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Abstract 28 

Bacteriocins have gained attention as alternative therapeutic agents in pharmaceuticals and are also used 29 

as preservatives in the food industry. This study focused on the characterization of bacteriocin-like 30 

inhibitory substances (BLISs) produced by a potential probiotic strain Bacillus paranthracis strain 31 

MHSD3 and evaluations of their antibacterial activity against Gram-positive and Gram-negative 32 

pathogenic strains using disc diffusion method. The inhibitory substances were characterized based on 33 

their sensitivity to heat, pH, enzymes, and treatment with organic solvents. Inhibitory activity was 34 

observed against Escherichia coli, Staphylococcus aureus, S. saprophyticus and S. epidermidis. The 35 

BLIS remained active over different ranges of temperature, pH, enzymes, and solvents, but was 36 

sensitive to chloroform. Furthermore, proteomic analysis using liquid chromatography–mass 37 

spectrometry (LC–MS) revealed the presence of peptides with potential bacteriocin-like characteristics. 38 

These results indicates that the BLIS may be a potential candidate to be used as a therapeutic agent.  39 

Keywords: Bacillus paranthracis strain MHSD3; bacteriocin-like inhibitory substances; bacteriocin; 40 

liquid chromatography mass spectrometry; proteomics 41 
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1. Introduction  56 

Bacteriocins are ribosomally synthesized peptides with antimicrobial properties that often kill or inhibit 57 

closely related bacterial species without affecting the secreting strain [1]. Some bacteriocins may have 58 

a broad spectrum of activity on various bacterial species without limitation to closely related species 59 

[2]. Bacteriocins are categorized into different classes based on their molecular weight, 60 

physicochemical and structural properties. Class I are small peptides that undergo extensive 61 

posttranslational modification to produce active peptide. Class II bacteriocins are heat and pH stable, 62 

low-molecular weight (0.77-10kDa), membrane-active peptides.  Class III are large heat-labile proteins 63 

and class IV encompasses cyclic peptides [3,4]. These peptides show great potential as antimicrobial 64 

compounds that can be vital in pharmaceuticals, agriculture, food industry and biochemical engineering 65 

[5]. Bacteriocins have received attention due to their therapeutic effects in treating various bacterial 66 

infections such as methicillin-resistant Staphylococcus aureus [6]; penicillin-resistant Streptococcus 67 

pneumoniae and S. epidermidis [7,8]. In addition, bacteriocins have been used for inhibition of other 68 

antibiotic-resistant strains such Mycobacterium tuberculosis, and Escherichia coli [9] and 69 

Pseudomonas aeruginosa [8]. Bacteriocins secreted by probiotic bacteria can balance the gut 70 

microbiota and inhibit the invasion of foreign pathogenic bacteria in the gut [2,9]. Furthermore, 71 

bacteriocins are known to inhibit various cancerous cells [10, 11] and have immune-modulatory effects 72 

[9] as well as anti-inflammatory properties in human intestinal epithelial cells in vitro [12].  Bacteriocins 73 

produced by lactic acid bacteria have been extensively studied due to their generally recognized as safe 74 

(GRAS) status [13].  Similarly, several studies have reported on bacteriocins secreted by Bacillus 75 

species such as Bacillus subtilis, B. coagulans and B. licheniformis which have the generally recognized 76 

as safe status [14,15]. Bacillus species are known to produce numerous antimicrobial compounds such 77 

as peptides and lipopeptide antibiotics, bacteriocins, and bacteriocin-like inhibitory substances (BLIS) 78 

[3,16]. In addition, some of the Bacillus species secrete non-ribosomal peptides such as iturin [17]. 79 

Production of bacteriocins or BLIS have been identified in B. subtilis, B. megaterium, B. cereus, B. 80 

stearothermophilus, and other Bacillus species [3]. Bacteriocins extracted from Bacillus species have a 81 

broad spectrum of activity and are stable over wide pH ranges compared to LAB [18]. Thus, they are 82 

of great interest in evaluating their functions and elucidating their structures for use in food and 83 

pharmaceutical industries, to name a few. The aim of the present study was to characterize and evaluate 84 

the antimicrobial activity of a bacteriocin-like substance secreted by a potential probiotic Bacillus 85 

paranthracis strain MHSD3 isolated from medicinal plant, Pellaea calomelanos.  86 

 87 

 88 

 89 
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2. Method and Material 90 

 2.1 Bacterial strain isolation  91 

Bacillus paranthracis strain MHSD3 was isolated from sterilized leaves of the medicinal plant Pellaea 92 

calomelanos, as described by Mahlangu and Serepa-Dlamini [19] and maintained at -80 oC in 30% (v/v) 93 

glycerol. It was initially identified through partial 16S rRNA gene sequence and later confirmed to be 94 

a strain of Bacillus paranthracis through whole genome sequencing [20].  95 

2.2 Production and partial purification of the BLIS  96 

The method from Sharma et al. [21], was adopted for the production and partial purification of the 97 

BLIS. Briefly, Bacillus paranthracis strain MHSD3 was grown in 30 mL of tryptic soy broth (TSB) for 98 

18 hours (h) at 30 oC with gentle agitation at 120 rpm as pre-culture. Five milliliters of the pre-culture 99 

were inoculated into 500 mL of tryptic soy broth and incubated at 30 oC, 120 rpm for 24 h. The cell 100 

culture was centrifuged at 9000 rpm at 4 oC for 15 minutes (min). The pH of the cell free supernatant 101 

(CFS) was adjusted to pH 6.5 with 1M NaOH and the supernatant was filtered using a 0.45 𝜇m micro-102 

filter.  The CFS was gradually precipitated to 80 % ammonium sulphate saturation with continuous 103 

stirring at 4 oC for 8 h.  The BLIS precipitate was obtained by centrifugation at 9000 rpm at 4 °C for 15 104 

min. The pellet was dissolved in phosphate buffer saline (PBS), pH 6.5 and the concentration of the 105 

bacteriocin-like substance (BLIS) was obtained using a nanophotometer N60/N50 (Implen, Germany).  106 

The BLIS was stored at -20 oC until further use. 107 

 2.3 Antibacterial activity using disc diffusion method 108 

The antibacterial activity of the BLIS was tested against several Gram-positive and Gram-negative 109 

indicator strains, including Bacillus cereus (ATCC 10876), Escherichia coli (ATCC 10536), 110 

Mycobacterium smegmatis (ATCC 21293), Pseudomonas aeruginosa (NCTC 10662), Klebsiella 111 

pneumonia (ATCC 10031), K. oxytoca (ATCC 13182), Veillonella parvula (ATCC 10790), 112 

Enterococcus faecium (ATCC 13048), Staphylococcus aureus (ATCC 25923), S. 113 

saprophyticus (ATCC 15305) and S. epidermidis (ATCC 14990) using disc diffusion method described 114 

by Bauer et al. [22].  Pathogenic strains were grown in Muller-Hinton broth (MHB) overnight and 115 

incubated at 37 oC, agitating at 200 rpm. Briefly, 100 µL of the pathogenic strains (adjusted to match 116 

0.5 McFarland standard) were spread on Muller Hinton agar (MHA) and allowed to dry for 10 min. 117 

Sterile paper discs (Whatman No.1) impregnated with 40 μL of BLIS extract, placed onto the surface 118 

of the MHA and incubated at 37 °C for 24 h.  After incubation, the diameter (mm) of inhibition zones 119 

were measured.  120 

2.4 Minimum inhibition concentration  121 

Minimum inhibition concentration (MIC) of the BLIS was determined using microdilution method 122 

described in the guideline of Clinical and Laboratory Standards Institute [CLSI], [23]. The MIC of the 123 
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BLIS was tested against Staphylococcus aureus (ATCC 25923), S. saprophyticus (ATCC 15305), S. 124 

epidermidis (ATCC 14990) and Escherichia coli (ATCC 10536). Overnight cultures of pathogenic 125 

strains in MHB were diluted in fresh MHB to obtain a 0.5 MacFarland standard. Two-fold serial 126 

dilutions were performed from the crude BLIS (14 mg/mL to 0.5 mg/mL).  Equal volumes (100 µL) of 127 

pathogenic strains and serially diluted BLIS were mixed into the wells of 96-well microtiter plates. The 128 

MHB with pathogenic strain was used as positive control and the BLIS with MHB was used as negative 129 

control. The plates were incubated at 37 oC for 24 h and optical density (OD) was measured at 595 nm 130 

using a Bio-Rad microplate reader (Bio-Rad, South Africa). The total inhibition percentage of bacterial 131 

growth was calculated using the following formula: [Control OD − Sample OD/Control OD × 100] 132 

[21].  133 

 2.5 Effect of temperature, pH, enzyme activity, and solvent on BLIS antibacterial 134 

activity  135 

To evaluate thermal stability, the crude BLIS was heated at 40, 80, 100 oC for 30 min. All samples were 136 

cooled to room temperature before analysis of residual activity. To test the effect of pH on the BLIS, 137 

the crude BLIS was adjusted to pH level ranging from 2 to 10 using either 1M HCI or 1M NaOH and 138 

incubated at 30 oC for 1 h. To analyze sensitivity to various enzymes, the crude BLIS solution was 139 

treated with protease K, lysozyme, and α-amylase (Sigma-Aldrich) to a final concentration of 1 mg/mL 140 

at 30 oC for 1 h and heated at 80 oC for 10 min to inactivate the enzymes.  The crude BLIS was also 141 

treated with 50 % organic solvents, which included chloroform, ethyl acetate and methanol. The BLIS 142 

residual activity of all samples were examined by microtiter plate assay using Staphylococcus aureus 143 

ATCC 25923 as an indicator organism [24]. 144 

2.6 Preparation of protein extract   145 

Bacterial cells were grown in TSB for 24 h at 30 oC agitating at 140 rpm. The cells were harvested by 146 

centrifugation at 5000 rpm for 10 minutes and resuspended in 200 µL lysis buffer (1% SDS in 50 mM 147 

Tris HCl pH8).  The bacterial cells were lysed by sonication on ice using a probe sonicator (9 pulses; 148 

10 sec per pulse with 10 sec intermissions between pulses; 50% power setting). Two microliter of RNase 149 

was added to the cell lysate and incubated at 37 oC for 30 min. The sample was centrifuged at 11 000 150 

rpm for 10 minutes to remove cell debris. Aliquots of the CFS sample were stored at -20 oC until further 151 

use. 152 

2.7 Molecular weight determination of bacteriocin 153 

The molecular mass of the CFS protein sample was analyzed by running glycine-sodium dodecyl 154 

sulfate-polyacrylamide gel electrophoresis (SDS–PAGE) with 12% separating gel and 4% stacking gel.  155 

Twenty-five microliters of the BLIS lysate (1:1 sample buffer: BLIS extract) were loaded into the gel 156 

and separated using constant voltage (200 V) for 55 minutes. A BLUeye pre-stained protein ladder was 157 
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used with a range of 11 to 180 kDa (Sigma-Aldrich). The gel was stained with Coomassie blue for 30 158 

min and de-stained with 40% methanol, 10% acetic acid and water.   159 

2.8 In-gel digestion 160 

Proteins were digested from gel fractions according to Shevchenko et al. [25]. Each gel lane was 161 

prepared in 6 separate gel fractions (according to molecular weight ranges). Briefly, the proteins were 162 

reduced in gel with 10 mM Dithiothreitol (DTT) in 25 mM NH4HCO3 for 1 h at 60 oC. Samples were 163 

cooled to room temperature, then 100 % acetonitrile was added and incubated for 10 min. The 164 

supernatant was discarded and 55 mM iodoacetamide (IAA) in 25 mM ammonium bicarbonate was 165 

added to the gel pieces. The reaction proceeded in the dark for 20 min at room temperature. The 166 

supernatant was discarded, and gels were dehydrated with 25 mM NH4HCO3 in 50 % acetonitrile, 167 

vortexed and the supernatant was removed. The gel pieces were dried completely, and freshly prepared 168 

trypsin was added. Protein digestion was allowed to proceed overnight at 37 oC. The digestion was 169 

quenched by adding final 0.1 % formic acid and the samples were dried under vacuum. Dried samples 170 

were re-suspended in 2 % acetonitrile and 0.2 % formic acid for mass spectrometry analysis. 171 

2.9 Liquid chromatography–mass spectrometry (LC–MS) analysis 172 

Tryptic peptides from each gel fraction were analyzed using a Dionex Ultimate 3000 RSLC system 173 

coupled to an AB Sciex 6600 TripleTOF mass spectrometer. Injected peptides were inline de-salted 174 

using an Acclaim PepMap C18 trap column (75 μm × 2 cm; 2 min at 5 μL.min-1 using 2 % ACN/0.2 % 175 

FA). Trapped peptides were gradient eluted and separated on a Waters nanoEase CSH C18 column (75 176 

μm × 25 cm, 1.7 µm particle size) at a flowrate of 0.3 µL.min-1 with a gradient of 10-55 % B over 10 177 

min (A: 0.1 % FA; B: 80 % ACN/0.1 % FA). The 6600 TripleTOF mass spectrometer was operated in 178 

positive ion mode. Data-dependent acquisition (DDA) was employed; precursor (MS) scans were 179 

acquired from m/z 400-1500 (2+-5+ charge states) using an accumulation time of 100 ms followed by 40 180 

fragment ion (MS/MS) scans, acquired from m/z 100-1800 with 20 ms accumulation time each.  181 

2.10 Data analysis 182 

Raw data files were searched with Protein Pilot V5.0 software (SCIEX), using a database containing 183 

sequences from Bacillus subtilis downloaded from UniProt (Swiss-Prot and TrEMBL on 20 August 184 

2021) and common contaminants. Trypsin was set as the digestion enzyme, cysteine alkylation 185 

(iodoacetamide) was allowed as a fixed modification and biological modifications allowed in the search 186 

parameters. A 1 % false discovery rate filter was applied at the protein level for refinement of 187 

identifications. Molecular function data were acquired from the UniProKB (www.uniprot.org) database 188 

[26]. 189 

 190 

http://www.uniprot.org/
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3. Results and Discussion  191 

3.1 Antimicrobial activity of the BLIS 192 

The antimicrobial spectrum of the BLIS was determined on Gram-negative and Gram-positive 193 

pathogens. The BLIS showed complete inhibition against E. coli, S. aureus, and partial inhibition 194 

against S. epidermis and S. saprophyticus (Table 1). Inhibitory activity against Gram-negative bacteria 195 

was lower compared with Gram-positive bacteria. Bacteriocins produced by Gram-positive tend to be 196 

more inhibitory towards Gram-positive pathogens and less effective towards Gram-negative bacteria 197 

[1,27].  The reason being bacteriocins inhibit similar or closely related species [28]. The results correlate 198 

with other studies where the BLIS secreted by B. amyloliquefaciens An6 exhibited antibacterial activity 199 

against S. aureus and E. coli [29], and bacteriocin isolated from B. subtilis GAS101 exhibited inhibition 200 

against E. coli and S. epidermis [21].  Sonorensin isolated from Bacillus sonorensis MT93 had inhibition 201 

against E. coli and S. epidermis [4].  202 

 203 

Table 1| Antimicrobial spectrum of the bacteriocin-like inhibitory substance produced by 204 

Bacillus paranthracis strain MSHD3. 205 

Bacterial indicator Zone of inhibition Zone of inhibition (mm) 

Bacillus cereus ATCC 10876 -* 0 

Enterococcus faecium ATCC 13048 - 0 

Escherichia coli ATCC 10536  ++* 10 

Klebsiella pneumonia ATCC 10031 - 0 

Klebsiella oxytoca ATCC 13182 - 0 

Mycobacterium smegmatis ATCC 

21293 

- 0 

Staphylococcus auerus ATCC 25923 ++ 18 

Staphylococcus epidermis ATCC 

14990 

+* 15 

Staphylococcus saprophyticus ATCC 

15305 

+ 9 

Veillonella purvula ATCC 10790 - 0 

*(-) no inhibition; (+): partial inhibition; (++): complete inhibition 206 
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 3.2 Minimum inhibition concentration of BLIS 207 

It is essential to perform minimum inhibition concentration of bacteriocin that exhibit antibacterial 208 

activity against clinically relevant pathogenic strains to determine the required dosage concentration 209 

[30]. The BLIS inhibited 88 and 90 % growth of S. aureus at concentration of 14 mg/mL and 7 mg/mL, 210 

respectively, and inhibited the growth of E. coli with an inhibition percentage of 73 % at 14 mg/mL and 211 

69 % at 1.76 mg/mL. The BLIS inhibited less than 59 % growth of S. epidermis and S. saprophyticus 212 

(Fig. 1). The minimum inhibition concentrations of the BLIS secreted by B. paranthracis strain MHSD3 213 

were higher compared to those reported by Ramachandran et al. [16] and Epparti et al [31]. An 214 

antimicrobial peptide secreted by Bacillus subtilis RLID 12.1 exhibited inhibition against E. coli with 215 

an MIC of 0.32 mg/mL [16]. Furthermore, bacteriocin secreted by Bacillus subtilis SC3.7 exhibited 216 

inhibition against S. aureus with and MIC of 0.012 mg/mL [31].  217 

 218 

Fig. 1| Minimum inhibition concentration of the bacteriocin-like inhibitory substances against 4 219 

test strains.  220 

 221 

3.3 Effect of temperature, pH, enzyme action, and solvent on crude bacteriocin activity  222 

Table 2 summarizes the effects of various treatments and conditions on the activity of bacteriocin-like 223 

substance isolated from B. paranthracis strain MHSD3. The BLIS retained 90 % of the activity at 40 224 

oC and lost 32 % of activity at 80 and 100 °C for 30 minutes. Most bacteriocin and BLIS produced by 225 

Bacillus spp. are heat resistant but their optimal temperature with highest antimicrobial activity differs 226 

depending on species [3,32]. Bacteriocin or BLIS isolated from Bacillus cereus 8A [33], B. subtilis 227 

GAS101 [21], B. amyloliquefaciens An6 [29], B. subtilis BS15 [34] and B. subtilis NCIMB 3610 [35], 228 

were relatively heat stable with bacteriocin activity ranging from 95-100 % at temperatures from 30 to 229 
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100 °C for 30 min. The bacteriocin after exposure of varying pH, maintained 98 % activity at pH 8 but 230 

decreased to 90 % at pH 2 and 4. Bacteriocins which have pH stability to both acidic and alkaline 231 

environment, have a better advantage for treatment of gastrointestinal infection where drugs are 232 

administered orally [32]. Therefore, bacteriocin producing strain could potentially be used in 233 

pharmaceuticals as a probiotic for humans and animals [36].  234 

The susceptibility of the bacteriocins to specific enzymes is based mainly on peptide formation and its 235 

amino acid sequence [32]. The BLIS exhibited activity against S. auerus after treatment with 1mg/mL 236 

proteinase K, lysozyme, and α-amylase. Lajis [32] reported that bacteriocins that are resistant towards 237 

enzymes found in the digestive system such as pepsin, amylase, and trypsin, are ideal candidates to 238 

inhibit infectious pathogens in the gut. Bacteriocin-producing strains can be used as probiotics due to 239 

their ability to inhibit pathogenic bacteria in the gut [11,37]. Bacillus paranthracis strain MHSD3 can 240 

survive in harsh gastrointestinal conditions such as acidic pH and bile salts, possess genes that play a 241 

role in acid and bile salt tolerance, adhesion, and as well as production of antimicrobial compounds 242 

[20]. Thus, B. paranthracis strain MHSD3 could be used as a potential probiotic strain with added 243 

benefit as a bacteriocin-like inhibitory substance producing strain.   244 

The BLIS displayed decreasing activity when treated with ethyl acetate and methanol with 245 

approximately 72 and 76% respectively. Sixty percent of antibacterial activity was lost when BLIS was 246 

treated with chloroform. Solvents are used in oral drug formulation and medicinal cutaneal creams. 247 

Therefore, stability of bacteriocin activity in solvents indicates that such solvents can be suitable for 248 

antimicrobial drug formulation [32,30]. Similar results were reported where bacteriocins secreted by B. 249 

amyloliquefaciens RX7 was stable in the presence of methanol with 80% activity [1]. However, other 250 

bacteriocins secreted by B. subtilis BS15 and B. amyloliquefaciens RX7 were stable in the presence of 251 

methanol with bacteriocin activity of 100% and 80%, respectively [1,34], which may indicate that these 252 

bacteriocins do not contain lipids in their structure [32].  253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 
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Table 2| Heat, pH, enzyme, and solvent stability tests of the bacteriocin-like substance.  265 

Stability Bacteriocin activity (%) 

Control  100 

Temperature  

40 oC 90 

80 oC 68 

100 oC 68 

pH  

2 91 

4 90 

6 90 

8 98 

10 91 

Enzyme (1 mg/mL)  

Proteinase K 91 

Lysozyme 81 

α-amylase 73 
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Solvents  

Chloroform 40 

Ethyl acetate 72 

Methanol 76 

             Bacteriocin activity compared with bacteriocin activity before the treatment. 266 

3.4 LCMS analysis for bacteriocin/bacteriocin-like peptides 267 

The LC-MS analysis resulted in the identification of more than 60 protein peptides which were grouped 268 

based on their respective global pathways such as purine and pyrimidine biosynthesis, carbohydrate 269 

metabolism, amino acid metabolism, biosynthesis of secondary metabolites, cell wall and cellular 270 

defense, DNA replication and repair and antibacterial and peptidase act (Table 3). The additional 271 

protein table is represented in Supplementary data Table S1.  The results revealed a bacteriocin-like 272 

inhibitory substance (biofilm matrix protein TasA) with molecular weight of approximately 29 kDa 273 

(Fig. 2). Biofilm matrix protein TasA has been reported to exhibit antibacterial activity against a variety 274 

of Gram-positive and Gram-negative bacteria which include Agrobacterium tumefaciens GV3101, 275 

Pseudomonas aureofaciens, E. coli ATCC 25922, Staphylococcus aureus ATCC 29213, S. 276 

epidermis ATCC 12228, Micrococcus luteus ATCC 4698 and Enterococcus faecalis ATCC 29212 277 

[38]. Among the proteins produced, two proteins (Acetoin:2,6-dichlorophenolindophenol 278 

oxidoreductase subunit beta and 1,4-dihydroxy-2-naphthoyl-CoA synthase) were associated with 279 

secondary metabolite biosynthesis. Biosynthesis pathway of secondary metabolites involves genes that 280 

cluster together in a genetic package which are referred as biosynthetic gene clusters (BGCs) [39].  281 

Biosynthetic gene clusters contain genes encoding all key enzymes that catalyze the production of 282 

secondary metabolites such as non-ribosomal peptide synthase (NRPS), polyketide synthase (PKS), and 283 

ribosomally synthesized and post-translationally modified peptide (RiPP) family clusters [40,41].  The 284 

BGCs also consists of essential genes involved in regulation, transportation of secondary metabolites, 285 

precursor biosynthesis enzymes and genes encoding for resistance gene [39,42].  286 
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 287 

Fig. 2| SDS page gel of dialyzed bacteriocin-like inhibitory substance extract. Lane 1: pre-288 

stained low-range molecular marker (11- 180 kDa); lane 2: BLIS lysate (1:1; sample buffer:  289 

BLIS extract). 290 

Three heat shock proteins were also detected (ATP-dependent Clp protease ATP-binding subunit ClpX, 291 

60 kDa chaperonin and Chaperone protein DnaK). Heat shock proteins include chaperones and 292 

proteases that are essential for protecting the bacterial cell under abnormal conditions such protein 293 

denaturation [43]. In addition, chaperones are responsible for assisting in the folding of a newly 294 

synthesized protein, preventing immature folding proteins, aggregation of protein under stressful 295 

conditions, and recovering proteins that have been partially or completely unfolded by stresses such as 296 

unexpected increased temperature [44]. A Previous study indicated that the production of chaperones 297 

which are used to repair and stabilize proteins can aid probiotic bacteria to acquire tolerance or adapt 298 

to acidic environments [45].  Four proteins were associated with cell wall and cellular defenses and two 299 

proteins associated with DNA replication and repair. Cellular defense protein, Alkyl hydroperoxide 300 

reductase subunit F plays a role in protecting the cell against oxidative stress by detoxifying peroxides 301 

[46]. DNA damage may occur due to exposure to ultraviolet light, chemical mutagens or ionizing 302 

radiation, oxidative compounds, and some antibiotics [47]. In such instances, cell growth is halted as 303 
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DNA replication becomes blocked, which induces SOS response (LexA and RecA genes), which 304 

regulates DNA damage repair [47,48].  305 

Metabolism related proteins  306 

Several other proteins related to various metabolic pathways were also detected from B. paranthracis 307 

strain MHSD3 BLIS which includes amino acid biosynthesis (S-adenosylmethionine synthase, 1-308 

pyrroline-5-carboxylate dehydrogenase and glutamine synthetase) lipid metabolism (alpha-ketoacid 309 

dehydrogenase subunit beta and enoyl-[acyl-carrier-protein] reductase [NADH]) carbohydrate 310 

metabolism (ATP synthase subunit alpha, aconitate hydratase and acetate kinase), purine and 311 

pyrimidine biosynthesis (CTP synthase, inosine-5’-monophosphate dehydrogenase and pyrimidine-312 

nucleoside phosphorylase) and protein biosynthesis and modification (protein translocase subunit SecA 313 

and cell shape-determining protein MreB). Enzymes that are involved in the biosynthesis of amino acids 314 

are essential for the growth and survival of bacteria [49]. Carbohydrates serve as major energy source 315 

for bacteria, and are involved in a variety of cellular processes, such as cell wall biosynthesis [50], and 316 

cellular respiration [51]. Purines and pyrimidines are constituents of various coenzymes that are 317 

involved in energy carrying reactions, in the transfer of organic molecules and in oxidation-reduction 318 

reactions [52]. In addition, purine and pyrimidine biosynthesis emerge as key pathways responsible for 319 

antibiotic effectiveness [53]. According to Sharma et al. [54] pyrimidines possess a broad spectrum of 320 

biological activities such as antitumor, antibacterial, and anti-HIV.  321 

Peptides identified that are involved in protein biosynthesis include cell shape-determining protein 322 

MreB, alkyl hydroperoxide reductase subunit F and thioredoxin reductase. Protein synthesis play a 323 

pivotal role during extended periods of growth as the bacterial cells needs to prioritize and conserve 324 

their energy towards biological processes that are essential in sustaining growth and survival during 325 

nutrient starvation and harsh stress conditions [55].  326 

Siderophore biosynthesis  327 

Only one protein (Ferric iron uptake transcriptional regulator) involved in siderophore biosynthesis was 328 

observed. Siderophore biosynthetic genes in bacteria involves the universal repressor ferric uptake 329 

regulator (Fur), which acts together with iron as a negative regulator. Ferric uptake regulator is a 330 

transcription factor which utilizes Fe2+ as a corepressor and represses siderophore in pathogens [56]. 331 

The siderophore biosynthesis pathway is another attractive target for antimicrobial therapeutics [57].  332 

 333 

 334 

 335 

 336 
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Table 3| Expressed proteins identified from Bacillus paranthracis strain MHSD3 BLIS. 337 

Accession number Protein Id Function References Pathway 

A0A6M3Z9J0 Inosine-5'-monophosphate 

dehydrogenase 

Catalyzes the conversion of inosine 5'-phosphate (IMP) to xanthosine 5'-

phosphate (XMP). This subpathway is part of the pathway XMP 

biosynthesis via de novo pathway, which is itself part of Purine 

metabolism. 

[58] 

 

Purine and Pyrimidine 

biosynthesis 
A0A6M4JQR2 Pyrimidine-nucleoside 

phosphorylase 

Involved in Pyrimidine metabolism [59] 

A0A6M4JMM6 S-adenosylmethionine 

synthase 

This protein is involved in step 1 of the subpathway that synthesizes S-

adenosyl-L-methionine from L-methionine. This subpathway is part of 

the pathway S-adenosyl-L-methionine biosynthesis, which is itself part 

of Amino-acid biosynthesis. 

[60] 

 

 

 

Amino acid 

Biosynthesis 

A0A6M3ZH77 1-pyrroline-5-carboxylate 

dehydrogenase 

This protein is involved in step 2 of the subpathway that synthesizes L-

glutamate from L-proline. This subpathway is part of the pathway L-

proline degradation into L-glutamate, which is itself part of Amino-acid 

degradation. 

[61] 

A0A6M3ZB07 Glutamine synthetase Glutamine synthetase that catalyzes the ATP-dependent conversion of 

glutamate and ammonia to glutamine 

[62] 
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A0A6M4JKG0 ATP-dependent Clp 

protease ATP-binding 

subunit ClpX 

ATP-dependent specificity component of the Clp protease. Uses cycles 

of ATP binding and hydrolysis to unfold proteins and translocate them 

to the ClpP protease. 

[63] 

Heat shock proteins 

A0A6M4JJA3 Chaperone protein DnaK The Hsp70/DnaK chaperone participates in the folding of newly 

synthesized proteins, transport of proteins across membranes, 

reactivation of misfolded proteins, disaggregation of aggregated 

proteins, and control of activity of regulatory proteins 

[64] 

A0A6M3Z7Y6 60 kDa chaperonin The 60kDa Chaperonin are heat shock proteins which are important for 

protein folding under both normal and stressful conditions 

 

[65] 

A0A6M3ZFG4 Acetate kinase This protein is involved in step 1 of the subpathway that synthesizes 

acetyl-CoA from acetate. This subpathway is part of the pathway acetyl-

CoA biosynthesis, which is itself part of Metabolic intermediate 

biosynthesis. 

[66] 

Carbohydrate 

metabolism A0A6M3ZBI8 Aconitate hydratase Catalyzes the isomerization of citrate to isocitrate via cis-aconitate. This 

protein is involved in step 2 of the subpathway that synthesizes 

isocitrate from oxaloacetate. This subpathway is part of the pathway 

tricarboxylic acid cycle, which is itself part of Carbohydrate 

metabolism. 

[67] 
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A0A6M3ZE63 4-hydroxy-3-methylbut-2-

en-1-yl diphosphate 

synthase (flavodoxin) 

involved in step 5 of the subpathway that synthesizes isopentenyl 

diphosphate from 1-deoxy-D-xylulose 5-phosphate. This subpathway is 

part of the pathway isopentenyl diphosphate biosynthesis via DXP 

pathway, which is itself part of Isoprenoid biosynthesis. 

[68]  

 

Secondary metabolite 

biosynthesis 
A0A6M3ZIS3 1,4-dihydroxy-2-

naphthoyl-CoA synthase 

This protein is involved in step 6 of the subpathway that synthesizes 1,4-

dihydroxy-2-naphthoate from chorismate. This subpathway is part of the 

pathway 1,4-dihydroxy-2-naphthoate biosynthesis, which is itself part of 

Quinol/quinone metabolism. 

[69] 

A0A6M4JNV2 Cell shape-determining 

protein MreB 

Forms membrane-associated dynamic filaments that are essential for 

cell shape determination 

[70] Protein biosynthesis 

and modification 

338 
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4. Conclusion 339 

The bacteriocin-like inhibitory substances produced by Bacillus paranthracis strain MHSD3 exhibited 340 

antibacterial activity against Escherichia coli, Staphylococcus aureus, S. saprophyticus and S. 341 

epidermidis. The BLIS showed good pH, heat, and enzyme and solvent stability except for chloroform. 342 

The BLIS showed potential to be used as an antimicrobial agent in pharmaceuticals.  Thus, we 343 

recommend further studies for the purification and further characterization of the BLIS, and their 344 

mechanism of action on pathogenic strains. 345 

Authors contributions 346 

MHSD and AA designed the study. MOD performed the experiments and drafted the manuscript. MOD 347 

and AA analyzed the data. MHSD and AA reviewed the manuscript. All authors read and approved the 348 

final manuscript.  349 

Conflicts of interest 350 

The authors declare no competing interests. 351 

 352 

Acknowledgments 353 

This work was supported by the National Research Foundation of South Africa- Thuthuka grant no 354 

TTK170405225920, MO Diale received the CSIR-DSI scholarship.  355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 



18 

 

18 

 

References  372 

1. Lim KB, Balolong MP, Kim SH, Oh JK, Lee JY, Kang DK (2016) Isolation and 373 

characterization of a broad spectrum bacteriocin from Bacillus amyloliquefaciens RX7. BioMed Res 374 

Int 8521476. https://doi.org/10.1155/2016/8521476.  375 

2. Yang SC, Lin CH, Sung CT, Fang JY (2014) Antibacterial activities of bacteriocins: 376 

Application in foods and pharmaceuticals. Front Microbiol 5:241. 377 

https://doi.org/10.3389/fmicb.2014.00241 378 

3. Abriouel H, Franz CMAP, Omar Ben N, Galvez A (2011) Diversity and applications of Bacillus 379 

bacteriocins. FEMS Microbiol Reviews 35: 201–232. https://doi.org/10.1111/j.1574-380 

6976.2010.00244.x. 381 

4. Chopra L, Singh G, Choudhary V, Sahoo DK (2014) Sonorensin: An antimicrobial peptide, 382 

belonging to the heterocycloanthracin subfamily of bacteriocins, from a new marine isolate, Bacillus 383 

sonorensis MT93. Appl Environ Microbiol 80:2981–2990. https://doi.org/10.1128/AEM.04259-13.  384 

5. Qin Y, Wang Y, He Y, Zhang Y, She Q, Chai Y, Li P, Shang (2019) Characterization of Subtilin 385 

L-Q11, a Novel Class I bacteriocin synthesized by Bacillus subtilis L-Q11 isolated from orchard soil. 386 

Front Microbiol 10:484. https://doi.org/10.3389/fmicb.2019.00484. 387 

6. Du H, Zhou L, Lu Z, Bie X, Zhao H, Niu YD, Lu F (2020) Transcriptomic and proteomic 388 

profiling response of methicillin-resistant Staphylococcus aureus (MRSA) to a novel bacteriocin, 389 

plantaricin GZ1-27 and its inhibition of biofilm formation. Appl Microbiol Biotechnol 104:7957–7970. 390 

https://doi.org/10.1007/s00253-020-10589-w. 391 

7. Sivaranjani M, Leskinen K, Aravindraja, C, Saavalainen P, Pandian SK, Skurnik M, Ravi AV 392 

(2019) Deciphering the antibacterial mode of action of alpha-mangostin on Staphylococcus 393 

epidermidis RP62A through an integrated transcriptomic and proteomic approach. Front Microbiol 394 

10:1–16. https://doi.org/10.3389/fmicb.2019.00150.   395 

8. Simons A, Alhanout K, Duval RE (2020) Bacteriocins, antimicrobial peptides from bacterial 396 

origin: Overview of their biology and their impact against multidrug-resistant bacteria. Microorganisms 397 

8: 639.  https://doi.org/10.3390/microorganisms8050639.    398 

9. Huang F, Teng K, Liu Y, Cao Y, Wang T, Ma C, Zhang J, Zhong J (2021) Bacteriocins: 399 

Potential for human health. Oxid Med Cell Longev  551882. https://doi.org/10.1155/2021/5518825.  400 

10. Kaur S, Kaur S (2015) Bacteriocins as potential anticancer agents. Front Pharmacol 6:272. 401 

https://doi.org/10.3389/fphar.2015.00272.   402 

https://doi.org/10.1155/2016/8521476
https://doi.org/10.3389/fmicb.2014.00241
https://doi.org/10.1111/j.1574-6976.2010.00244.x
https://doi.org/10.1111/j.1574-6976.2010.00244.x
https://doi.org/10.1128/AEM.04259-13
https://doi.org/10.3389/fmicb.2019.00484
https://doi.org/10.1007/s00253-020-10589-w
https://doi.org/10.3389/fmicb.2019.00150
https://doi.org/10.3390/microorganisms8050639
https://doi.org/10.1155/2021/5518825
https://doi.org/10.3389/fphar.2015.00272


19 

 

19 

 

11. Hassan MU, Nayab H, Rehman TU, Williamson MP, Haq KU, Shafi N, Shafique F (2020) 403 

Characterization of bacteriocins produced by Lactobacillus spp. Isolated from the traditional Pakistani 404 

yoghurt and their antimicrobial activity against common foodborne pathogens. BioMed Res Int 405 

8281623. https://doi.org.10.1155/2020/8281623.  406 

12. Yoon JW, Kang SS. (2020).  In Vitro Antibiofilm and Anti-Inflammatory Properties of 407 

Bacteriocins Produced by Pediococcus acidilactici Against Enterococcus faecalis. Foodborne Pathog 408 

Dis 17:764-771. https://doi.org/10.1089/fpd.2020.2804.  409 

13. Ansari A, Aman A, Siddiqui NN, Iqbal S, Ul Qader SA (2012) Bacteriocin (BAC-IB17): Screening, 410 

isolation, and production from Bacillus subtilis KIBGE IB-17. Pak J Pharm Sci 25: 195–201. 411 

14. Teo AY, Tan HM (2005) Inhibition of Clostridium perfringens by a novel strain of Bacillus 412 

subtilis isolated from the gastrointestinal tracts of healthy chickens. Appl Environ Microbiol 71:4185-413 

90. https://doi.org/10.1128/AEM.71.8.4185-4190.2005.  414 

15. Konuray G, Erginkaya Z (2018) Potential use of Bacillus coagulans in the food industry. Foods 415 

7:92. https://doi.org/10.3390/foods7060092.  416 

16. Ramachandran R, Chalasani AG, Lal R, Roy U (2014) A broad-spectrum antimicrobial activity 417 

of Bacillus subtilis RLID 12.1. Scie World J 968487. https://doi.org/10.1155/2014/968487.  418 

17. Sumi CD, Yang BW, Yeo IC, Hahm YT (2015) Antimicrobial peptides of the genus Bacillus: 419 

A new era for antibiotics. Can J Microbiol 61: 93–103.  https://doi.org/10.1139/cjm-2014-0613.  420 

18. Lee SG, Chang HC (2018) Purification and characterization of mejucin, a new bacteriocin produced 421 

by Bacillus subtilis SN7. LWT - Food Sci Technol 87: 8–15. 422 

https://doi.org/10.1016/j.lwt.2017.08.044.  423 

19. Mahlangu SG, Serepa-Dlamini MH (2018) First report of bacterial endophytes from the leaves 424 

of Pellaea calomelanos in South Africa. S Afr J Bot 114: 4235. 425 

https://doi.org/10.17159/sajs.2018/4235.   426 

20. Diale MO, Kayitesi E, Serepa-Dlamini MH (2021) Genome in silico and in vitro analysis of 427 

the probiotic properties of a bacterial endophyte, Bacillus paranthracis Strain MHSD3. Front Genet 428 

12:672149.https://doi.org/10.3389/fgene.2021.672149. 429 

21. Sharma G, Dang S, Gupta S, Gabrani R (2018)Antibacterial activity, cytotoxicity, and the 430 

mechanism of action of bacteriocin from Bacillus subtilis GAS101. Medical Princ Pract 27: 186–192. 431 

https://doi.org/10.1159/000487306.  432 

https://doi.org.10.1155/2020/8281623
https://doi.org/10.1089/fpd.2020.2804
https://doi.org/10.1128/AEM.71.8.4185-4190.2005
https://doi.org/10.3390/foods7060092
https://doi.org/10.1155/2014/968487
https://doi.org/10.1139/cjm-2014-0613
https://doi.org/10.1016/j.lwt.2017.08.044
https://doi.org/10.1016/j.lwt.2017.08.044
https://doi.org/10.17159/sajs.2018/4235
https://doi.org/10.3389/fgene.2021.672149
https://doi.org/10.1159/000487306


20 

 

20 

 

22. Bauer AW, Kirby WM, Sherries JC, Turck M (1966) Antibiotics susceptibility testing by the 433 

standardized single disc method. Am J Clin Pathol, 45:493–496.  434 

23. Clinical and Laboratory Standards Institute (CLSI) (2012) Methods for dilution antimicrobial 435 

susceptibility tests for bacteria that grow aerobically: approved standard: ninth edition. National 436 

committee for clinical laboratory standards (NCCLS). 950 West Valley Road, Suite 2500, Wayne, 437 

Pennsylvania 19087, USA. 438 

24. Shin MS, Han SK, Ryu JS, Kim KS, Lee WK (2008) Isolation and partial characterization of a 439 

bacteriocin produced by Pediococcus pentosaceus K23-2 isolated from Kimchi. J Appl Microbiol 440 

105:331–339. https://doi.org/10.1111/j.1365-2672.2008.03770.x.  441 

25. Shevchenko A, Tomas H, Havliš J, Olsen JV, Mann M (2007) In-gel digestion for mass 442 

spectrometric characterization of proteins and proteomes. Nat Protoc 1:2856–2860. 443 

https://doi.org/10.1038/nprot.2006.468.  444 

26. The UniProt Consortium, UniProt: the universal protein knowledgebase in 2021. (2021) 445 

Nucleic Acids Res 49: D480–D489, https://doi.org/10.1093/nar/gkaa1100.  446 

27. Jack R W, Tagg J R, Ray B (1995) Bacteriocins of gram-positive bacteria. Microbiol Rev 59: 447 

171–200. https://doi.org/10.1128/mr.59.2.171-200.1995.  448 

28. Negash AW, Tsehai BA (2020) Current Applications of Bacteriocin. Inter J Microbiol 449 

4374891. https://doi.org/10.1155/2020/4374891.  450 

29. Ayed, HB, Maalej H, Hmidet N, Nasri M (2015) Isolation and biochemical characterization of 451 

a bacteriocin-like substance produced by Bacillus amyloliquefaciens An6. J Glob Antimicrob Resist 452 

3(4): 255–261. https://doi.org/10.1016/j.jgar.2015.07.001.  453 

30. Flynn J, Ryan A, Hudson SP (2021) Pre-formulation and delivery strategies for the 454 

development of bacteriocins as next generation antibiotics. Eur J Pharm Biopharm 165, 149–163. 455 

https://doi.org/10.1016/j.ejpb.2021.05.015.  456 

31. Epparti P, Eligar SM, Sattur AP, S GKB, Halami, PM (2022) Characterization of dual 457 

bacteriocins producing Bacillus subtilis SC3 .7 isolated from fermented food. LWT 154:112854. 458 

https://doi.org/10.1016/j.lwt.2021.112854.  459 

32. Lajis AFB (2020) Biomanufacturing process for the production of bacteriocins from 460 

Bacillaceae family. Bioresour Bioprocess 7:8. https://doi.org/10.1186/s40643-020-0295-z.  461 

https://doi.org/10.1111/j.1365-2672.2008.03770.x
https://doi.org/10.1038/nprot.2006.468
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1128/mr.59.2.171-200.1995
https://doi.org/10.1155/2020/4374891
https://doi.org/10.1016/j.jgar.2015.07.001
https://doi.org/10.1016/j.ejpb.2021.05.015
https://doi.org/10.1016/j.lwt.2021.112854
https://doi.org/10.1186/s40643-020-0295-z


21 

 

21 

 

33. Bizani D, Dominguez APM, Brandelli A (2005) Purification and partial chemical 462 

characterization of the antimicrobial peptide cerein 8A. Lett Appl Microbiol 41: 269–273. 463 

https://doi.org/10.1111/j.1472-765X.2005.01748.x.  464 

34. Alam SI, Kamran M, Sohail M, Ahmad A, Khan SA (2011) Partial characterization of 465 

bacteriocin like inhibitory substance from Bacillus subtilis BS15, a local soil isolate. Pak J Bot 43:2195–466 

2199. 467 

35. Touraki M, Frydas I, Karamanlidou G, Mamara A (2012) Partial purification and 468 

characterization of a bacteriocin produced by Bacillus subtilis NCIMB 3610 that exhibits antimicrobial 469 

activity against fish pathogens. J Biol Res 18:310–319. 470 

36. Shin MS, Han SK, Ji AR, Kim KS, Lee WK (2008) Isolation and characterization of 471 

bacteriocin-producing bacteria from the gastrointestinal tract of broiler chickens for probiotic use. J 472 

Appl Microbiol 105: 2203–2212. https://doi.org/10.1111/j.1365-2672.2008.03935.x.  473 

37. Dobson A, Cotter PD, Ross RP, Hill C (2012) Bacteriocin production: a probiotic trait? Appl 474 

Environ Microbiol 2012; 78(1):1-6. https://doi.org/10.1128/AEM.05576-11.  475 

38. Stöver AG, Driks A (1999) Secretion, localization, and antibacterial activity of TasA, a Bacillus 476 

subtilis spore-associated protein. J Bacteriol  181: 1664–1672. https://doi.org/10.1128/JB.181.5.1664-477 

1672.1999.  478 

39. Tran PN, Yen MR, Chiang CY, Lin HC, Chen PY (2019) Detecting and prioritizing 479 

biosynthetic gene clusters for bioactive compounds in bacteria and fungi. Appl Microbiol Biotechnol 480 

103: 3277–3287. https://doi.org/10.1007/s00253-019-09708-z.  481 

40. Ichikawa N, Sasagawa M, Yamamoto, M, Komaki H, Yoshida Y, Yamazaki S, Fujita N (2013) 482 

DoBISCUIT: a database of secondary metabolite biosynthetic gene clusters. Nucleic acids res 41: 483 

D408–D414. https://doi.org/10.1093/nar/gks1177.  484 

41.  Chen R, Wong HL, Burns BP (2019) New Approaches to Detect Biosynthetic Gene Clusters 485 

in the Environment. Medicines (Basel) 6: 32. https://doi.org/10.3390/medicines6010032. 486 

42. Baral B, Akhgari A, Metsä-Ketelä M (2018) Activation of microbial secondary metabolic 487 

pathways: Avenues and challenges. Synth syst biotechnol 3:163–178. 488 

https://doi.org/10.1016/j.synbio.2018.09.001.   489 

43. Maleki F, Khosravi A, Nasser A, Taghinejad H, Azizian M (2016) Bacterial Heat Shock Protein 490 

Activity. J clin diagnostic res 10:BE01–BE3. https://doi.org/10.7860/JCDR/2016/14568.7444.  491 

https://doi.org/10.1111/j.1472-765X.2005.01748.x
https://doi.org/10.1111/j.1365-2672.2008.03935.x
https://doi.org/10.1128/AEM.05576-11
https://doi.org/10.1128/JB.181.5.1664-1672.1999
https://doi.org/10.1128/JB.181.5.1664-1672.1999
https://doi.org/10.1007/s00253-019-09708-z
https://doi.org/10.1093/nar/gks1177
https://doi.org/10.3390/medicines6010032
https://doi.org/10.1016/j.synbio.2018.09.001
https://doi.org/10.7860/JCDR/2016/14568.7444


22 

 

22 

 

44. Roncarati D, Scarlato V (2017) Regulation of heat-shock genes in bacteria: from signal sensing 492 

to gene expression output. FEMS Microbiol Rev  41: 549–574. https://doi.org.10.1093/femsre/fux015.  493 

45. Wu R, Zhang W, Sun T, Wu J, Yue X, Meng H and Zhang H (2011) Proteomic analysis of 494 

responses of a new probiotic bacterium Lactobacillus casei Zhang to low acid stress. Int J Food 495 

Microbiol 147(3) :181–187. https://doi.org/10.1016/j.ijfoodmicro.2011.04.003.  496 

46. Rocha ER, Smith CJ (1999) Role of the alkyl hydroperoxide reductase (ahpCF) gene in 497 

oxidative stress defense of the obligate Anaerobe bacteroides fragilis. J bacteriol 181: 5701–5710. 498 

https://doi.org/10.1128/JB.181.18.5701-5710.1999.  499 

47. Žgur-Bertok D (2013) DNA Damage Repair and Bacterial Pathogens. PLoS Pathog 9: 9–12. 500 

https://doi.org/10.1371/journal.ppat.1003711.   501 

48. Rice KP, Cox MM (2001) Recombinational DNA repair in Bacteria: Postreplication. ELS.  502 

https://doi.org/10.1038/npg.els.0000689.  503 

49. Amorim Franco T M, Blanchard JS (2017) Bacterial Branched-Chain Amino Acid 504 

Biosynthesis: Structures, Mechanisms, and Drugability. Biochemistry 56:5849–5865. 505 

https://doi.org/10.1021/acs.biochem.7b00849. 506 

50. Kaznadzey A, Shelyakin P, Gelfand MS (2017) Sugar Lego: gene composition of bacterial 507 

carbohydrate metabolism genomic loci. Biol Direct 12, 28. https://doi.org/10.1186/s13062-017-0200-508 

7.  509 

51. Jurtshuk, P Jr (1996) Bacterial Metabolism. In: Baron S, editor. Medical Microbiology. 4th 510 

edition. Galveston (TX): University of Texas Medical Branch at Galveston Chapter 4. Available from: 511 

https://www.ncbi.nlm.nih.gov/books/NBK7919/.  512 

52. Berg GM, Jørgensen, NOG (2006) Purine and pyrimidine metabolism by estuarine bacteria. 513 

Aquat Microb Ecol 42: 215–226. https://doi.org//10.3354/ame042215.  514 

53. Lopatkin AJ, Yang JH (2021) Digital Insights into nucleotide metabolism and antibiotic 515 

treatment failure. Front Digit Health 3: 583468. https://doi.org/10.3389/fdgth.2021.583468.  516 

54. Sharma V, Chitranshi N, Agarwal AK (2014) Significance and Biological Importance of 517 

Pyrimidine in the Microbial World.  Int J Med Chem.   https://doi.org.10.1155/2014/202784.   518 

55. Soufi B, Krug K, Harst A, Macek B (2015) Characterization of the E. coli proteome and its 519 

modifications during growth and ethanol stress. Front Microbiol 6:103. 520 

https://doi.org/10.3389/fmicb.2015.00103.  521 

https://doi.org.10.1093/femsre/fux015
https://doi.org/10.1016/j.ijfoodmicro.2011.04.003
https://doi.org/10.1128/JB.181.18.5701-5710.1999
https://doi.org/10.1371/journal.ppat.1003711
https://doi.org/10.1038/npg.els.0000689
https://doi.org/10.1021/acs.biochem.7b00849
https://doi.org/10.1186/s13062-017-0200-7
https://doi.org/10.1186/s13062-017-0200-7
https://www.ncbi.nlm.nih.gov/books/NBK7919/
https://doi.org/10.3354/ame042215
https://doi.org/10.3389/fdgth.2021.583468
https://doi.org.10.1155/2014/202784
https://doi.org/10.3389/fmicb.2015.00103


23 

 

23 

 

56. Troxell B, Hassan HM (2013) Transcriptional regulation by Ferric Uptake Regulator (Fur) in 522 

pathogenic bacteria. Front Cell Infec Microbiol 4: 1–13. https://doi.org/10.3389/fcimb.2013.00059.   523 

57. Wilson BR, Bogdan AR, Miyazawa M, Hashimoto K, Tsuji Y (2016) Siderophores in iron 524 

metabolism: From mechanism to therapy potential. Trend Mol Med 22:1077–1090.  525 

https://doi.org/10.1016/j.molmed.2016.10.005.  526 

58. Camici M, Garcia-Gil M, Pesi R, Allegrini S, Tozzi MG (2019) Purine-metabolising enzymes 527 

and apoptosis in cancer. Cancers 11:1354. https://doi.org/10.3390/cancers11091354.  528 

59. Garavito MF, Narváez-Ortiz HY, Zimmermann BH (2015) Pyrimidine metabolism: dynamic 529 

and versatile pathways in pathogens and cellular development. J gen genomics 42:195-205. 530 

https://doi.org/10.1016/j.jgg.2015.04.004.  531 

60. Schmoll M, Dattenböck C, Carreras-Villaseñor N, Mendoza-Mendoza A, Tisch D, Alemán, 532 

MI, et al (2016) The genomes of three uneven siblings: footprints of the lifestyles of three Trichoderma 533 

species. Microbiol Mol Biol Rev 80: 205-327. https://doi.org/10.1128/MMBR.00040-15.   534 

61. Chidambaram A, Sekar A, S H K, Chidambaram RK, Arunachalam K, G P S, Vilwanathan R 535 

(2017) Synthesis, characterization, and evaluation of Cd[L-proline]2, a novel histone deacetylase 536 

inhibitor that induces epigenetic modification of histone deacetylase isoforms in A549 cells. Invest New 537 

Drugs 35:691-705. https://doi.org/10.1007/s10637-017-0489-1.  538 

62. Castegna A, Menga A (2018) Glutamine synthetase: localization dictates outcome. Genes 9:108. 539 

https://doi.org/10.3390/genes9020108.   540 

63. Olivares AO, Baker TA, Sauer RT (2016) Mechanistic insights into bacterial AAA+ proteases 541 

and protein-remodelling machines. Nat Rev Microbiol 14:33-44. 542 

https://doi.org/10.1038/nrmicro.2015.4.  543 

64. De Los Rios P, Ben-Zvi A, Slutsky O, Azem A, Goloubinoff P (2006) Hsp70 chaperones 544 

accelerate protein translocation and the unfolding of stable protein aggregates by entropic pulling. Proc 545 

Natl Acad Sci  103:6166-6171. https://doi.org/10.1073/pnas.0510496103.  546 

65. Tiwari S, Raman Thakur JS (2015) Role of heat-shock proteins in cellular function and in the 547 

biology of fungi. Biotechnol Res Int. https://doi.org/10.1155/2015/132635.   548 

66. Jiang X, Meng X, Xian M (2009) Biosynthetic pathways for 3-hydroxypropionic acid 549 

production. Appl microbiol biotechnol 82: 995-1003. https://doi.org/10.1007/s00253-009-1898-7.   550 

https://doi.org/10.3389/fcimb.2013.00059
https://doi.org/10.1016/j.molmed.2016.10.005
https://doi.org/10.3390/cancers11091354
https://doi.org/10.1016/j.jgg.2015.04.004
https://doi.org/10.1128/MMBR.00040-15
https://doi.org/10.1007/s10637-017-0489-1
https://doi.org/10.3390/genes9020108
https://doi.org/10.1038/nrmicro.2015.4
https://doi.org/10.1073/pnas.0510496103
https://doi.org/10.1155/2015/132635
https://doi.org/10.1007/s00253-009-1898-7


24 

 

24 
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