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1. Introduction
  

	 Tannase, or tannin acyl hydrolase, is an enzyme that 
catalyzes the hydrolysis of ester and depside bonds in 
hydrolyzable tannins (gallotannins and ellagitannins), 
complex tannins, and condensed tannins (Hassan et 
al. 2020). These tannins are polyhydroxy phenolic 
compounds abundantly found in various plants used 
for food and feed (Mayer 2022). It serves to protect 
plants against herbivores, pathogenic microbes, and 
insects (Iqbal and Poór 2024). However, their defensive 

mechanisms are nutritionally undesirable due to potential 
toxicity and interference with nutrient absorption caused 
by tannin-protein interactions (Hassan et al. 2020). 
	 Tannase has been extensively studied since its 
discovery by Van Tieghem in 1867, with fungal species 
such as Aspergillus sp. and Penicillium sp. being 
prominent tannase producers owing to their robust 
enzyme production (Aharwar and Parihar 2018; Gezaf 
et al. 2021). Nevertheless, there has been increasing 
interest in bacterial tannases since 1983, yet reports on 
them remain scarce in the literature (Belur and Mugeraya 
2011). This is because tannin itself is toxic to bacteria 
due to enzyme inhibition, substrate deprivation, and 
its activity on the membrane, as well as metal ions 
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deficiency (Tahmourespour et al. 2016). These factors 
impede bacterial growth, complicating isolation during 
the initial stages (Jana et al. 2012).
	 However, a broad spectrum of bacteria in the rumen and 
gastrointestinal tract of animals can tolerate and degrade 
tannins through tannase production, as these animals 
often graze on tannin-rich plants (Tahmourespour et al. 
2016). These tannin-degrading bacteria (TDB) include 
genera such as Bacillus, Staphylococcus, Klebsiella, 
Lactobacillus, Citrobacter, Streptococcus, Pseudomonas, 
Corynebacterium, Pantoea, Selenomonas, Enterococcus, 
and Serratia (Mohammed 2016;  Tahmourespour et al. 
2016; Tripathi et al. 2016). Bacterial tannase exhibits a 
high growth rate; however, its optimal production can be 
significantly influenced by environmental factors such 
as pH and temperature (Beniwal et al. 2014).
	 Tannase production is typically evaluated through 
an enzyme activity assay employing a modified 
spectrophotometric method (de Sena et al. 2014). This 
assay quantifies the hydrolysis of tannic acid by tannase, 
resulting in the release of gallic acid and glucose (Tang 
et al. 2024). The liberated gallic acid, characterized 
by vicinal hydroxyl groups, reacts specifically with 
methanolic rhodanine to form a chromogenic compound, 
which simultaneously terminates the enzymatic reaction 
(Sharma et al. 2000). Subsequently, potassium hydroxide 
(KOH) is added to enhance color development. The 
reaction mixture is diluted with distilled water for 
absorbance measurement at 520 nm (Chipurura 2010). 
This method is widely used for routine assessment of 
tannase activity, offering simplicity, rapid execution, and 
high reproducibility. 
	 In addition, gallic acid is a major product of 
tannase activity and exhibits a broad spectrum of 
pharmacological properties, including antibacterial, 
antiallergic, antioxidant, antimutagenic, anti-
inflammatory, neuroprotective, and anticarcinogenic 
activities (Selvaraj et al. 2022). Considering the 
emerging threats posed by multiple drug-resistant 
bacteria, especially Gram-negative species, an alternative 
approach includes augmenting antimicrobial efficacy 
with natural inhibitors, such as tannase and gallic acid 
(Hidayathulla et al. 2018). Several studies have reported 
on the antimicrobial activity of tannin and gallic acid, but 
there is limited information regarding the antimicrobial 
resistance profile of TDB and tannase.
	 Therefore, this study aims to address several 
key issues by characterizing the properties of crude 
tannase produced by TDB isolated from ruminal fluid 
and goat feces using parameters such as pH, substrate 

concentration, temperature, and incubation time via 
modified spectrophotometric methods. Furthermore, 
their antimicrobial resistance and synergistic effects of 
tannase were analyzed using commercial antibiotics. It is 
anticipated that the insights acquired from this study will 
be utilized across various biotechnological applications, 
including food processing, bioremediation, poultry feed 
production, and pharmaceuticals.

2. Materials and Methods

2.1. Enrichment and Reculture of Tannase-
Producing Bacteria 
	 Tannase-producing bacterial isolates TDB17, TDB18, 
TDB23, and TDB24 were obtained from ruminal fluid 
collected at Kompleks Abatoir Shah Alam and from goat 
feces at Jariah Agro Farm, Klang. Glycerol stock cultures 
were initially enriched in nutrient broth supplemented 
with tannic acid, followed by streaking onto nutrient agar 
containing tannic acid to promote the selective recovery 
of tannase-producing bacteria. The resulting colonies 
were then subcultured onto plain nutrient Agar and 
incubated overnight at 37°C to rejuvenate the isolates 
and obtain pure cultures. 

2.2. Tannase Activity and Growth Curve of 
Bacterial Isolate
	 The production of tannase was prepared using the 
submerged fermentation (SF) method described by 
Balakrishnan et al. (2021) with minor modifications. 
The minimal salt medium (MSM) broth was formulated 
with the following composition (g/L): NH4Cl, 1.0; 
KH2PO4, 0.5; MgSO4, 0.5; K2HPO4, 0.5; CaCl2, 0.1; and 
addition of 0.6% (w/v) substrate tannic acid. A 500-ml 
Erlenmeyer flask containing 100 ml of liquid medium 
was adjusted to pH 5.0±0.2 and sterilized. Then, 1 ml 
of overnight bacterial culture was inoculated into the 
prepared MSM broth and fermented for five days in 
an incubator shaker at 37°C and 180 rpm. Each day, 
the culture was centrifuged at 4,000 rpm for 10 min at 
4°C, and the supernatant was secured as a crude enzyme 
(Shakir et al. 2022). The optical density of the cultures 
was measured daily at 600 nm until a decline in bacterial 
growth was noted.
	 Tannase activity was assessed using a 
spectrophotometric method described by Srivastava 
and Kar (2009) with minor modifications. Tannic acid 
was used as a substrate, and gallic acid as a calibration 
standard. A 0.5 ml extracted enzyme was added into 
the substrate in a test tube containing 0.25 ml of 0.01 
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blank antibiotic disk and placed on agar plates that 
were inoculated with the test strains. Citrate buffer 
was used as a negative control. The synergistic effects 
were further assessed by combining crude tannase with 
four (4) antibiotics: (1) meropenem (MPM 10 μg); (2) 
tigecycline (TIG 15 μg); (3) gentamicin (GEN 10 μg); 
and (4) streptomycin (STR 10 μg).

3. Results

3.1. Growth Profile and Tannase Activity
The bacterial growth and tannase activity showed 

a positive correlation with the increasing incubation 
time, as shown in Figure 1. The exponential growth 
phase for isolates TDB17 and TDB18 occurred from 
day 0 to day 3, while for isolates TDB23 and TDB24, 
it extended from day 0 to day 4. This phase coincided 
with the highest tannase activity recorded for each 
isolate: 34.07 U/ml (TDB17), 37.88 U/ml (TDB18), 
35.72 U/ml (TDB23) and 42.08 U/ml (TDB24). 
Following this, the bacterial isolates entered the 
stationary phase on day 5, which was characterized 
by a decline in the growth curve and a reduction in 
enzyme activity.
	
3.2. Optimization of Different Physicochemical 
Parameters    

The activity of crude tannase was evaluated under 
varying physicochemical conditions to identify 
the optimal parameters for maximum enzyme 
performance. Tannase activity was initiated at pH 
levels above pH 5 (Figure 2), peaking at pH 6 for 
TDB18 (45.38 U/ml) and TDB24 (26.96 U/ml). 
Similarly, the highest tannase activity at pH 7 was 
recorded for TDB17 (14.46 U/ml) and TDB23 (39.57 
U/ml). These results indicate that tannase activity is 
favored under slightly acidic to neutral conditions, 
whereas activity declined at higher pH values for all 
isolates. The analysis of substrate tolerance revealed 
that all isolates exhibited peak tolerance at a 2% 
concentration, with TDB17 achieving the highest 
tannase activity of 69.41 U/ml (Figure 3). Temperature 
also played a critical role in enzyme activity (Figure 
4), with TDB18 exhibiting peak activity (52.60 U/
ml) at 30°C, while TDB17 (62.59 U/ml), TDB23 
(57.60 U/ml), and TDB24 (38.71 U/ml) showed 
optimal activities at 40°C. A progressive decline in 
enzyme activity was noted at higher temperatures. At 
80°C, a marked reduction was observed for TDB18 
(10.06 U/ml) and TDB23 (4.61 U/ml). Interestingly, 

M tannic acid in 0.05 M citrate buffer with pH 5.0 and 
incubated at 30°C for 10 min. Next, 0.3 ml of methanolic 
rhodanine (0.667% w/v Rhodanine in methanol) was 
added and left for 5 min at room temperature. Thereafter, 
0.2 ml of 0.5 M potassium hydroxide solution (KOH) was 
added, followed by 10 ml of distilled water. The mixture 
was incubated at 30°C for 10 min, and the purple-pink 
color formed was measured at 520 nm. The tube for 
controls was represented by the buffer only, whereas the 
blank was represented solely by the substrate (Ire and 
Nwanguma 2020). One unit of tannase activity is defined 
as the amount of enzyme required to release one μmol 
of gallic acid formed per minute under certain reaction 
conditions. Enzyme activity is expressed as U/ml.
 
2.3. Optimization of Different Physicochemical 
Parameters of Crude Tannase   
	 The maximum production of crude tannase was 
characterized under various physicochemical parameters. 
For each optimization process, the crude enzyme extract 
was incubated with the substrate in the citrate buffer after 
the parameters were adjusted. The studied parameters 
included pH (2.0 to 11.0), substrate concentration (0.2% 
to 2%), temperature (20 to 80°C), and incubation time 
(15 minutes to 120 minutes) (Shakir et al. 2022). The 
residual activity was measured using a standard enzyme 
assay procedure.

2.4. Antibiotic Susceptibility Testing and 
Synergistic Crude Tannase Effects    
	 The antibiotic susceptibility of TDB was assessed 
using the disc diffusion method following Clinical 
Laboratory Standards Institute (CLSI) guidelines. The 
tested antibiotics included meropenem (MPM 10 µg), 
penicillin G (PenG 10 µg), chloramphenicol (CHL 30 
µg), cephalothin (CFP 30 µg), cefoxitin (CF 30 µg), 
tigecycline (TIG 15 µg), vancomycin (VA 30 µg), 
gentamicin (GEN 10 µg), streptomycin (STR 10 µg), and 
sulfamethoxazole (SXT 25 µg). Standardized bacterial 
suspensions with an optical density (OD) of 0.08 to 0.1 
were swabbed onto the agar plates. Sterile distilled water 
served as a negative control. The antibiotic discs were 
then placed onto the plates and incubated overnight at 
37°C, after which the zones of inhibition were measured.
The antimicrobial and synergistic effects of crude 
tannase were evaluated against two Gram-positive 
strains (Methicillin-resistant Staphylococcus aureus, 
Staphylococcus epidermidis) and one Gram-negative 
strain (Klebsiella pneumoniae) using the same method. 
The crude tannase from each TDB was applied to a 



TDB17 and TDB24 displayed more gradual declines 
at the same temperature, with activity plateauing at 
59.88 U/ml and 28.98 U/ml, respectively. Incubation 
time significantly influenced tannase activity 
(Figure 5), remaining stable during the initial 15 
minutes and gradually increasing up to 45 minutes. 
Remarkably, the optimal conditions for the four 
isolates are summarized in Table 1, with TDB23 (A. 
nosocomialis, MT540255) demonstrating the highest 
tannase activity, reaching 96.83 U/ml after 45 minutes 
of incubation under optimized conditions.

3.3. Antibiotic Susceptibility Testing of TDB 
and Synergistic Crude Tannase Effects    

The susceptibility patterns of each bacterium to 
the standard commercial antibiotics were interpreted 
in Table 2. The CLSI demonstrated that L. macroides 
(KR780381) and A. nosocomialis (MH084921 and 
MT540255) were susceptible to meropenem (MPM), 
tigecycline (TIG), gentamicin (GEN), streptomycin 
(STR), and chloramphenicol (CHL) but resistant to 
penicillin G (PenG), cephalothin (CFP), cefoxitin 
(CF), and vancomycin (VA). Notably, A. nosocomialis 

 Figure 1. Enzyme activity and bacterial growth of tannin-degrading bacteria (A) TDB17, (B) TDB18, (C) TDB23, and (D) TDB24 over a 
five-day incubation period. Figures having dissimilar letters differ significantly. (TDB17 = L. macroides (KR780381), TDB18, = 
A. nosocomialis (MH084921), TDB23 & TDB24 = A. nosocomialis (MT540255))
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Figure 2. Tannase activity (U/ml) of tannin-degrading bacteria (TDB17, TDB18, TDB23, TDB24) across varying pH levels. (Control:green 
line = No bacteria, TDB17:orange line = L. macroides (KR780381), TDB18: yellow line = A. nosocomialis (MH084921), TDB23: 
grey line & TDB24: blue line = A. nosocomialis (MT540255)). Measurements represent mean values from triplicate experiments

Figure 3. Tannase activity (U/ml) of tannin-degrading bacteria (TDB17, TDB18, TDB23, TDB24) across varying substrate concentrations. 
(Control:green line = No bacteria, TDB17: orange line = L. macroides (KR780381), TDB18: yellow line = A. nosocomialis 
(MH084921), TDB23: grey line & TDB24: blue line = A. nosocomialis (MT540255)). Measurements represent mean values 
from triplicate experiments
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Figure 4. Tannase activity (U/ml) of tannin-degrading bacteria (TDB17, TDB18, TDB23, TDB24) across varying temperature. 
(Control:green line = No bacteria, TDB17: orange line = L. macroides (KR780381), TDB18:yellow line = A. nosocomialis 
(MH084921), TDB23: grey line & TDB24: blue line = A. nosocomialis (MT540255)). Measurements represent mean values 
from triplicate experiments

Figure 5. Tannase activity (U/ml) of tannin-degrading bacteria (TDB17, TDB18, TDB23, TDB24) across varying incubation time. (Control: 
green line = No bacteria, TDB17: orange line = L. macroides (KR780381), TDB18: yellow line = A. nosocomialis (MH084921), 
TDB23: grey line & TDB24: blue line = A. nosocomialis (MT540255)). Measurements represent mean values from triplicate 
experiments
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Table 1. Optimal fermentation condition for each isolate in tannase production by submerged fermentation

Table 2. Means of inhibition zones (mm) of each isolated tannin-degrading bacteria against 10 types of antibiotics

R = Resistant; I = Intermediate; S = Susceptible
* - Significant (p<0.05); ** - Insignificant (p>0.05)
± indicates standard deviation
The inhibition zone for each bacterium was analyzed according to the CLSI Standard

Data represent the optimal conditions and corresponding tannase activity for each bacterial strain under minimal salt medium (MSM) 
supplemented with tannic acid. Tannase activity is reported in U/ml

Optimization condition of 
MSM supplemented with 

Tannic acid

Commercial antibiotics

Meropenem
(10 mcg)

Penicillin G
(10 iU)

Chloramphenicol
(30 mcg)

Cephalothin
(30 mcg)
Cefoxitin
(30 mcg)

Tigecycline
(15 μg)

Vancomycin
(30 μg)

Gentamicin
(10 µg)

Streptomycin
(10 µg)

Sulfamethoxazole
(25 µg)

Means of inhibition zones of standard antibiotics discs against tested bacterial strains (mm)

pH

Substrate 
concentration

Incubation 
time

Temperature

TDB17
Lysinibacillus 

macrolides 
(KR780381)

TDB17
L. macrolides 
(KR780381)

S
 (27.22±1.72)**

R 
(8.89±2.03)*

I 
(14.56±3.71)*

R
 (0±0)

R
 (13.22±1.56)*

S
 (27.67±1.80)*

R 
(9.44±0.53)*

S 
(22.33±1.80)*

S 
(27.78±1.99)*

R 
(7.89±5.97)*

7
14.46 U/ml

2%
69.41 U/ml

105 min
70.85 U/ml

2.08

40°C
20-80°C

60.15-50.34 U/ml 

Optimal
Tannase activity

Optimal
Tannase activity

Optimal
Tannase activity
Fold increment

Optimal
Stability

Tannase activity

TDB23
Acinetobacter 
nosocomialis 
(MT540255)

TDB23
A. nosocomialis 

(MT540255)
S 

(28.11±1.27)**
R 

(9.44±2.13)*
I 

(15.78±3.90)*
R 

(0±0)
R 

(13.11±1.36)*
S

 (23.22±0.67)*
R 

(0±0)
S 

(18.78±0.44)*
S 

(22.11±0.93)*
S 

(17.22±1.92)*

7
39.57 U/ml

2%
58.15 U/ml

45 min
96.83 U/ml

2.71

40°C
20–60°C

45.28–38.31 U/ml

TDB18
Acinetobacter 
nosocomialis 
(MH084921)

TDB18
A. nosocomialis 

(MH084921)
S 

(28.22±1.48)**
R 

(11.78±3.35)*
I 

(12.78±2.91)*
R 

(0±0)
R 

(16.67±2.35)*
S 

(22.22±0.67)*
R 

(0±0)
S 

(14.89±0.78)*
S 

(21.78±1.30)*
S 

(16.33±1.12)*

6
45.38 U/ml

2%
48.77 U/ml

45 min
48.19 U/ml

1.27

30°C
20–60°C

39.35–36.03 U/ml

TDB24
Acinetobacter 
nosocomialis 
(MT540255)

TDB24
A. nosocomialis 

(MT540255)
S

 (26.78±1.48)**
R

 (12.33±1.32)*
I

 (11.11±2.47)*
R 

(0±0)
R

 (13.78±0.97)*
S 

(24.78±0.83)*
R 

(0±0)
S 

(18.78±0.93)*
S 

(23.89±0.93)*
S 

(19.00±1.00)*

6
26.96 U/ml

2%
54.86 U/ml

45 min
62.51 U/ml

1.49

40°C
20–80°C

29.93–28.98 U/ml

(TDB18, TDB23, and TDB24) demonstrated 
sensitivity to sulfamethoxazole (SXT), while L. 
macroides (TDB17) exhibited resistance.

The effects of crude tannase from four isolates, 
alone and in combination with antibiotics, revealed 
distinct inhibitory patterns against the tested strains 
(Table 3). Crude tannase alone from each strain 
exhibited antibacterial activity only against S. 

epidermidis, with a 9 mm inhibition zone. Notably, 
the combination of crude tannase and antibiotics 
enhanced the inhibitory effect on most bacterial 
strains, demonstrating a synergistic effect. The highest 
activity was observed against MRSA when combined 
with gentamicin, producing inhibition zones ranging 
from 9±0.0 to 12±2.9 mm, with fold area increases 
of 1.25 (TDB17), 1.01 (TDB18), 2.78 (TDB23), and 



1.87 (TDB24). Similarly, the four isolates displayed 
maximum activity with the combination of crude 
tannase with meropenem against K. pneumoniae, 
demonstrating inhibition zones in ranges of 6±0.4 
to 12±0.5 mm and fold areas of 0.78 to 1.25. 
Meanwhile, the combination of crude tannase from 
TDB17 with meropenem showed the highest fold 
area at 3.23 against S. epidermidis with an inhibition 
zone increasing from 0 to 12±0.5 mm. In contrast, 
the crude tannase of TDB18, TDB23, and TDB24 
demonstrated the highest activity in combination with 
streptomycin against S. epidermidis, resulting in fold 
area increases of 1.78, 1.51, and 1.25, respectively.

4. Discussion

	 The use of submerged fermentation (SF) enhances 
tannase production by providing high water content, 
which improves nutrient solubility and accessibility 
to bacterial cells, resulting in more efficient substrate 
utilization (Singh and Jana 2023). Besides, SF allows 
for better control of parameters to optimize bacterial 
growth and cultivation (Aharwar and Parihar 2018). 
Many tannase-producing microorganisms require 
slightly acidic to alkaline conditions and specific 
temperatures to optimize enzyme activity (Aguilar-
Zarate et al. 2015; Kumar et al. 2019; Mohapatra et al. 

2020; Unban et al. 2020; Dhiman et al. 2021; Shakir et 
al. 2022).
	 In this study, four bacterial strains were isolated 
from ruminal fluid (TDB17: Lysinibacillus macroides 
(KR780381), TDB18: Acinetobacter nosocomialis 
(MH084921), and TDB23: Acinetobacter nosocomialis 
(MT540255)) and goat feces (TDB24: Acinetobacter 
nosocomialis (MT540255)) demonstrated positive 
tannin degradation capabilities in the preliminary 
screening by a previous study (Suhaimi et al. 2024). 
These strains are capable of producing tannase enzymes 
that comprise two isoenzymes responsible for depsidase 
and esterase activities (Mancheño et al. 2022). Tannase 
sequentially hydrolyzes tannic acid by first cleaving 
the depside bond, followed by the hydrolysis of ester 
bonds, yielding glucose and gallic acid (GA) through 
intermediates such as 2,3,4,6-tetragalloyl glucose and 
two forms of monogalloyl glucose (Govindarajan et 
al. 2016). GA is then decarboxylated into pyrogallol, 
which is further metabolized into metabolites such 
as pyruvic acid cis-aconitic acid (3-hydroxy-5-oxo-
hexanoate) and ultimately enters the TCA cycle (Gauri 
et al. 2013). Yet the complete pathway remains only 
partially understood.
	 The growth profiles and tannase activities can vary 
among bacterial strains, with Bacillus species generally 
exhibiting peak enzyme activity between days 1 and 3. 

Table 3. Synergistic activity of crude tannase and antibiotics against MRSA, K. pneumoniae and S. epidermidis

Extract 
from 

isolate
TDB17

TDB18

TDB23

TDB24

Test strains

MRSA
K. pneumoniae 
S. epidermidis

MRSA
K. pneumoniae 
S. epidermidis

MRSA
K. pneumoniae 
S. epidermidis

MRSA
K. pneumoniae 
S. epidermidis

Mean inhibition zone (mm) of antibiotic discs in combination with the crude tannase against clinical bacterial 
strains1

CT GEN TGC TGC + 
CT

Fold 
area2

GEN 
+ CT

Fold 
area2

Fold 
area2

Fold 
area2

MEM MEM 
+ CT

S S + CT

0
0
9
0
0
9
0
0
9
0
0
9

0
23±1.7
30±3.5

0
23±2.6
31±5.3

0
23±1.0
34±0.8

0
24±1.0
32±3.1

23±0.8
21±1.9
28±0.8
25±4.0
22±1.5
27±0.5
26±2.4
22±0.8
27±0.5
23±4.1
22±1.2
28±1.0

28±1.2
24±0.8
31±0.5
29±2.8
24±1.4
30±2.0
29±1.6
25±0.8
31±2.4
27±3.5
24±0.5
30±1.0

0.41
0.23
0.20
0.27
0.16
0.31
0.22
0.24
0.35
0.43
0.16
0.12

9±0.0
25±1.0
33±3.3
9±0.5
25±1.3
36±1.1
12±2.9
24±1.6
35±0

10±1.3
26±0.9
37±2.2

1.25
0.17
0.25
1.01
0.23
0.33
2.78
0.15
0.04
1.87
0.22
0.32

0.20
0.16
0.70
0.03
0.03
1.78
0.24
0.22
1.51
0.15
0.18
1.25

0.00
1.25
3.23
0.00
0.93
1.17
0.00
0.78
0.85
0.49
0.85
0.85

0
0
0
0
0
0
0
0
0
0
0
0

6±0.5
9±0.4
12±0.5
6±0.8
8±0.5
9±0.4
6±0.4
8±1.1
8±1.0
7±0.5
8±0.8
8±1.0

12±0.6
23±1.2

0
12±1.5
24±2.0

0
13±0

22±1.2
0

14±1.6
22±0.5

0

13±0.8
25±1.2
8±1.3
13±1.4
25±1.8
10±1.1
15±0.5
25±0.5
10±0.8
15±2.8
24±1.8

9±0
CT – Crude Tannase; GEN – Gentamicin (10 μg); S – Streptomycin (30 μg); MEM – Meropenem (10 μg); TGC – Tigecycline (25 μg)
1Mean surface area of the inhibition zone was calculated for each from the mean diameter
2Increase in fold area was calculated as = (y2 - x2) / x2, where ‘x’ and ‘y’ are the inhibition zones for antibiotic and antibiotic + tannase, 

respectively
*In the absence of bacterial growth inhibition zones, the disk’s diameter (6 mm) was used to calculate the fold increases
Red – Resistant; Blue – Susceptible
± indicates standard deviation
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For instance, B. licheniformis, isolated from Iraqi soil, 
produced a maximum tannase activity of 76.8 U/ml at 72 
hours (Jebur 2020), while B. megaterium demonstrated 
its highest activity of 10.77 U/ml/min during the same 
period (Tripathi et al. 2016). Conversely, B. velezensis 
TA3, isolated from saltpan soil samples, reached its 
peak activity of 2U/g on day 2 before subsequently 
declining (Lekshmi et al. 2020), whereas B. gottheilii 
M2S2, recovered from tannery effluent soil, exhibited 
optimal activity on day 1 (Subbalaxmi and Murthy 
2016). Furthermore, Abdulshaheed et al. (2023) 
reported that the Acinetobacter baumannii yielded 
the highest tannase activity, reaching 26.46 mg/ml 
after 72 hours. This peak activity corresponds to the 
exponential growth phase, characterized by rapid 
bacterial cell division (Jebur 2020). The following 
decrease in enzyme activity was attributed to nutrient 
depletion, which led to a higher rate of cell death, 
thereby reducing enzyme synthesis (Jebur 2020).
	 According to Leangnim et al. (2023), most bacterial 
tannases are denatured at low pH but exhibit optimal 
activity between pH 4.0 to 7.0, aligning with the findings 
of this study. Given the limited data on tannase activity in 
the newly reported Lysinibacillus genus, a comparative 
analysis was conducted with the Bacillus genus since 
both belong to the Firmicutes family. The optimal 
tannase activity observed at pH 7 in Lysinibacillus 
corresponds with that of B. amyloliquefaciens, which 
exhibited 6 U/ml at the same pH (Shakir et al. 2022). 
However, several Bacillus species isolated from soil, 
including B. subtilis, B. licheniformis, and B. gottheilii, 
displayed ideal tannase activity at pH 5 (Aftab 
and Hamid 2016; Subbalaxmi and Murthy 2016; 
Jebur 2020), while others such as B. sphaericus, B. 
megaterium, and B. subtilis showed peak activity at pH 
6 (Raghuwanshi et al. 2011; Tripathi et al. 2016; Sharba 
et al. 2022). Notably, B. subtilis isolated from the gut of 
Catla catla fish exhibited a maximum tannase activity 
of 218.38 U/ml at an alkaline pH of 8 (Shakir et al. 
2022). Meanwhile, A. nosocomialis (MH084921 and 
MT540255) produced optimal tannase activity at pH 
6 to 7, whereas A. baumanni showed a peak at pH 5.5 
(Abdulshaheed et al. 2023). However, the capability 
of Acinetobacter spp. as a tannase producer was only 
discovered in 2021 by Mohammadabadi et al. (2021); 
hence, no detailed information has been provided. 
Yet, the decline in tannase activity at both lower and 
higher pH levels in this study may be attributed to pH-
induced modifications of carboxyl and amino groups 
on the enzyme surfaces, leading to enzyme inactivation 

and, consequently, a reduction in both its synthesis and 
catalytic activity (Shakir et al. 2022). Additionally, the 
formation of tannic acid salts under alkaline conditions 
may reduce substrate availability, further limiting 
enzymatic action (Jebur 2020).
	 In terms of substrate concentration, the findings of 
this study align with previous reports identifying 2% 
tannic acid as optimal for tannase activity in free-cell 
form (Jebur 2020). Likewise, B. sphaericus showed 
maximum tannase production (11.2 IU/ml) at 2.0% 
tannic acid (Raghuwanshi et al. 2011), while other 
Bacillus genera optimized at concentrations ranging 
from 0.5 to 2.5% (Dhiman et al. 2021; Shakir et al. 
2022). In addition, B. subtilis achieved the highest 
reported activity at 211.97 U/ml using 4.0% tannic 
acid in combination with 0.5% MgSO4 and 1.5% yeast 
extract (Shakir et al. 2022). Although data on the effect 
of substrate concentration in Acinetobacter was limited, 
Abdulshaheed et al. (2023) revealed tannase production 
by A. baumannii at a 0.5% concentration. The present 
findings suggest that Lysinibacillus sp. (KR780381) 
and Acinetobacter sp. (MH084921 and MT540255) 
may tolerate higher tannic acid concentrations. 
Yet, tannic acid can be toxic to microbes due to its 
elevated phenolic content, which can precipitate 
macromolecules like proteins and carbohydrates, 
thereby impeding microbial growth and inhibiting 
tannase activity (Mohapatra et al. 2020). Moreover, 
increased substrate levels can reduce tannase activity 
due to the accumulation of intermediate hydrolysates 
and gallic acid, which can competitively or non-
competitively bind to the active sites of the enzyme, 
blocking its function (Patil et al. 2011; Selvaraj and 
Murty 2017). Consequently, evaluating higher tannic 
acid concentrations is essential to ascertain its toxicity 
range to bacteria and identify the optimal concentration 
for microbial tannase biosynthesis. 
	 The results on tannase activity at varying 
temperatures align with existing literature, which 
indicates that most bacterial tannases exhibit optimal 
activity between 30°C and 40°C (Shakir et al. 2022). 
For instance, tannase from B. gottheilii M2S2 displayed 
peak activity (49.32 UL-1) at 32°C (Subbalaxmi and 
Murty 2016), and B. licheniformis exhibited optimal 
production at 35°C, reaching 64.14 U/ml (Jebur 2020). 
Similarly, tannase activity shown by A. baumannii is 
optimal at 37°C (Abdulshaheed et al. 2023). A further 
increase in temperature resulted in decreased tannase 
activity for most strains, likely due to excessive 
potential energy disrupting weak bonds in the enzyme’s 
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structure, leading to denaturation, loss of structural 
integrity, and inactivation of both the enzymes, as well 
as the substrates (Cavalcanti et al. 2018). Yet, TDB17 
and TDB24 could be potential sources of thermostable 
tannase, as they remain fairly active up to 80°C 
without significant loss of activity. This is an additional 
advantage given that most of the processes assisted by 
tannase are performed at higher temperatures. While 
reports on tannase production at higher temperatures 
are limited, Beniwal et al. (2014) believed that bacteria 
are also resilient to extreme temperatures. Aftab and 
Hamid (2016) reported tannase synthesis with rising 
temperature, with maximal observed at 41°C for B. 
subtilis. Additionally, Govindarajan et al. (2019) 
reported optimal tannase production from Enterobacter 
cloacae strain 41 at 50°C, yielding 2.418 U/ml.
	 On top of that, incubation time is essential for 
assessing the stability interaction between tannic acid 
and crude tannase under optimized conditions, ensuring 
sufficient catalysis for converting to gallic acid. Shakir 
et al. (2022) reported that B. subtilis showed maximum 
tannase activity after 30 minutes (233.34 U/ml), and 
Raoultella ornithinolytica exhibited peak activity at 
60 minutes (194.07 U/ml). These findings highlight 
the variability in tannase stability among bacterial 
strains over time. As incubation progresses, crude 
tannase activity tends to decline, likely due to enzyme 
denaturation or structural instability under prolonged 
exposure, even in optimized conditions (Govindarajan 
et al. 2019; Jebur 2020). This underscores the 
importance of determining the optimal incubation 
duration to maintain enzyme efficacy for bioconversion 
processes. Thus, tannic acid commonly presents 
challenges in microbial studies due to its inhibitory 
effects on growth and metabolism. Initial cultures were 
grown on nutrient-rich media, such as nutrient agar 
supplemented with low concentrations of tannic acid, 
to mitigate inhibition and prevent nutrient imbalance 
or depletion. The use of commercial tannic acid in the 
rhodanine assay resulted in high absorbance, likely due 
to gallic acid impurities; hence, a tannic acid blank was 
included for accurate measurement.
	 In this antibiotic profiling, L. macroides 
(KR780381) and A. nosocomialis (MH084921 and 
MT540255) exhibited resistance to cell wall synthesis 
antibiotics, including penicillin G (PenG), cephalothin 
(CFP), cefoxitin (CFX) and vancomycin (VA). 
These antibiotics are β-lactam antibiotics, except 
for vancomycin, which belongs to the glycopeptide 
antibiotic. This resistance pattern observed aligns with 

previous reports indicating that L. macroides (Byayika 
et al. 2022) and Acinetobacter sp. (Barnes et al. 2019) 
can produce β-lactamase enzymes that hydrolyze 
the β-lactam ring, a critical structure in β-lactam 
antibiotics, thereby preventing these antibiotics from 
binding to the bacterial penicillin-binding proteins 
(PBPs). Nevertheless, Sun et al. (2020) reported 
susceptibility to vancomycin, which contrasts with 
the current findings that confirm acquired resistance in 
L. macroides as mentioned by Byayika et al. (2022), 
raising concerns over potential horizontal gene transfer 
to other bacteria amid limited data on antibiotic effects 
in Lysinibacillus species. Moreover, vancomycin is 
ineffective against Gram-negative bacteria, such as A. 
baumannii, due to their impermeable outer membrane 
to large glycopeptide molecules (Kyriakidis et al. 
2021). Since both A. nosocomialis (MH084921 and 
MT540255) and L. macroides (KR780381) produced 
β-lactamases, they remain susceptible to meropenem, 
as it is not broken down by these enzymes (Dhillon 
2018).
	 Meanwhile, both strains showed susceptibility to 
all antibiotics within the protein synthesis inhibitor 
class, such as tigecycline (TIG), gentamicin (GEN), 
streptomycin (STR), and chloramphenicol (CHL), 
though each operates via distinct mechanisms. This 
suggests that they do not carry transferable AMR 
genes for protein synthesis inhibitors. Inggraini et 
al. (2021) reported the resistance of A. baumannii to 
aminoglycosides and tigecycline, which contradicts the 
results of this study. The only L. macroides (KR780381) 
exhibited resistance to sulfamethoxazole that may 
arise from genetic alterations affecting protein affinity, 
plasmid or chromosomal genes causing mutations 
in DHPS and DHFR, cross-resistance and excessive 
para-aminobenzoic acid (PABA) production, cell 
wall alterations and increased dihydrofolate reductase 
production (Uddin et al. 2021). However, limited data 
on the effects of various antibiotics on both bacteria 
suggest that organic acid may be the main compound 
responsible for the observed inhibition. Therefore, 
further research is essential to explore the underlying 
mechanisms and fill the knowledge gaps regarding the 
antimicrobial profiles of these strains.
	 As far as we know, this is the first study to 
characterize the antibacterial activities of tannase 
derived from bacterial species. The synergistic activity 
of tannase together with antibiotics has been aligned 
with the previous study by Hidayathulla et al. (2018) 
and Kang et al. (2018) against Streptococcus agalactiae, 
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Staphylococcus aureus, Pseudomonas aeruginosa, 
Shigella flexneri, and Klebsiella pneumonia, resulting 
in lower MIC and increased diameter of inhibition. 
Moreover, Abdulshaheed et al. (2023) reported that 
purified tannase alone isolated from A. baummanii 
displayed a zone of inhibition towards E. coli, E. cloacae, 
K. pneumoniae, S. marcescens, P. aeruginosa, and S. 
aureus ranging from 20 to 30 mm. The mechanisms 
underlying tannase's synergistic effect with antibiotics 
have not been fully elucidated. Still, previous studies 
by Hidayathulla et al. (2018) suggested that it may 
involve inhibition of bacterial surface attachment or 
interruption of Quorum Sensing (QS). Observations 
demonstrated from their study that the inclusion of 
tannase with antibiotics enhances effectiveness against 
bacteria and inhibits biofilm formation in multiple 
bacterial strains, indicating the potential of tannase 
as a new antibacterial agent. The combined action of 
tannase with antibiotics, such as streptomycin and 
ceftazidime, highlights its efficacy in fighting bacteria, 
offering strong antibacterial and anti-biofilm properties. 
This finding highlights the antibacterial properties of 
tannase and its potential as a novel antibacterial agent.
	 Moreover, the outcomes of this work also revealed 
that the GA may have contributed to the synergistic effect 
since the extracted tannase was not purified. Borges et 
al. (2013) demonstrated the antibacterial activity of GA 
against strains such as E. coli, P. aeruginosa, S. aureus, 
and Listeria monocytogenes, causing membrane pores 
and led to irreversible changes by altering membrane 
permeability, hydrophobicity, and physicochemical 
properties. A study by Lu et al. (2021) showed that 
GA exhibited strong antibacterial activity against 
Methicillin-Sensitive S. aureus (MSSA) and Methicillin-
resistant S. aureus (MRSA) by disrupting membrane 
adhesions and increasing membrane permeability, 
leading to elevated bacterial fluid conductivity. 
Nevertheless, Rajamanickam et al. (2019) revealed 
that GA also enhances the effectiveness of antibacterial 
compounds like ciprofloxacin, erythromycin, 
norfloxacin, oxacillin, ampicillin, gentamicin, and 
penicillin through synergistic interactions. Considering 
the widespread resistance of bacteria to existing 
antibiotics, combination therapy becomes crucial for 
increased efficacy in existing antibiotics and reduces 
the spread of drug resistance (Buchmann et al. 2022). 
Hossain et al. (2020) investigated the combined effect 
of GA with traditional antibiotics (Thiamphenicol) on 
E. coli, finding synergistic effects. Thus, future studies 
could further investigate the mechanisms of action 

and explore the clinical applications of this synergistic 
approach in antibacterial therapy.
	 In conclusion, this study is the first to report the 
characterization and antibiotic resistance profiles of four 
tannase-producing bacteria isolated from ruminal fluid 
and goat feces. Among these, A. nosocomialis strain 
MT540255 (TDB23) emerged as the most efficient 
tannase producer, exhibiting the highest activity of 
96.83 U/ml under optimal conditions. In addition, 
L. macroides strain KR780381 (TDB17), and A. 
nosocomialis strain MT540255 (TDB24) demonstrated 
thermostable tannase activity, maintaining 50.34-
62.59 U/ml at temperatures up to 80°C. Collectively, 
these features highlight their potential for diverse 
industrial enzyme applications. In terms of antibiotic 
susceptibility, A. nosocomialis was sensitive to 
sulfamethoxazole, whereas L. macroides was resistant. 
Importantly, all strains showed significant synergistic 
effects when combined with antibiotics, suggesting an 
opportunity for therapeutic studies. Future research 
should focus on optimizing crude tannase by exploring 
the effects of oxygen tension, agitation speed, additives, 
and nutrient sources to maximize its activity. This may 
reveal the capability of tannin-degrading bacteria for 
biotechnological uses, especially in bioremediation 
and poultry feed production. Moreover, purifying 
tannase is recommended to enhance its stability and 
efficiency. It facilitates detailed studies of its structure, 
activity, and antibiotic interactions, thereby promoting 
understanding of its antimicrobial properties and 
pharmaceutical prospects.
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