asburiae (Figure 2b). To further explore their functionality, we cloned the EA.GH1 and EA.GH2 genes
into the E. coli expression vector pET32a-TrxA-His-SUMO (Figure 2c). Following this, we expressed
and purified the enzymes to perform enzyme activity assays, allowing us to assess their cellulose-
degrading capabilities (Figure 2d).
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Figure 2. Identification of Two Glycoside Hydrolase Genes, EA.GH1 and EA.GH2, in the Enterobacter
asburiae Genome. (a) Overview of cellulose digestion processes and the enzymes involved in cellulose
degradation; (b) Schematic representation of Glycoside Hydrolase with labeled functional domains;
(c) Cloning of EA.GH1 and EA.GH2 from the Enterobacter asburiae genome; (d-e) Purification of
EA.GHI1 (d) and EA.GH2 (e) enzymes from E. coli BL21(DE3).

3.3. Substrate Specificity of EA.GH1 and EA.GH2: Utilization of Dextran and p-Nitrophenyl-B-D-
glucopyranoside (pNPG), but Not Cellobiose or Lactose

Cellobiose, lactose, and dextran are widely studied substrates for glucanases, enzymes that play
a crucial role in carbohydrate metabolism (Figure 3a). These substrates differ in their chemical
structures and can be utilized by various glucanases, highlighting the diverse substrate specificity
found within this enzyme family. Cellobiose, a disaccharide made up of two glucose units, serves as
a key intermediate in cellulose degradation[27]. In contrast, lactose, which consists of glucose and
galactose, is significant in dairy processing and fermentation[28]. Dextran, a polysaccharide formed
from glucose units linked by a-1,6-glycosidic bonds, is commonly used in medical and
biotechnological applications.

To investigate the substrate specificities of the glycoside hydrolases EA.GH1 and EA.GH2, we
employed enzyme activity assays by measuring the production of glucose. A standard glucose curve
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was established by measuring the absorbance of glucose solutions (Figure 3b). Our results indicated
that neither EA.GH1 nor EA.GH2 could degrade cellobiose or lactose. Surprisingly, we found that
both EA.GH1 and EA.GH2 were capable of degrading dextran into glucose (Figure 3c). These
findings suggest that EA.GH1 and EA.GH2 function as exoglucanases, specifically targeting dextran.

To obtain precise measurements of enzyme activity, we carried out additional assays using the
p-nitrophenyl-f-D-glucopyranoside (pNPG) method (Figure3d). A standard curve for pNPG was
also established (Figure 3e). Our analysis revealed that the enzyme activities of EA.GH1 and EA.GH2
were approximately 0.6 and 0.2 CL(U/mL), respectively (Figure 3f), consistent with the results
obtained using the dinitrosalicylic acid (DNS) method. These results further corroborate the substrate
specificity and enzymatic efficiency of EA.GH1 and EA.GH2, providing valuable insights into their
potential applications in biotechnological processes.

a b c
- cellobiose Standard curve of glucose Egzyme activity with different substrates
4 o g [ cotobios
s-._:' \—‘;W o
3 oM h‘: g 40
ke s$10 .
3 - 3
lactose 2 3 2
Mo Ot oH § 05 » o
10 ™ oH g 8L 2
o 5 e
0.0 = T T T T -20 T T T
dextran 00 2 05 10 1 5 ; 20 25 Standard EAGH1 EAGH2
D o o =
o g 0 Q
HO 1o HOMO HOHO Standard curve of pNPG solution
0.4 -
§
8034 s
d 4 ,,-»""
2024 .
p-nitrophenyl-g-D-glucopyranoside (pNPG) S
e ~y
7 014
"'—;:M\\/ = ot
Vad \Q T SRR R T =
N 2 50 100 150
et PNPG concentration (ymoliL) EA GH1 EA.GH2

Figure 3. Enzymatic Activity of EA.GH1 and EA.GH2 Towards Different Substrates. (a) Chemical
structures of cellobiose, lactose, and dextran, with potential cleavage sites indicated by red dashed
lines; (b) Standard curve of glucose, utilized for measuring glucose production in enzyme activity
assays; (c¢) Enzyme activity of EA.GH1 and EA.GH2 with cellobiose, lactose, and dextran as substrates,
demonstrating that only dextran is degraded by these enzymes; (d) Chemical structure of p-
nitrophenyl-3-D-glucopyranoside (pNPG); (e) Standard curve for pNPG; (f) Enzyme activity of
EA.GH1 and EA.GH2 with pNPG, which will aid in optimizing the reaction conditions for these

enzymes.

3.4. Optimal Enzyme Activities of EA.GHI1 and EA.GH2 at pH 5.0 and 50 °C

To optimize the activity conditions for the enzymes EA.GH1 and EA.GH2, we first assessed
product accumulation and enzyme stability over time. Our findings indicate that product
accumulation occurs linearly, and enzyme activities remain stable without significant decline over a
50-minute period at 50 °C and pH 5.0 (Figure 4a and b). This suggests that both EA.GH1 and EA.GH2
are stable under these conditions.

Subsequently, we examined the enzyme activities of EA.GH1 and EA.GH2 across a range of pH
levels and temperatures. Our results revealed that the optimal conditions for both enzymes are at pH
5.0 and 50 °C (Figure 4c and d), further supporting the conclusion that EA.GH1 and EA.GH2 are
robust glucanases capable of functioning effectively in high-temperature and acidic environments.

In addition, we investigated the effect of glycerol concentration on enzyme activity. Our tests
demonstrated that the optimal glycerol concentrations for EA.GH1 and EA.GH2 are 10% and 20%,
respectively (Figure 4e). These findings provide valuable insights into the enzyme characteristics and
suggest potential applications for these enzymes in industrial processes requiring specific pH and
temperature conditions.
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Figure 4. Optimization of Reaction Conditions for Enzymatic Activity of EA.GH1 and EA.GH2. (a)
Accumulation curve of the product 4-nitrophenol over time during the activity of EA.GH1 and
EA.GH2; (b) Stability of EA.GH1 and EA.GH2 over time. The data demonstrate that both EA.GH1
and EA.GH2 exhibit high stability over a 50-minute period; (c) Enzyme activity of EA.GH1 and
EA.GH2 at various pH levels, indicating that pH 5.0 is optimal for both enzymes; (d). Enzyme activity
of EA.GH1 and EA.GH2 at different temperatures, demonstrating that 50 °C is the optimal
temperature for both enzymes; (e) Optimization of glycerol concentration affection for enzyme
activity, revealing that the best concentrations are 20% for EA.GH1 and 10% for EA.GH2.

4. Discussion

In this study, we successfully isolated and characterized Enterobacter asburiae from forest soil,
demonstrating its ability to utilize cellulose as its sole carbon source. Our findings revealed that the
strain possesses two glycoside hydrolase genes, EA.GH1 and EA.GH2, which effectively degrade
dextran and p-nitrophenyl-3-D-glucopyranoside, but not cellobiose or lactose. Optimal enzyme
activity for both EA.GH1 and EA.GH2 was observed at pH 5.0 and 50 °C, indicating their robustness
in high-temperature and acidic environments. These results suggest that Enterobacter asburiae holds
promise for enhancing cellulose degradation processes, with potential applications in improving
livestock feed efficiency.

Despite these significant findings, several limitations in our research warrant discussion. Firstly,
while we have identified the glycoside hydrolase genes associated with cellulose degradation, the
specific mechanisms by which Enterobacter asburiae degrades cellulose remain largely unknown. It is
plausible that additional enzymes or synergistic interactions may be involved in the degradation
process, yet these have not been elucidated in our study. Furthermore, the potential for other
microbial communities within the soil environment to influence cellulose breakdown and the overall
metabolic pathways of Enterobacter asburiae has not been explored.

To address these gaps, future research should focus on several key areas. Investigating the
complete enzyme repertoire of Enterobacter asburiae through genomic and proteomic analyses may
provide insights into the full spectrum of enzymes involved in cellulose degradation. Additionally,
performing studies to assess the interaction between Enterobacter asburiae and other soil microbes
could reveal collaborative mechanisms that enhance cellulose breakdown. Understanding the
ecological role of this strain in natural settings, as well as its potential for biotechnological
applications, will be crucial for optimizing its use in industrial processes. Finally, exploring the
impact of various environmental conditions on the activity of the identified glycoside hydrolases
could further refine our understanding of their practical applications.
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