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A B S T R A C T   

This study investigates A. mellifera gut microbiota diversity and enzymatic activities, aiming to utilize identified 
isolates for practical applications in sustainable crop residue management and soil health enhancement. This 
study sampled honey bees, analyzed gut bacterial diversity via 16S rRNA gene, and screened isolates for 
cellulolytic, hemicellulolytic, and pectinolytic activities, with subsequent assessment of enzymatic potential. The 
study reveals that cellulolytic and hemicellulolytic bacterial isolates, mainly from γ-Proteobacteria, Actino-
bacteria, and Firmicutes, have significant potential for crop residue management. Some genera, like Aneur-
inibacillus, Bacillus, Clostridium, Enterobacter, Serratia, Stenotrophomonas, Apilactobacillus, Lysinibacillus, and 
Pseudomonas, are very good at breaking down cellulose and hemicellulase. Notable cellulose-degrading genera 
include Cedecea (1.390 ± 0.57), Clostridium (1.360 ± 0.86 U/mg), Enterobacter (1.493 ± 1.10 U/mg), Klebsiella 
(1.380 ± 2.03 U/mg), and Serratia (1.402 ± 0.31 U/mg), while Aneurinibacillus (1.213 ± 1.12 U/mg), Bacillus 
(3.119 ± 0.55 U/mg), Enterobacter (1.042 ± 0.14 U/mg), Serratia (1.589 ± 0.05 U/mg), and Xanthomonas (1.156 
± 0.08 U/mg) excel in hemicellulase activity. Specific isolates with high cellulolytic and hemicellulolytic ac-
tivities are identified, highlighting their potential for crop residue management. The research explores gut 
bacterial compartmentalization in A. mellifera, emphasising gut physiology’s role in cellulose and hemicellulose 
digestion. Pectinolytic activity is observed, particularly in the Bacillaceae clade (3.229 ± 0.02), contributing to 
understanding the honey bee gut microbiome. The findings offer insights into microbiome diversity and enzy-
matic capabilities, with implications for biotechnological applications in sustainable crop residue management. 
The study concludes by emphasizing the need for ongoing research to uncover underlying mechanisms and 
ecological factors influencing gut microbiota, impacting honey bee health, colony dynamics, and advancements 
in crop residue management.   

1. Introduction 

Honey bees, particularly Apis mellifera, play a crucial role as global 
pollinators, contributing significantly to food security (Aizen et al., 
2008). In addition to their ecological importance, honey bees have 
evolved complex social behaviors and symbiotic associations with mi-
croorganisms (Engel et al., 2016). While cellulolytic activities were 
initially thought to be confined to plants, bacteria, and fungi, recent 
evidence suggests the presence of animal cellulases, particularly in in-
vertebrates (Linton, 2020; Gouda et al., 2024). The microbiota of honey 
bees is essential for breaking down complex plant polymers such as 
pollen, impacting diverse aspects of bee metabolism. Studies implicate 
gut bacteria, including (Gilliamella) Gamma, (Lactobacillus) Firm, and 

Bifidobacterium, in A. mellifera pollen digestion (Engel et al., 2012). 
Furthermore, the bee’s gut microbiota utilizes various pollen-derived 
substrates, highlighting its involvement in the complex process of pol-
len digestion (Kesnerova, 2017). Gut bacterial isolates from stingless 
honey bees, such as Bacillus safensis BD9, Bacillus subtilis BD3, Bacillus 
stratosphericus PD6, and Bacillus amyloliquefaciens PD9, exhibit proteo-
lytic, lipolytic, and cellulolytic activities, underscoring their vital role in 
nutrient acquisition (Ngalimat et al., 2019). 

As the insect gut microbiota is complex and diverse, it plays a crucial 
role in ecological interactions, with bacteria being the dominant group 
(Gurung, 2019). Symbiotic connections, estimated in up to 15 % of in-
sects, provide essential nutrients to hosts (Douglas, 1998; Dillon and 
Dillon, 2004). Microbiome analysis of 21 insect groups identified 18 
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bacterial phyla, including Proteobacteria, Firmicutes, Bacteroidetes, 
Actinobacteria, and Tenericutes (Yun et al., 2014). In the study’s 
context, these sentences underscore the pivotal role of complex and 
diverse insect gut microbiota, highlighting symbiotic connections and 
nutrient provision. The hindgut of termites exemplifies the intricate role 
of the gut microbiota in cellulose digestion (Warnecke et al., 2007). 
Intestinal microbes contribute to dietary toxin breakdown (Ping et al., 
2007; Kikuchi et al., 2012). Gut symbionts of blood-feeding insects, like 
kissing bugs, stinkbugs, and termites, demonstrate nitrogen fixation and 
nutrient synthesis (Eichler and Schaub, 2002; Hongoh et al., 2008; 
Nikoh et al., 2011). Research on insect intestinal microbiota gains 
attention in the agricultural scientific community (Mereghetti et al., 
2017). 

Insects, with diverse phytophagous species, show promise for 
discovering cellulolytic enzymes. Reports document cellulolytic activity, 
including cellulase identification and cloning (Watanabe et al., 1997; 
Girard and Jouanin, 1999; Lee et al., 2004, 2005; Wei et al., 2006; Kim 
et al., 2008). Reviews on insect cellulolytic activity exist (Martin, 1983; 
Watanabe and Tokuda, 2001), but quantitative characterization remains 
limited (Cazemier et al., 1997). Polysaccharide hydrolysis is crucial for 
insect nutrition, especially for arthropods on plant-based diets. Global 
bioenergy demand rises, with biomass contributing 10 % of the energy 
supply (50 EJ/year), involving traditional burning and biofuels (3 
EJ/year). However, enzymatic hydrolysis efficiency in biorefining faces 
challenges due to plant cell wall heterogeneity and recalcitrance 
(Cazemier et al., 1997). 

Effective crop residue management is crucial for multifaceted ben-
efits in agronomy, economics, and the environment. Locally tailored 
strategies enhance soil quality, water retention, and crop yields, pre-
venting erosion, promoting root growth, and recycling nutrients. Resi-
dues reduce evaporation, prevent soil erosion, and aid water 
conservation, reducing irrigation needs. Economically, this approach 
lowers input costs, fuel consumption, and enhances yields. Environ-
mentally, it increases soil organic matter, supports biodiversity, and 
mitigates climate change through improved organic carbon levels and 
soil carbon sequestration. A holistic approach balancing economic and 
environmental considerations is vital for maximizing these benefits 
(Kumar et al., 2023). 

This study explores A. mellifera gut microbiota diversity and quan-
tifies their cellulolytic, hemicellulolytic, and pectinolytic specific ac-
tivities to gain insights into their role in the digestion and nutrition of 
bees and also to exploit the possibility of these isolates in crop residue 
management. Identifying gut bacterial isolates with strong enzymatic 
activities presents practical applications in crop residue management, 
potentially aiding in the breakdown of complex plant polymers and 
facilitating organic matter recycling. Understanding how these isolates 
interact with and decompose components like cellulose is essential, of-
fering potential applications in sustainable crop residue management. 
The enzymatic prowess of these bacteria holds promise for enhancing 
organic matter decomposition, nutrient cycling, and overall soil health 
in agricultural practices, highlighting opportunities for bio-
augmentation. This research links insect-microbe interactions with 
sustainable agriculture for a more resilient farming future. 

2. Materials and methods 

2.1. Sample collection, isolation and identification of gut bacteria 

Honey bee samples (forager and hive bees) were collected from the 
hives maintained in the Division of Entomology, ICAR-IARI, Pusa 
Campus, New Delhi. The collected bees were surface sterilised with 70 % 
(v/v) ethanol and dissected using a sterilised microscissor under lamina 
flow to extract the whole digestive tract. The extracted gut is divided 
into the foregut, midgut, and hindgut, after which the different sections 
are homogenised in 0.85 % NaCl and stored at -20 ºC until further 
analysis for gut bacterial diversity. The gut homogenates from the 

various gut compartments were serially diluted and inoculated on agar 
plates containing bacteriological media in triplicate and kept for incu-
bation. The colonies were purified further by streaking on corresponding 
media to obtain pure isolates (Gouda and Subramanian, 2022) (Sup-
plementary material 1). Single colonies of pure culture isolates of the 
gut bacteria were grown for 24 h at 37 ◦C in the Nutrient broth. The 
pellet and supernatant were separated from the broth cultures after 24 h 
of growth by centrifugation at 13,000 rpm. The supernatant was dis-
carded, and a modified cetyltrimethylammonium bromide (CTAB) 
method was used to extract DNA from the pellet. On an agarose gel, the 
extracted DNA quality was checked and quantified by using a NanoDrop: 
3300 FluoroSpectrometer (Thermo Scientific, Wilmington, DE, USA). 
The 16S rRNA of each isolate was amplified by PCR using BioLine Master 
Mix and eubacterial primers 27F-(10 µM), (5′→ 
AGAGTTTGATCCTGGCTCAG→3) and 1492R-(10 µM), (5→ 
AAGGAGGTGATCCAGCCGCA→3′). Each reaction contained approxi-
mately 50 ng DNA, 25 µl Master Mix (2X) BioLine Master Mix, Takara 
Bio India Pvt. Ltd), and 0.5 mM each of forward and reverse primers. The 
following polymerase chain reaction (PCR) was performed in a thermal 
cycler (Bio-Rad C1000, Bio-Rad Laboratories Inc, Berkeley, CA, USA): 
one cycle at 94 ◦C for 5 min, 35 cycles at 94 ◦C for 1 min, 52 ◦C for 1 min 
and 72 ◦C for 1 min 40 s, followed by 72 ◦C for 10 min and 4 ◦C till next 
use. PCR products were examined by electrophoresis in a 1.2 % agarose 
gel, and bands were visualized by staining with ethidium bromide. The 
gels were run at 100 V for1 h in TAE buffer (40 mM Tris-acetate, 1 mM 
ethylene-diamine-tetra-acetic acid (EDTA); pH 7.4). Gels were visual-
ized under UV in the Gel Documentation system of Alpha ImagerTM gel 
imaging system (Alpha Innotech, USA). The 16 s rRNA gene sequences of 
gut bacterial isolates were submitted to NCBI under accession numbers 
MW742335 to MW742397, MW788400 to MW788404, MW916288 to 
MW916293, and MZ149986 to MZ149996 (Tables 1 and 2). 

2.2. Screening of gut bacterial isolates for cellulolytic activity 

Using carboxymethyl cellulose (CMC) as a substrate, the isolated 
bacterial cultures were screened for their cellulolytic activity. In short, 
individual isolates were inoculated on 0.25 % CMC agar media sup-
plemented with Berg’s minimal salts: NaNO3 (2 g), MgSO4 (0.5 g), 
K2HPO4 (0.5 g), FeSO4 (0.1 g), CaCl2 (0.2 g), MnSO4 (0.02 g), CMC (2.5 
g) as the substrate, and 2 % agar (pH 6.5). After that, the agar plates 
were incubated for 48 h at 37 ◦C. CMC degradation was tested according 
to Huang’s (2012) protocol. After staining with Congo red and washing 
with 1 M NaCl, the cellulolytic activity was measured by observing a 
yellow zone around the colony. The cellulolytic index was measured as 
the diameter of the bacterial colony together with the hydrolytic zone 
divided by the diameter of the colony, as described by Delalibera (2005). 

2.3. Estimation of total cellulase activity 

Individual bacterial isolates with high CMCase activity were inocu-
lated into a production medium containing (g/L): 10 g CMC, 0.2 g 
MgSO4⋅7H2O, 0.75 g KNO3, 0.5 g K2HPO4, 0.02 g FeSO4⋅7H2O, 0.04 g 
CaCl2, 2 g yeast extract, and 1 g d-glucose, pH 7.0 (Lisdiyanti et al., 
2012), and incubated at 37◦C for 36 h. The crude enzyme generated was 
collected after incubation by centrifugation at 10,000 rpm for 15 min at 
4 ◦C. The cell-free extract was used as a crude enzyme to measure the 
cellulase activity. 

Total cellulolytic activity was determined using the DNS (3,5-dini-
trosalicylic acid) method by determining the amount of reducing sugars 
(Zhang et al., 2009). The quantity of glucose generated was estimated 
using the previously prepared glucose standard curve, and the results 
obtained were used to determine enzyme activity. One enzyme unit (U) 
was defined as the amount of enzyme-producing 1 μmol of reducing 
sugar measured as glucose per minute per ml of enzyme under specific 
assay conditions. Specific enzyme activity (U/mg) was obtained by 
dividing the enzyme units (U mL− 1) by the protein concentration (mg 

M.N. Rudra Gouda et al.                                                                                                                                                                                                                      



Current Research in Microbial Sciences 6 (2024) 100233

3

mL− 1). Total cellulase activity was determined using a method described 
by Zhang (2010). 

2.4. Qualitative screening of gut bacterial isolates for hemicellulolytic 
activity 

For hemicellulase assay, we followed the method given by Khan et al. 
(1986) with modifications. The bacterial suspensions were serially 
diluted (8-fold) by transferring 100 μl of the homogenised sample into 
900 μl of 0.85 % saline, vortexing vigorously, after which 100 μl of each 
dilution (10− 8) was spread on a solid medium containing 0.25 % of 
birchwood xylan (2.5 g/L birchwood xylan, 5 g/L yeast extract, 5 g/L 

peptone, 0.2 g/L MgSO4, 1 g/L K2HPO4, and 15 g/L agar, pH 7.0). 
Following 48-hour incubation at 37 ◦C, xylan degradation was evaluated 
using Huang’s (2012) protocol. Post-staining with Congo red and 
washing, hemicellulolytic activity was measured by observing a yellow 
zone around the colony, and the hemicellulolytic index was determined 
according to Delalibera (2005). 

2.5. Estimation of hemicellulases 

The active gut bacterial cultures were inoculated in 100 ml of basal 
medium containing peptone (1 %), KH2PO4 (0.15 %), NaNO3 (0.2 %), 
NaCl (0.05 %), MgSO4 (0.05 %), CaCl2 (0.025 %), FeSO4 (0.0001 %), 
ZnSO4 (0.0001 %), CuSO4 (0.0001 %) and birchwood xylan (1 %), at pH 
7.0 and kept at 30 ◦C in a rotary shaker at 150 rpm. Then, the cultures 
were further preceded by the quantification of xylanase. Xylanase ac-
tivity was measured according to the method of Saha (2002) using 0.5 
ml of a 1 % (w/v) solution of oat spelt xylan incubated with 0.5 ml of the 
appropriately diluted culture supernatant in 50 mM acetate buffer (pH 
5.0) for 30 min at 50 ◦C. The DNS technique was used to measure the 

Table 1 
Details of 16S rRNA gene sequence identifications of gut bacterial isolates from 
different gut regions of forager bees of A. mellifera.  

Isolate 
ID 

Accession 
number 

Species Gut 
region 

HAmf01 MW742335 Aneurinibacillus aneurinilyticus isolate 
HAmf01 

Foregut 

HAmf02 MW742336 Aneurinibacillus migulanus isolate 
HAmf02 

Foregut 

HAmf03 MW742337 Bacillus acidovorans isolate HAmf03 Hindgut 
HAmf04 MW742338 Bacillus albus isolate HAmf04 Hindgut 
HAmf05 MW742339 Bacillus altitudinis isolate HAmf05 Foregut 
HAmf06 MW742340 Bacillus amyloliquefaciens isolate 

HAmf06 
Midgut 

HAmf07 MW742341 Bacillus anthracis isolate HAmf07 Foregut 
HAmf08 MW742342 Bacillus cereus isolate HAmf08 Hindgut 
HAmf09 MW742343 Lysinibacillus fusiformis isolate HAmf09 Foregut 
HAmf10 MW742344 Bacillus haynesii isolate HAmf10 Foregut 
HAmf11 MW742345 Bacillus paramycoides isolate HAmf11 Foregut 
HAmf12 MW742346 Bacillus pseudomycoides isolate HAmf12 Hindgut 
HAmf13 MW742347 Bacillus subtilis subsp. stercoris isolate 

HAmf13 
Midgut 

HAmf14 MW742348 Bacillus thuringiensis isolate HAmf14 Foregut 
HAmf15 MW742349 Bacillus toyonensis isolate HAmf15 Midgut 
HAmf16 MW742350 Bacillus tropicus isolate HAmf16 Foregut 
HAmf17 MW788400 Lysinibacillus sp. isolate HAmf17 Midgut 
HAmf17 MW916292 Bacillus velezensis isolate HAmf17 Midgut 
HAmf18 MW788401 Bacillus sp. isolate HAmf18 Hindgut 
HAmf18 MW916293 Brevibacterium sp. isolate HAmf18 Hindgut 
HAmf19 MW742351 Cedecea davisae isolate HAmf19 Midgut 
HAmf20 MW742352 Clostridium argentinense isolate HAmf20 Hindgut 
HAmf21 MW742353 Clostridium botulinum isolate HAmf21 Foregut 
HAmf22 MW742354 Clostridium combesii isolate HAmf22 Midgut 
HAmf23 MW742355 Clostridium scatologenes isolate HAmf23 Foregut 
HAmf24 MW742356 Clostridium sporogenes isolate HAmf24 Hindgut 
HAmf25 MW742357 Enterobacter asburiae isolate HAmf25 Foregut 
HAmf26 MW742358 Enterobacter cloacae isolate HAmf26 Midgut 
HAmf27 MW742359 Enterobacter hormaechei isolate HAmf27 Midgut 
HAmf28 MW742360 Enterobacter ludwigii isolate HAmf28 Foregut 
HAmf29 MW742361 Enterobacter cloacae isolate HAmf29 Hindgut 
HAmf29 MW916288 Kocuria rosea isolate HAmf29 Hindgut 
HAmf30 MW742362 Lysinibacillus fusiformis isolate HAmf30 Foregut 
HAmf31 MW742363 Lysinibacillus sphaericus isolate HAmf31 Hindgut 
HAmf32 MW742364 Ochrobactrum ciceri isolate HAmf32 Midgut 
HAmf33 MW742365 Paenibacillus dendritiformis isolate 

HAmf33 
Hindgut 

HAmf34 MW742366 Pantoea agglomerans isolate HAmf34 Hindgut 
HAmf35 MW742367 Stenotrophomonas sp. isolate HAmf35 Foregut 
HAmf36 MW742368 Salmonella enterica subsp. enterica 

serovar Tshiongwe isolate HAmf36 
Foregut 

HAmf37 MW742369 Serratia entomophila isolate HAmf37 Midgut 
HAmf38 MW742370 Serratia marcescens isolate HAmf38 Hindgut 
HAmf39 MW742371 Serratia marcescens isolate HAmf39 Foregut 
HAmf40 MW742372 Serratia nematodiphila isolate HAmf40 Midgut 
HAmf41 MW742373 Serratia nematodiphila isolate HAmf41 Hindgut 
HAmf42 MW742374 Serratia ureilytica Isolate HAmf42 Midgut 
HAmf43 MW742375 Stenotrophomonas sp. HAmf43 Foregut 
HAmf44 MW742376 Xanthomonas sp. isolate HAmf44 Foregut 
HAmf45 MZ149986 Bacillus halotolerans isolate HAmf45 Midgut 
HAmf46 MZ149988 Klebsiella aerogenes isolate HAmf46 Hindgut 
HAmf47 MZ149990 Bacillus vallismortis isolate HAmf47 Midgut 
HAmf48 MZ149994 Bacillus circulans isolate HAmf48 Hindgut  

Table 2 
Details of 16S rRNA gene sequence identifications of gut bacterial isolates from 
different gut regions of hive bees of A. mellifera.  

Isolate 
ID 

Accession 
number 

Species Gut 
region 

HAmh01 MW742377 Bacillus haynesii isolate HAmh01 Hindgut 
HAmh02 MW742378 Bacillus licheniformis isolate HAmh02 Foregut 
HAmh03 MW742379 Bacillus mojavensis isolate HAmh03 Foregut 
HAmh04 MW742380 Bacillus nitratireducens isolate HAmh04 Foregut 
HAmh05 MW742381 Bacillus paralicheniformis isolate 

HAmh05 
Hindgut 

HAmh06 MW742382 Bacillus paranthracis isolate HAmh06 Hindgut 
HAmh07 MW742383 Bacillus sonorensis isolate HAmh07 Midgut 
HAmh08 MW742384 Bacillus subtilis subsp. inaquosorum 

isolate HAmh08 
Midgut 

HAmh09 MW742385 Bacillus subtilis subsp. Stercoris isolate 
HAmh09 

Hindgut 

HAmh10 MW742386 Bacillus tequilensis isolate HAmh10 Hindgut 
HAmh11 MW742387 Enterobacter asburiae isolate HAmh11 Midgut 
HAmh12 MW742388 Enterobacter asburiae isolate HAmh12 Midgut 
HAmh13 MW742389 Enterococcus mundtii isolate HAmh13 Midgut 
HAmh14 MW742390 Klebsiella aerogenes isolate HAmh14 Foregut 
HAmh15 MW788402 Lysinibacillus fusiformis isolate 

HAmh15 
Foregut 

HAmh16 MW742391 Lysinibacillus macroides isolate 
HAmh16 

Midgut 

HAmh17 MW742392 Lysinibacillus xylanilyticus isolate 
HAmh17 

Foregut 

HAmh18 MW742393 Lysinibacillus xylanilyticus isolate 
HAmh18 

Midgut 

HAmh18 MW916289 Microbacterium barkeri isolate HAmh 
18 

Midgut 

HAmh19 MW742394 Pseudomonas aeruginosa isolate 
HAmh19 

Foregut 

HAmh19 MW916290 Microbacterium hydrocarbonoxydans 
isolate HAmh 19 

Foregut 

HAmh20 MW742395 Pseudomonas aeruginosa isolate 
HAmh20 

Hindgut 

HAmh21 MW742396 Pseudomonas aeruginosa isolate 
HAmh21 

Midgut 

HAmh22 MW742397 Serratia marcescens isolate HAmh22 Foregut 
HAmh23 MW788403 Serratia sp. isolate HAmh23 Midgut 
HAmh24 MW788404 Pseudomonas aeruginosa isolate 

HAmh24 
Foregut 

HAmh24 MW916291 Streptomyces sp. isolate HAmh24 Foregut 
HAmh25 MZ149987 Bacillus velezensis isolate HAmh25 Midgut 
HAmh26 MZ149989 Bacillus siamensis isolate HAmh26 Hindgut 
HAmh27 MZ149991 Clostridium sporogenes isolate HAmh27 Midgut 
HAmh28 MZ149992 Bacillus tequilensis isolate HAmh28 Hindgut 
HAmh29 MZ149993 Bacillus amyloliquefaciens isolate 

Hamh29 
Hindgut 

HAmh30 MZ149995 Lactobacillus helveticus isolate HAmh30 Foregut 
HAmh31 MZ149996 Lactobacillus alvei isolate HAmh31 Foregut  
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released reducing sugars (Miller, 1959). Under the test conditions, one 
unit of xylanase activity was defined as the quantity of enzyme that 
liberated 1 μmol of xylose equivalent per minute. 

2.6. Qualitative screening of gut bacterial isolates for pectinolytic activity 

Screening for the presence of pectinolytic bacteria will be carried out 
following the method described by Hankin (1971), with a slight modi-
fication as follows: - Each pure bacterial culture obtained previously 
from culture-dependent studies will be inoculated on a mineral medium 
containing, per litre: KH2PO4, 4 g; (NH4)2S04, 2 g; Na2HPO4, 6 g; FeSO4 
7H20, 1 mg; MgSO4, 0.2 g; CaCl2, 1 mg; HBO3, 10 µg; MnSO4, 10 µg; 
ZnSO4, 70 µg; CuS04, 50 µg; MoO3, 10 µg; Agar, 15 g; pH 7.4; containing 
0.5 % pectin and 0.1 % yeast. The mineral medium was poured into Petri 
plates and inoculated with bacterial cultures. At 37 ◦C, the Petri plates 
were incubated for 24 h. For screening, we followed the method of 
Kavuthodi et al. (2015). After incubation, the plates were overlaid with 
iodide solution (1.0 g iodine, 5.0 g potassium iodide, and 330 ml H2O) 
and kept undisturbed for 10 min. The colonies having pectinolytic ac-
tivity were selected as per the size of the clear zone formation. 

2.7. Estimation of pectinases 

The actively grown bacterial cultures were inoculated in a medium 
containing citrus pectin (1 %), yeast extract (0.3 %), KH2PO4 (0.2 %), 
K2HPO4 (0.2 %), and KNO3 (0.2 %) at pH 7.0, which was used for the 
extracellular production of an enzyme (Rehman et al., 2012). After 24 h 
of incubation, the fermented broth was centrifuged at 10,000 rpm for 5 
min at 4 ◦C. Further, the cell-free filtrate (CFF) was assessed for pecti-
nase production by performing an enzyme assay. The substrate was 
prepared by mixing 0.5 % (w/v) citrus pectin in 0.1 M of pH 7.5 phos-
phate buffer. For the pectinase reaction, 900 μl of prepared pectin 
substrate was added to 100 μl of crude enzyme in a test tube and incu-
bated at 50 ◦C for 10 min in the water bath. To halt the reaction, each 
test tube was filled with 2 ml of dinitrosalicylic acid reagent (DNS) and 
put in a boiling water bath (92 ◦C) for 10 min. After cooling, the colour 
developed was measured using a spectrophotometer at 540 nm (Miller, 
1959). The quantity of polygalacturonase required to release 1.0 μmol of 
galacturonic acid per minute is one unit of enzyme activity. 

The media and chemicals employed in this study were sourced 
exclusively from Himedia Laboratories Pvt Ltd. 

2.8. Protein determination 

In the protein estimation of bacterial enzymes using the Bradford 
method (Bradford, 1976), 5–10 μl of the bacterial enzyme sample is 
pipetted into wells or cuvettes, and an appropriate volume of Bradford 
reagent is added. The mixture is thoroughly mixed, and after a 5–10 min 
incubation at room temperature, the absorbance is measured at 595 nm 
using a spectrophotometer (Bio-Rad Laboratories). Bovine serum albu-
min (BSA) (Bio-Rad, biorad.com) standard solutions with concentrations 
ranging from 0 to 1.0 mg/ml are prepared to generate a standard curve. 
This method relies on the binding of Coomassie Brilliant Blue G-250 dye 
to proteins, causing a shift in absorbance. A blank, containing only 
Bradford reagent, is used for baseline correction. The experiment is 
conducted in triplicate to enhance accuracy, and adjustments may be 
made based on the specific characteristics of the bacterial enzymes and 
experimental requirements. 

2.9. Data analysis and statistics 

The data underwent both descriptive analysis and analysis of vari-
ance (ANOVA) using the online statistical platform offered by the Indian 
Council for Agricultural Research – Indian Agricultural Statistical 
Research Institute (ICAR-IASRI). 

3. Results 

3.1. Isolation and molecular identification of gut bacterial isolates 

The culturable gut bacteria associated with different gut compart-
ments (foregut, midgut and hindgut) of adult worker bees of A. mellifera 
were isolated using different bacteriological media. Both hive and 
forager bees were sampled from the Bee hives maintained at the Apiary 
of Division of Entomology. Pure single colonies were obtained on the 
bacterial culture plates by streak plate technique. The pure culture 
isolates were designated with unique sample IDs. In total, 51 and 34 
culturable bacteria were isolated respectively from the gut of forager bee 
and hive bees of Apis mellifera. DNA was extracted from each of these 
isolates and generic identity of these gut bacterial isolates were estab-
lished using 16 s rRNA sequence characterization. The resultant 85 se-
quences were compared to the nearest relatives in the National Centre 
for Biotechnology Information (NCBI) database. The isolates’ 16S rRNA 
gene sequences were submitted to GenBank and assigned accession 
numbers, as shown in Tables 1 and 2. 

3.2. Screening for total cellulolytic activity 

Qualitative screening revealed that 35 isolates (41.17 %) were found 
to be cellulase-positive among the 85 bacterial isolates (51 from foragers 
and 35 from hive bees) extracted from the gut of an Indian A. mellifera 
colony (Fig. 1a, Table 3). Of these, 17 isolates were found to have 
significantly higher cellulolytic activity, as revealed by large clear zones 
of >0.80 cm (Table 3). From both forager and hive bees, a majority of 
isolates extracted from the midgut showed the highest positive value for 
cellulolytic activity in qualitative assays. The cellulolytic index of the 
gut bacterial isolates from hive bees ranged between 0.46 cm (HAmh10) 
and 1.42 cm (HAmh21), while it ranged from 0.21 cm (HAmf39) to 1.37 
cm (HAmf25) in the forager bees. Quantitative assays determined using 
DNS revealed highly significant differences (P< 0.00001 with Tukey’s 
HSD at 5 %) for cellulolytic activity among the assayed gut bacterial 
isolates. The specific activity of cellulase was in the range of 0.388 
(HAmf39) to 1.493 (HAmf25) U/mg of protein in the forager bees, while 
it was ranging between 0.47 (HAmh10) and 1.38 (HAmh21) U/mg of 
protein in the hive bees of A. mellifera (Fig. 2 and 3; Table 3). Accord-
ingly, the isolates having activity greater than 1 U/mg (10 in the forager 
and 7 in the hive) are classified as having high enzymatic activity, and 

Fig. 1. Qualitative assay of isolates having positive to respective enzymatic 
activity (a) Degradation of CMC by Stenotrophomonas sp. HAmf43 and Bacillus 
amyloliquefaciens isolate HAmf06 (b) Hemicellulolytic activity in right: Bacillus 
tropicus isolate HAmf16 (c) Bacterial isolate shows the presence of pectinolytic 
activity in left: Bacillus thuringiensis isolate HAmf14 in right: Pseudomonas aer-
uginosa isolate HAmh20. 
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the rest of the isolates have low activity. And the seventeen isolates that 
have high cellulolyticactivity were also found to have higher CMC- 
degrading activity. Two gut bacterial isolates, Enterobacter asburiae 
(HAmf25) from the foregut and Serratia ureilytica (HAmf42) from the 
midgut, extracted from foraging bees, were found to have very high 
specific enzymatic activities of 1.493 U/mg and 1.402 U/mg, 
respectively. 

3.3. Screening of hemicellulolytic gut bacteria 

A positive qualitative test for hemicellulase activity is shown in 
Fig. 1b. The hemicellulolytic activity values ranged from 0.98 cm 
(Clostridium combesii isolate HAmf22) to 2.93 cm (Bacillus altitudinis 
isolate HAmf05) for forager bees, and they were in the range of 1.19 cm 
(Microbacterium barkeri isolate HAmh 18) to 5.33 cm (Bacillus mojavensis 
isolate HAmh03) in the case of hive bees (Table 4). Quantitative assays 
for hemicellulolytic activity showed highly significant differences (P<
0.00001 with Tukey’s HSD at 5 %) between the gut bacterial isolates 
from both the foragers and hive bees. The specific hemicellulolytic ac-
tivity (U/mg) was in the range of 0.541 (Clostridium combesii isolate 
HAmf22) to 2.083 (Bacillus altitudinis isolate HAmf05) in forager bees 
and 0.556 (Microbacterium barkeri isolate HAmh 18) to 3.119 (Bacillus 
mojavensis isolate HAmh03) in hive bees of A. mellifera (Figs. 2 and 3; 
Table 4). Hemicellulolytic activity was found to be predominant in the 
foregut of hives and forager bees, with significant differences of P<
0.00001 with Tukey’s HSD at 5 % with respect to other gut compart-
ments. High-significant enzymatic activities were observed in isolates 
like Bacillus altitudinis HAmf05 with 2.085 U/mg and Bacillus mojavensis 
HAmh03 with a value of 3.119 U/mg. 

3.4. Screening of pectinolytic gut bacteria 

Ten bacterial isolates were found to have the highest pectinolytic 
activity among the 50 isolates screened positive for pectinolytic activity, 
with the pectinolytic indices being in the range of 0.03 cm to 2.57 cm. 
(Fig. 1c; Table 5). Bacillus paranthracis isolate (HAmh06) showed the 
highest pectinolytic index (2.57 cm) in the qualitative test. The Serratia 
ureilytica Isolate (HAmf42), which was showing a value of 2.56 cm for 
the qualitative pectinolytic index, was found to show the highest pec-
tinolytic activity of 3.693 U/mg in the quantitative test (Fig. 2). Whereas 
the isolate Bacillus paranthracis (HAmh06) has the highest pectinolytic 

Table 3 
Cellulolytic index and cellulolytic activity (mean U/mg ± SE) activity of gut 
bacteria from forager and hive bee of A. mellifera.  

SL. 
No. 

Bacteria Gut 
compartment 

Cellulolytic 
index(cm) 

Specific 
enzyme 
activity (U/ 
mg = μmol 
min− 1 mg− 1) 

Forager bee 
1 Aneurinibacillus 

aneurinilyticus isolate 
HAmf01 

Foregut 0.68 0.757 ±
0.01 

2 Aneurinibacillus 
migulanus isolate 
HAmf02 

Foregut 0.62 0.733 ±
0.03 

3 Bacillus tropicus 
isolate HAmf16 

Foregut 0.56 0.782 ±
0.10 

4 Bacillus anthracis 
isolate HAmf07 

Foregut 0.58 0.748 ±
1.10 

5 Clostridium botulinum 
isolate HAmf21 

Foregut 0.67 0.750 ±
0.31 

6 Enterobacter ludwigii 
isolate HAmf28 

Foregut 0.68 0.750 ±
0.56 

7 Stenotrophomonas sp. 
HA1f43 

Foregut 0.32 0.464 ±
0.12 

8 Bacillus altitudinis 
isolate HAmf05 

Foregut 0.75 0.831 ±
0.03 

9 Enterobacter asburiae 
isolate HAmf25 

Foregut 1.37 1.493 ±
1.10 

10 Salmonella enterica 
subsp. Enterica 
serovar 
Tshiongwe isolate 
Hamf36 

Foregut 0.51 0.750 ±
0.07 

11 Serratia marcescens 
isolate HAmf39 

Foregut 0.21 0.388 ±
0.06 

12 Bacillus 
amyloliquefaciens 
isolate HAmf06 

Midgut 0.45 0.596 ±
0.08 

13 Bacillus subtilis 
subsp. stercoris 
isolate HAmf13 

Midgut 0.52 0.750 ±
1.67 

14 Clostridium combesii 
isolate HAmf22 

Midgut 0.92 1.360 ±
0.86 

15 Cedecea davisae 
isolate HAmf19 

Midgut 1.01 1.390 ±
0.57 

16 Enterobacter cloacae 
isolate HAmf26 

Midgut 1.13 1.369 ±
0.96 

17 Enterobacter 
hormaechei isolate 
HAmf27 

Midgut 1.10 1.290 ±
0.25 

18 Serratia ureilytica 
Isolate HAmf42 

Midgut 1.21 1.402 ±
0.31 

19 Serratia 
nematodiphila isolate 
HAmf40 

Midgut 1.12 1.365 ±
0.68 

20 Clostridium 
sporogenes isolate 
HAmf24 

Hindgut 0.95 1.240 ±
0.10 

21 Serratia 
nematodiphila isolate 
HAmf41 

Hindgut 1.12 1.384 ±
0.23 

22 Klebsiella aerogenes 
isolate HAmf46 

Hindgut 1.02 1.380 ±
2.03 

Hive bee 
23 Klebsiella aerogenes 

isolate HAmh14 
Foregut 0.98 1.24 ± 0.54 

24 Serratia marcescens 
isolate HAmh22 

Foregut 1.11 1.27 ± 1.78 

25 Apilactobacillus helveticus 
isolate HAmh30 

Foregut 0.58 0.95 ± 1.95 

26 Apiactobacillus alvei 
isolate HAmh31 

Foregut 0.41 0.73 ± 0.36 

27 Bacillus subtilis subsp. 
inaquosorum isolate 
HAmh08 

Midgut 1.35 1.37 ± 0.74  

Table 3 (continued ) 

SL. 
No. 

Bacteria Gut 
compartment 

Cellulolytic 
index(cm) 

Specific 
enzyme 
activity (U/ 
mg = μmol 
min− 1 mg− 1) 

28 Lysinibacillus macroides 
isolate HAmh16 

Midgut 1.10 1.17 ± 0.45 

29 Pseudomonas aeruginosa 
isolate HAmh21 

Midgut 1.42 1.38 ± 1.20 

30 Serratia sp. isolate 
HAmh23 

Midgut 1.12 1.30 ± 0.91 

31 Clostridium sporogenes 
isolate HAmh27 

Midgut 0.98 1.17 ± 0.34 

32 Bacillus subtilis subsp. 
stercoris isolate HAmh09 

Hindgut 0.53 0.81 ± 0.22 

33 Bacillus tequilensis isolate 
HAmh10 

Hindgut 0.46 0.47 ± 0.35 

34 Bacillus tequilensis isolate 
HAmh28 

Hindgut 0.56 0.52 ± 0.07 

35 Bacillus amyloliquefaciens 
isolate Hamh29 

Hindgut 0.47 0.57 ± 0.12  

Mean   0.998  
p-Value   0.001  
CV   0.342  
SE(d)   0.360  
Tukeys HSD at 5 %   S  
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index in the qualitative test and has an activity of 3.229 U/mg. And the 
normal specific pectinolytic activity ranged from 0.012 to 3.693 U/mg 
with a significant difference of P < 0.00001 along with Tukey’s HSD at 5 
% (Figs. 2 and 3; Table 5). 

3.5. Phylogenetic analysis 

The phylogenetic analysis of culturable gut bacteria sequences from 
forager bees (Apis mellifera) reveals a diverse composition, primarily 
clustered into three phyla. Firmicutes dominates with 30 isolates, pre-
dominantly represented by Bacillus, Clostridium, Lysinibacillus, Aneur-
inibacillus, and Paenibacillus genera. Proteobacteria follows with 19 
isolates, including notable genera such as Enterobacter, Serratia, Steno-
trophomonas, and others. Actinobacteria is the smallest phylum, 

comprising 2 isolates identified as Kocuria and Brevibacterium. Among 
Firmicutes, Bacillus emerges as the dominant genus with 18 isolates. 
Unique bacterial phylotypes, such as Pantoea, Aneurinibacillus, Lysini-
bacillus, Salmonella, Cedecea, and Kocuria, were discovered. The phylo-
genetic tree delineates three distinct clades, offering insights into the 
evolutionary relationships of these gut bacteria. A detailed visual rep-
resentation of this microbial diversity is depicted in Suppl. material 2; 
Fig. S1, providing a comprehensive overview of the forager bee’s gut 
microbiota. 

The gut bacteria analysis of hive bees (Apis mellifera) reveals a 
phylogenetic relationship illustrated in Suppl. material 2; Fig. S2. 
Dominated by Firmicutes (22 isolates), followed by Proteobacteria (9 
isolates) and Actinobacteria (3 isolates), Bacillus is the prevailing genus 
within Firmicutes with 14 isolates. Proteobacteria includes 

0

1

2

3

4

5

6

7

An
eu

rin
ib

ac
ill

us
 a

ne
ur

in
ily

�c
us

 is
ol

at
e…

An
eu

rin
ib

ac
ill

us
 m

ig
ul

an
us

 is
ol

at
e 

HA
m

f0
2

Ba
cil

lu
s a

cid
ov

or
an

s i
so

la
te

 H
Am

f0
3

Ba
cil

lu
s a

lb
us

 is
ol

at
e 

HA
m

f0
4

Ba
cil

lu
s a

l�
tu

di
ni

s i
so

la
te

 H
Am

f0
5

Ba
cil

lu
s a

m
yl

ol
iq

ue
fa

cie
ns

 is
ol

at
e 

HA
m

f0
6

Ba
cil

lu
s a

nt
hr

ac
is 

iso
la

te
 H

Am
f0

7
Ba

cil
lu

s c
er

eu
s i

so
la

te
 H

Am
f0

8
Ba

cil
lu

s p
ar

am
yc

oi
de

s i
so

la
te

 H
Am

f1
1

Ba
cil

lu
s p

se
ud

om
yc

oi
de

s i
so

la
te

 H
Am

f1
2

Ba
cil

lu
s s

ub
�l

is 
su

bs
p.

 st
er

co
ris

 is
ol

at
e…

Ba
cil

lu
s t

hu
rin

gi
en

sis
 is

ol
at

e 
HA

m
f1

4
Ba

cil
lu

s t
oy

on
en

sis
 p

ar
�a

l i
so

la
te

 H
Am

f1
5

Ba
cil

lu
s t

ro
pi

cu
s i

so
la

te
 H

Am
f1

6
Ly

sin
ib

ac
ill

us
 sp

. i
so

la
te

 H
Am

f1
7

Ba
cil

lu
s v

el
ez

en
sis

 is
ol

at
e 

HA
m

f1
7

Ba
cil

lu
s s

p.
 is

ol
at

e 
HA

m
f1

8
Br

ev
ib

ac
te

riu
m

 sp
. i

so
la

te
 H

Am
f1

8
Ce

de
ce

a 
da

vi
sa

e 
iso

la
te

 H
Am

f1
9

Cl
os

tr
id

iu
m

 a
rg

en
�n

en
se

 is
ol

at
e 

HA
m

f2
0

Cl
os

tr
id

iu
m

 b
ot

ul
in

um
 is

ol
at

e 
HA

m
f2

1
Cl

os
tr

id
iu

m
 co

m
be

sii
 is

ol
at

e 
HA

m
f2

2
Cl

os
tr

id
iu

m
 sc

at
ol

og
en

es
 is

ol
at

e 
HA

m
f2

3
Cl

os
tr

id
iu

m
 sp

or
og

en
es

 is
ol

at
e 

HA
m

f2
4

En
te

ro
ba

ct
er

 a
sb

ur
ia

e 
iso

la
te

 H
Am

f2
5

En
te

ro
ba

ct
er

 cl
oa

ca
e 

iso
la

te
 H

Am
f2

6
En

te
ro

ba
ct

er
 h

or
m

ae
ch

ei
 is

ol
at

e 
HA

m
f2

7
En

te
ro

ba
ct

er
 lu

dw
ig

ii 
iso

la
te

 H
Am

f2
8

En
te

ro
ba

ct
er

 cl
oa

ca
e 

iso
la

te
 H

Am
f2

9
Ko

cu
ria

 ro
se

a 
iso

la
te

 H
Am

f2
9

Ly
sin

ib
ac

ill
us

 fu
sif

or
m

is 
iso

la
te

 H
Am

f3
0

Oc
hr

ob
ac

tr
um

 ci
ce

ri 
iso

la
te

 H
Am

f3
2

Pa
en

ib
ac

ill
us

 d
en

dr
i�

fo
rm

is 
iso

la
te

 H
Am

f3
3

Pa
nt

oe
a 

ag
gl

om
er

an
s i

so
la

te
 H

Am
f3

4
St

en
ot

ro
ph

om
on

as
 sp

. i
so

la
te

 H
Am

f3
5

Sa
lm

on
el

la
 e

nt
er

ica
 su

bs
p.

 e
nt

er
ica

 se
ro

va
r…

Se
rr

a�
a 

en
to

m
op

hi
la

 is
ol

at
e 

HA
m

f3
7

Se
rr

a�
a 

m
ar

ce
sc

en
s i

so
la

te
 H

Am
f3

9
Se

rr
a�

a 
ne

m
at

od
ip

hi
la

 is
ol

at
e 

HA
m

f4
0

Se
rr

a�
a 

ne
m

at
od

ip
hi

la
 is

ol
at

e 
HA

m
f4

1
Se

rr
a�

a 
ur

ei
ly

�c
a 

Iso
la

te
 H

Am
f4

2
St

en
ot

ro
ph

om
on

as
 sp

. H
Am

f4
3

Xa
nt

ho
m

on
as

 sp
. i

so
la

te
 H

Am
f4

4
Ba

cil
lu

s h
al

ot
ol

er
an

s i
so

la
te

 H
Am

f4
5

Kl
eb

sie
lla

 a
er

og
en

es
 is

ol
at

e 
HA

m
f4

6
Ba

cil
lu

s v
al

lis
m

or
�s

 is
ol

at
e 

HA
m

f4
7

Ba
cil

lu
s c

irc
ul

an
s i

so
la

te
 H

Am
f4

8

ni
mlo

mμ=g
m/U(

ytivitcacita
myznecificepS

-1
m

g-1
) 

Bacterial isolates

Forager bee
Pec�nase Hemicellulase Fpase

Fig. 2. Error graph showing specific enzymatic activities of gut bacterial isolates of forager bee.  
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Pseudomonas, Enterobacter, Serratia, and Klebsiella. Actinobacteria com-
prises Microbacterium and Streptomyces. Notable novel phylotypes 
include Lysinibacillus, Streptomyces, and Microbacterium. The phyloge-
netic tree exhibits three clades, with Bacillus subtilis subsp. inaquosorum 
isolate HAmh08 forming a distinct clade. 

The phylogenetic tree analysis (Fig. 4) of the gut bacterial isolates 
with cellulolytic and hemicellulolytic ability from this study revealed 
that cellulolytic and hemicellulolytic bacteria belonged to two phyla 
(Firmicutes and Proteobacteria) distributed across seven genera: 
Aneurinibacillus, Bacillus, Clostridium, Enterobacter, Eubacterium, 
Apilactobacillus, and Serratia. Whereas pectinolytic activity is addi-
tionally found in genera like Brevibacterium, Apilactobacillus, Lysini-
bacillus, Microbacterium, Ochrobactrum, Paenibacillus, Pantoea, 
Pseudomonas, Salmonella, Stenotrophomonas, Streptomyces, and Xan-
thomonas. The bacteria showing all three enzyme activities from forager 
bees are Bacillus altitudinis isolate HAmf05, Bacillus tropicus isolate 
HAmf16, Clostridium botulinum isolate HAmf21, Enterobacter hor-
maechei isolate HAmf27, and Enterobacter ludwigii isolate HAmf28. 
And from hive bees are Apilactobacillus helveticus isolate HAmh30 and 
ApiactoBacillus alvei isolate HAmh31 (Fig. 5). 

4. Discussion 

Cellulolytic and pectinolytic activities were analyzed in gut bacterial 
isolates from forager and hive bees of an Indian Apis mellifera colony to 
elucidate their role in honey bee digestion and explore their potential in 
crop residue management. Results indicated that cellulolytic and hem-
icellulolytic bacterial isolates primarily belonged to γ-Proteobacteria, 
Actinobacteria, and Firmicutes. Prominent cellulose-degrading genera 
included Cedecea, Clostridium, Enterobacter, Klebsiella, and Serratia, while 

Table 4 
Hemicellulase index and hemicellulase activity (mean U/mg ± SE) of gut bac-
teria from forager and hive bee of A. mellifera.  

SL. 
No. 

Bacteria Gut 
compartment 

Hemicellulase 
index(cm) 

Specific 
enzyme 
activity (U/ 
mg = μmol 
min− 1 

mg− 1) 

Forager bee 
1 Aneurinibacillus 

aneurinilyticus isolate 
HAmf01 

Foregut 1.73 1.213 ±
1.12 

2 Aneurinibacillus 
migulanus isolate 
HAmf02 

Foregut 1.62 1.099 ±
0.78 

3 Bacillus altitudinis 
isolate HAmf05 

Foregut 2.93 2.085 ±
0.36 

4 Bacillus thuringiensis 
isolate HAmf14 

Foregut 1.80 1.313 ±
0.01 

5 Bacillus tropicus isolate 
HAmf16 

Foregut 1.54 0.974 ±
0.05 

6 Clostridium botulinum 
isolate HAmf21 

Foregut 1.13 0.715 ±
0.04 

7 Enterobacter ludwigii 
isolate HAmf28 

Foregut 1.17 0.786 ±
0.06 

8 Lysinibacillus fusiformis 
isolate HAmf30 

Foregut 1.10 0.652 ±
0.52 

9 Stenotrophomonas sp. 
isolate HAmf35 

Foregut 1.27 0.857 ±
0.04 

10 Xanthomonas sp. isolate 
HAmf44 

Foregut 1.68 1.156 ±
0.08 

11 Bacillus velezensis 
isolate HAmf17 

Midgut 1.14 0.660 ±
0.58 

12 Lysinibacillus sp. isolate 
HAmf17 

Midgut 1.19 0.675 ±
0.49 

13 Clostridium combesii 
isolate HAmf22 

Midgut 0.98 0.541 ±
0.69 

14 Enterobacter 
hormaechei isolate 
HAmf27 

Midgut 1.76 0.903 ±
0.87 

15 Serratia entomophila 
isolate HAmf37 

Midgut 2.31 1.589 ±
0.05 

16 Bacillus halotolerans 
isolate HAmf45 

Midgut 1.12 0.672 ±
0.04 

17 Bacillus vallismortis 
isolate HAmf47 

Midgut 1.32 1.182 ±
0.09 

18 Bacillus acidovorans 
isolate HAmf03 

Hindgut 1.73 0.951 ±
0.07 

19 Bacillus albus isolate 
HAmf04 

Hindgut 1.39 1.173 ±
0.06 

20 Bacillus sp. isolate 
HAmf18 

Hindgut 1.70 1.156 ±
0.01 

21 Brevibacterium sp. 
isolate HAmf18 

Hindgut 1.65 0.840 ±
0.08 

22 Clostridium sporogenes 
isolate HAmf24 

Hindgut 1.20 1.014 ±
0.06 

23 Enterobacter cloacae 
isolate HAmf29 

Hindgut 1.47 1.042 ±
0.14 

24 Kocuria rosea isolate 
HAmf29 

Hindgut 1.56 0.857 ±
0.52 

25 Pantoea agglomerans 
isolate HAmf34 

Hindgut 1.26 1.250 ±
0.41 

26 Serratia nematodiphila 
isolate HAmf41 

Hindgut 1.80 0.698 ±
0.36 

Hive bee 
27 Bacillus mojavensis 

isolate HAmh03 
Foregut 5.33 3.119 ±

0.55 
28 Bacillus nitratireducens 

isolate HAmh04 
Foregut 1.32 0.728 ±

0.98 
29 Microbacterium 

hydrocarbonoxydans 
isolate HAmh19 

Foregut 1.81 1.018 ±
0.04 

30 Pseudomonas 
aeruginosa isolate 
HAmh19 

Foregut 1.87 1.046 ±
0.07  

Table 4 (continued ) 

SL. 
No. 

Bacteria Gut 
compartment 

Hemicellulase 
index(cm) 

Specific 
enzyme 
activity (U/ 
mg = μmol 
min− 1 

mg− 1) 

31 Pseudomonas 
aeruginosa isolate 
HAmh24 

Foregut 1.56 0.794 ±
0.01 

32 Streptomyces sp. isolate 
HAmh24 

Foregut 1.52 0.820 ±
0.08 

33 Apilactobacillus 
helveticus isolate 
HAmh30 

Foregut 1.96 1.056 ±
0.12 

34 Apilactobacillus alvei 
isolate HAmh31 

Foregut 2.02 0.962 ±
0.67 

35 Bacillus sonorensis 
isolate HAmh07 

Midgut 1.93 1.077 ±
0.87 

36 Microbacterium barkeri 
isolate HAmh 18 

Midgut 1.19 0.637 ±
0.34 

37 Bacillus velezensis 
isolate HAmh25 

Midgut 1.30 0.556 ±
1.16 

38 Clostridium sporogenes 
isolate HAmh27 

Midgut 0.95 0.689 ±
1.89 

39 Bacillus haynesii isolate 
HAmh01 

Hindgut 1.62 0.922 ±
0.05 

40 Bacillus 
paralicheniformis 
isolate HAmh05 

Hindgut 1.22 0.626 ±
0.07 

41 Bacillus subtilis subsp. 
stercoris isolate 
HAmh09 

Hindgut 2.01 1.102 ±
0.33 

42 Bacillus siamensis 
isolate HAmh26 

Hindgut 1.52 0.845 ±
0.48  

Mean   1.002  
p-Value   0.001  
CV   0.438  
SE(d)   0.335  
Tukeys HSD at 5 %   S  
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Aneurinibacillus, Bacillus, Enterobacter, Serratia, and Xanthomonas domi-
nated in hemicellulase activity. Certain isolates, namely Aneurinibacillus 
aneurinilyticus HAmf01, Bacillus altitudinis HAmf05, Enterobacter hor-
maechei HAmf27, Serratia nematodiphila HAmf41 (from foragers), and 
Bacillus subtilis subsp. stercoris HAmh09 (from hive bees), exhibited 
significantly higher cellulolytic and hemicellulose activities (Figs. 6 and 
7). 

This research enhances our comprehension of the honeybee gut 
microbiota and its potential role in digestion. Within the insect orders 
Dictyoptera, Orthoptera, and Coleoptera, there exists a capacity for 
endogenous cellulase production, specifically the endo-1,4-glucanase, 
occurring in the midgut or salivary glands. Recent strides in insect 
genome sequencing have unveiled putative cellulase genes in Phthir-
aptera, Hemiptera, and Hymenoptera. Watanabe and Tokuda’s (2010) 
investigation has revealed the presence of endogenous cellulases asso-
ciated with glycoside hydrolase family GH9 in honey bees. Notably, 
many microbially produced glucoside hydrolases, including cellulases, 
exhibit a carbohydrate-binding module (CBM) alongside a catalytic 
domain. Conventionally, cellulases with CBMs are thought to remain 
bound to a cellulose chain post-hydrolysis, with subsequent CBM 
translocation to the next hydrolysis position—characteristic of proc-
essive enzymes. Processive enzymes are generally considered effective 
in hydrolyzing the crystalline region of cellulose. All known insect 
endogenous cellulases lack a CBM. However, there appears to be a 

Table 5 
Pectinolytic index and Pectinolytic activity (mean U/mg ± SE) of selected gut 
bacterial isolates from Forager and hive bee of A. mellifera.  

SL. 
No. 

Bacteria Section Pectinolytic 
index (cm) 

Specific 
enzymatic 
activity (U/mg =
μmol min− 1 

mg− 1) 

Forager bee 
1 Bacillus altitudinis isolate 

HAmf05 
Foregut 2.01 2.892 ± 0.05 

2 Bacillus anthracis isolate 
HAmf07 

Foregut 1.22 0.668 ± 0.08 

3 Bacillus paramycoides 
isolate HAmf11 

Foregut 1.13 0.312 ± 0.11 

4 Bacillus thuringiensis 
isolate HAmf14 

Foregut 1.96 0.865 ± 0.07 

5 Bacillus tropicus isolate 
HAmf16 

Foregut 1.36. 0.849 ± 0.55 

6 Clostridium botulinum 
isolate HAmf21 

Foregut 1.15 0.371 ± 0.02 

7 Enterobacter ludwigii 
isolate HAmf28 

Foregut 0.66 0.159 ± 0.69 

8 Stenotrophomonas sp. 
isolate HAmf35 

Foregut 0.98 0.322 ± 0.19 

9 Salmonella enterica subsp. 
enterica serovar 
Tshiongwe isolate 
HAmf36 

Foregut 0.38 0.125 ± 0.31 

10 Serratia marcescens 
isolate HAmf39 

Foregut 0.18 0.058 ± 0.58 

11 Xanthomonas sp. isolate 
HAmf44 

Foregut 0.30 0.098 ± 0.19 

12 Bacillus subtilis subsp. 
stercoris isolate HAmf13 

Midgut 1.98 2.880 ± 0.99 

13 Bacillus toyonensis partial 
isolate HAmf15 

Midgut 0.54 0.174 ± 0.14 

14 Lysinibacillus sp. isolate 
HAmf17 

Midgut 1.75 2.217 ± 0.75 

15 Bacillus velezensis isolate 
HAmf17 

Midgut 1.78 2.263 ± 0.11 

16 Clostridium combesii 
isolate HAmf22 

Midgut 0.11 0.030 ± 1.16 

17 Enterobacter hormaechei 
isolate HAmf27 

Midgut 1.15 0.288 ± 1.11 

18 Ochrobactrum ciceri 
isolate HAmf32 

Midgut 1.43 1.349 ± 1.05 

19 Serratia ureilytica Isolate 
HAmf42 

Midgut 2.56 3.693 ± 0.06 

20 Bacillus halotolerans 
isolate HAmf45 

Midgut 1.22 0.720 ± 0.74 

21 Bacillus vallismortis 
isolate HAmf47 

Midgut 1.35 1.131 ± 0.05 

22 Bacillus acidovorans 
isolate HAmf03 

Hindgut 1.73 2.134 ± 0.02 

23 Bacillus cereus isolate 
HAmf08 

Hindgut 0.82 0.236 ± 0.23 

24 Bacillus pseudomycoides 
isolate HAmf12 

Hindgut 1.15 0.337 ± 0.59 

25 Bacillus sp. isolate 
HAmf18 

Hindgut 1.20 0.874 ± 0.18 

26 Brevibacterium sp. isolate 
HAmf18 

Hindgut 1.23 0.886 ± 0.66 

27 Clostridium argentinense 
isolate HAmf20 

Hindgut 0.03 0.012 ± 0.01 

28 Paenibacillus 
dendritiformis isolate 
HAmf33 

Hindgut 1.12 0.490 ± 0.09 

29 Pantoea agglomerans 
isolate HAmf34 

Hindgut 1.82 2.487 ± 0.02 

30 Bacillus circulans isolate 
HAmf48 

Hindgut 1.37 1.71 ± 0.08 

31 Bacillus licheniformis 
isolate HAmh02 

Foregut 1.19 0.339 ± 0.01 

Hive bee 
32 Bacillus nitratireducens 

isolate HAmh04 
Foregut 0.20 0.041 ± 0.04  

Table 5 (continued ) 

SL. 
No. 

Bacteria Section Pectinolytic 
index (cm) 

Specific 
enzymatic 
activity (U/mg =
μmol min− 1 

mg− 1) 

33 Lysinibacillus xylanilyticus 
isolate HAmh17 

Foregut 1.65 1.385 ± 1.10 

34 Pseudomonas aeruginosa 
isolate HAmh19 

Foregut 1.60 1.181 ± 0.06 

35 Microbacterium 
hydrocarbonoxydans 
isolate HAmh 19 

Foregut 1.58 1.194 ± 0.04 

36 Serratia marcescens 
isolate HAmh22 

Foregut 2.11 2.357 ± 0.08 

37 Pseudomonas aeruginosa 
isolate HAmh24 

Foregut 1.48 0.956 ± 0.01 

38 Streptomyces sp. isolate 
HAmh24 

Foregut 1.52 0.948 ± 0.07 

39 Apilactobacillus helveticus 
isolate HAmh30 

Foregut 1.29 0.627 ± 0.02 

40 Apilactobacillus alvei 
isolate HAmh31 

Foregut 1.46 0.919 ± 0.05 

41 Bacillus sonorensis isolate 
HAmh07 

Midgut 1.43 0.904 ± 0.03 

42 Enterobacter asburiae 
isolate HAmh11 

Midgut 1.18 0.316 ± 0.10 

43 Lysinibacillus macroides 
isolate HAmh16 

Midgut 1.32 0.688 ± 0.045 

44 Pseudomonas aeruginosa 
isolate HAmh21 

Midgut 0.90 0.177 ± 0.17 

45 Bacillus paralicheniformis 
isolate HAmh05 

Hindgut 2.11 2.311 ± 0.01 

46 Bacillus paranthracis 
isolate HAmh06 

Hindgut 2.57 3.229 ± 0.02 

47 Bacillus tequilensis isolate 
HAmh10 

Hindgut 1.42 0.779 ± 0.01 

48 Pseudomonas aeruginosa 
isolate HAmh20 

Hindgut 1.63 0.339 ± 0.70 

49 Bacillus siamensis isolate 
HAmh26 

Hindgut 1.27 0.616 ± 0.03 

50 Bacillus tequilensis isolate 
HAmh28 

Hindgut 1.32 0.705 ± 0.05  

Mean   1.021  
P-Value   0.001  
CV   0.9268  
SE(d)   1.029  
Tukeys HSD at 5 %   S  
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rationale for it, and bacterial cellulase compensates for its absence. 
The outcomes of our investigation revealed notably elevated specific 

cellulolytic activities in certain isolates, such as E. asburiae HAmf25 
(1.493 U/mg) and Serratia ureilytica HAmf42 (1.402 U/mg). Similarly, 
significant hemicellulolytic activity was observed in isolates including 
Bacillus mojavensis HAmh03 (3.119 U/mg), Bacillus altitudinis HAmf05 
(2.085 U/mg), and Serratia entomophila HAmf37 (1.589 U/mg) at a level 
of significance of P< 0.0001, further validated by Tukey’s Honestly 
Significant Difference (HSD) at 5 %. Our findings align with Lee et al. 
(2015), who documented that proteobacteria such as Pseudomonas, 
Serratia, Enterobacter, Klebsiella, and Salmonella, firmicutes like Bacillus 
and Clostridia, and actinobacteria isolated from A. mellifera possess the 
capability to degrade complex polysaccharides and polypeptides. Earlier 
research has identified high cellulolytic activity in gut bacterial isolates 
like B. amyloliquefaciens, B. subtilis, E. asburiae, and Enterobacter cloacae 
from stingless bees, specifically Heterotrigona itama (Ngalimat et al., 
2019). Importantly, our study reinforces these earlier findings, demon-
strating that these bacterial isolates exhibit significantly heightened 
cellulolytic activity in A. mellifera as well. 

Genera such as Klebsiella, Microbacterium, Bacillus, Stenotrophomonas, 
Pseudomonas, Enterobacter, Streptomyces, and Serratia are prevalent, with 
prior isolations from the gastrointestinal tracts of various insect species 

documented in studies by Dantur et al. (2015), Newton et al. (2013), 
Ngalimat et al. (2019), and Shil et al. (2014). The cellulolytic and 
hemicellulolytic prowess of bacterial genera such as Bacillus para-
licheniformis, B. subtilis, Pseudomonas aeruginosa, Serratia, and Strepto-
myces has been previously established in termites (Schafer, 1996) and 
rhinoceros beetles (Sari et al., 2016). Consistent with these antecedent 
investigations, our results indicate that 22 bacterial isolates from for-
agers and 21 from hive bees belonging to these aforementioned genera 
exhibit significantly heightened cellulolytic and hemicellulolytic activ-
ities. The hemicellulolytic capacity of the bacterial genus Microbacterium 
has been demonstrated in earlier research involving mole crickets by 
Kim (2014). In alignment with these antecedent findings, our study 
identifies actinobacterial isolates, such as Microbacterium hydro-
carbonoxydans HAmh 19 and Microbacterium barkeri HAmh 18 from hive 
bees, demonstrating significantly elevated hemicellulolytic activity. 
Furthermore, a B. mojavensis isolate from our investigation, HAmh03, 
displays notable hemicellulose activity (hemicellulase index 5.33 cm). 
This finding aligns with Kallel’s (2015) report, which highlighted that a 
B. mojavensis isolate, UEB-FK, derived from the Tunisian Sahara, 
exhibited robust hemicellulase activity in laboratory conditions. A 
recent investigation conducted by Gouda et al. in 2024 has revealed that 
the gut bacteria of Apis mellifera exhibit significant proficiency in the 

Fig. 4. Neighbor-joining tree based on 16S rRNA gene sequences showing the phylogenetic relationship of bacterial isolates showing cellulolytic and hemicellulolytic 
activity in forager and hive bee of Apis mellifera. 

Fig. 5. Neighbor-joining tree based on 16S rRNA gene sequences showing the phylogenetic relationship of bacterial isolates showing cellulolytic, hemicellulolytic 
and pectinase activity in forager and hive bee of Apis mellifera. 
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degradation of various carbohydrates, including sucrose, fructose, 
starch, and mannose. 

Gut compartmentalization emerges as a pivotal factor influencing 
the intricate processes of digestion and nutrient absorption within the 
insect gut. Distinct gut compartments, characterized by varying pH and 
redox conditions, orchestrate the gradual breakdown of macromolecules 
across different regions of the gut before their absorption in the hindgut 
regions of the insect. Engel et al. (2013) emphasized the significance of 
physicochemical variations in the insect’s intestinal tract, specifying pH 
levels (ranging from 6 to 7 in the midgut and ileum, and maintaining at 7 
in the rectum) and redox potential (fluctuating between 180 and 210 mV 
in the midgut and 180 to 280 mV in the hindgut). These conditions, they 
suggested, influence the microbial communities associated with these 
insects. 

Pectin, a complex carbohydrate present in plant cell walls, primarily 
consists of galacturonic acids linked to form a gel-like substance. Its 
digestion requires the action of pectinolytic enzymes. Our findings 
highlight the notable pectinase activity within the Bacillaceae clade 
(Figs. 2 and 3). Parallel results from Lee et al. (2018) also identified high 
pectinase activity in Firmicutes and Lactobacillus isolated from honey 
bee workers. Additionally, we observed significant pectinase activity in 
two Apilactobacillus species, A. alvei and A. helveticus. Paudel (2015) 
documented pectinolytic activity in Bacillus sp. HD2 from the gut of 
A. mellifera, and Cane (2017) noted pectate lyase activity in A. micheneri, 
contributing to efficient pollen digestion and rapid protein reserve 
buildup in honey bees. Vuong (2019) reported pectinolytic activity in 
Apilactobacillus species in wild honey bee guts, suggesting their role in 
pollen digestion. In addition to the Bacillaceae, our study identified 

Fig. 6. Gut region of forager bee showing predominant bacterial isolates having respective enzymatic activities across different gut compartments.  

Fig. 7. Gut region of hive bee showing predominant bacterial isolates having respective enzymatic activities across different gut compartments.  
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bacterial genera from Brevibacteriaceae, Brucellaceae, Micro-
bacteriaceae, Pseudomonadaceae, Streptomycetaceae, Apilactoba-
cillales, and Enterobacteriaceae as having considerable pectinolytic 
activity in the A. mellifera gut. Specific isolates, such as Serratia ureilytica 
(HAmf42), Bacillus acidovorans (HAmf03), and Bacillus altitudinis 
(HAmf05), exhibited significantly higher pectinase activity, ranging 
from 0.012 to 3.693 U/mg in our study. Interestingly, forager bees 
displayed a significantly higher number of isolates with cellulolytic, 
hemicellulolytic, and pectinolytic activity compared to hive bees. This 
disparity may be attributed to the greater environmental exposure of 
forager bees compared to their hive counterparts. 

The burgeoning significance and application of microbial enzymes, 
particularly cellulases, since the mid-1980s have paved the way for 
substantial biotechnological progress. Examination of the insect gut 
microbiome, notably in termites, has revealed the potential utilization of 
bacterial enzymes, specifically cellulases, across diverse industrial ap-
plications (Su et al., 2017). Certain termite groups, such as hetero-
termitidae and rhinotermitidae, host highly efficient cellulolytic 
enzymes crucial for breaking down complex polysaccharide-rich mate-
rials, including wood (de Gonzalo et al., 2016). The hindgut of termites 
features a specialized cellulosome complex, comprising enzymes and 
structural proteins, enveloping food substrates. This complex demon-
strates superior efficiency in lignocellulosic degradation compared to 
individual enzymes (Stern et al., 2016; Haitjema et al., 2017). The 
termite gut is home to a complex community of bacterial, archaeal, and 
eukaryotic symbionts working collaboratively to degrade plant fibers 
rapidly, yielding products like acetate, hydrogen, and methane 
(Mikaelyan et al., 2017). With the identification of over 4700 bacterial 
phylotypes, including Bacteroidetes, Proteobacteria, Spirochetes, Fir-
micutes, and Eubacteria, the termite gut microbiota plays a pivotal role 
in biomass degradation (Cragg et al., 2015). Similarly, cellulolytic ac-
tivity has been attributed to various bacterial species from different 
insect orders. Examples include Enterobacter cloacae, Pseudomonas aer-
uginosa, Klebsiella pneumoniae, Pseudomonas fluorescens, Bacillus spp., 
and Mycobacterium spp. from lepidoptera (Fischer et al., 2013; Bashir 
et al., 2013), Enterococcus faecalis, Enterococcus durans, Flavobacterium 
odoratum, Serratia marcescens from orthoptera (Shil et al., 2014), Fir-
micutes, Clostridium from scarabids (Engel and Moran, 2013), and 
Clostridium, Actinomycetes from termites (Gupta et al., 2011). These 
microbial entities contribute to biomass degradation through their 
cellulolytic activities. 

Therefore, isolates identified in our study, such as E. asburiae 
HAmf25, Serratia ureilytica HAmf42, Bacillus mojavensis HAmh03, Ba-
cillus altitudinis HAmf05, Serratia entomophila HAmf37, and Bacillus 
altitudinis HAmf05, exhibit noteworthy cellulase, hemicellulase, and 
pectinase activities. Consequently, these isolates hold potential for 
application in crop residue management. In essence, the comprehensive 
understanding of the A. mellifera gut microbiome and its enzymatic ca-
pabilities offers valuable insights for leveraging these processes in 
biotechnological applications. This progress contributes to the 
advancement of sustainable and eco-friendly technologies in the domain 
of biomass degradation. 

In conclusion, our study enhances the current understanding of 
cellulolytic and pectinolytic activities in the gut bacteria of honey bees. 
The identified bacterial isolates and their enzymatic capabilities un-
derscore the rich microbial diversity within the honey bee gut, shedding 
light on their potential roles in digestion and nutrition. However, it is 
crucial to interpret these conclusions cautiously and restrict them to the 
supportive evidence presented. Further investigations are imperative to 
delve into the intricate mechanisms governing these enzymatic activ-
ities, the ecological determinants influencing gut microbiota composi-
tion, and the repercussions of gut bacteria on honey bee health and 
overall colony dynamics. A more comprehensive comprehension of the 
honey bee gut microbiome can pave the way for developing strategies, 
potentially employing these predominant isolates in the realm of crop 
residue management. 
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