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Abstract:  21 

BACKGROUND: Bacillus inaquosorum strains is widely recognized for their plant-22 

growth-promoting and biocontrol capabilities, yet their roles in protease production 23 

remain unclear. This study aims to comprehensively assess the protease-producing 24 

performance of B. inaquosorum strain E1-8, while also exploring the novel application 25 

of agricultural Bacillus proteases in the preparation of protein hydrolysates for fresh-26 

cut fruits preservation. 27 

RESULTS: Firstly, genomic sequencing revealed the diversity of E1-8 proteases, 28 

indicating 15 putative extracellular proteases. Subsequently, the fermentation 29 

conditions for E1-8 protease production were optimized, with sweet potato powder and 30 

soybean meal identified as the most suitable carbon and nitrogen sources, respectively, 31 

resulting in a maximum protease activity of 321.48 U/ml. Upon culturing the strain 32 

under these optimized conditions, only an S8 family serine protease and an M48 family 33 

metalloprotease were revealed by secretomic analysis and protease inhibitor assays. 34 

Additionally, the optimal protease conditions for generating protein hydrolysates from 35 

soy, pea, fish, and porcine proteins were determined. The molecular weight of the 36 

hydrolysates primarily ranged from 2000 to 180 Da, with a total of 17 amino acids 37 

identified. The application of these hydrolysates demonstrated a DPPH scavenging 38 

activity ranging from 58.64% to 84.12%, significantly reducing of the melting peaks 39 

and the freezing points. Furthermore, the browning index of apple slices stored at 4oC 40 

decreased by 14.81% to 22.15% on the second day, and similar effects were observed 41 

in fresh-cut banana stored at 4oC for 7 days. 42 



3 

 

CONCLUSION: The protein hydrolysates obtained exhibit remarkable antioxidant, 43 

antifreeze, and anti-browning properties for fresh-cut fruits. 44 

Keywords: agricultural microorganism; extracellular proteases; animal and plant 45 

protein; protein hydrolysates; fresh-cut fruits; fresh-keeping activity   46 
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INTRODUCTION  47 

The consumption of fresh-cut fruits is rapidly increasing, particularly among 48 

young consumers, due to their ease of carrying and consumption.1 Surface oxidation 49 

and cold damage diminish the appearance and freshness of fresh-cut fruits, which are 50 

typically stored on refrigerated shelves.2 Chemical agents, including sodium bisulfite, 51 

sodium metabisulfite, sodium erythorbate, sodium chloride, kojic acid, citric acid, and 52 

cysteine, have been extensively used as preservatives for fresh-cut fruits,3 along with 53 

antifreeze agents such as sugar, alcohol, and their compounds.4 The use of these 54 

chemical additives in fresh-cut fruits not only disrupts their natural tissue structure, 55 

taste, and nutritional content but also raises concerns about toxicity and high calorie 56 

content.3-4 Consequently, the development of novel biological preservatives, 57 

particularly those with antioxidant properties, holds significant promise in the fresh-cut 58 

fruit processing industry.  59 

Peptide-rich hydrolysates from both animal and plant proteins have garnered 60 

significant attention for their natural abundance, straightforward preparation, and 61 

superior performance.5 Hydrolysates from soy and pea plant proteins have been 62 

documented as possessing antioxidant, antimicrobial, antihypertensive, and anti-fatigue 63 

properties.6-8 Additionally, hydrolysates from fish and porcine animal proteins 64 

showcase considerable promise in the food industry, offering antioxidant, free radical-65 

fighting, anti-aging, and weight management benefits.9-10
 In contrast to acid and alkali 66 

hydrolysis, enzymatic methods, with the assistance of proteases, especially microbial 67 

proteases, offer heightened specificity, gentler reaction condition, and fewer residual 68 
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organic solvents and toxic chemicals to produce protein hydrolysates.
11-12

 Bacillus 69 

protease, extensively researched and commercialized, is a bacteria-derived enzyme. For 70 

instance, the B. licheniformis LBA46 protease generates antioxidant peptides from pea 71 

protein,13 while the B. subtilis A26 protease is employed to create sardine protein 72 

hydrolysates boasting antioxidant, antibacterial, and ACE inhibitory activities.14 As 73 

highlighted, antioxidant properties are a common feature of protein hydrolysates. To 74 

our knowledge, reports on the application of protein hydrolysates in fresh-cut fruits are 75 

relatively scarce. 76 

Sea rice is extensively cultivated on coastal mudflats of China, particularly in 77 

Jiaozhou Bay.15 Soil protease and the protease-producing microorganisms significantly 78 

influence the transformation of organic nitrogen in cultivation fields.16, 17 Reports  79 

indicate that sea rice cultivation enhances soil protease activity and the richness of 80 

protease-producing microorganisms.18 Bacillus-like bacterial communities dominate 81 

the soil microbiota in sea rice cultivation.18 Among the 129 protease-producing strains 82 

previously isolated from the coastal mudflats of Jiaozhou Bay,18, 19 B. inaquosorum E1-83 

8 was found to exhibit the highest protease production. B. inaquosorum is frequently 84 

noted for its broad-spectrum antibacterial properties, including strain T1’s resistance to 85 

Vibrio Parahaemolyticus,20 strain 76-1’s resistance to B. cereus, Staphylococcus aureus, 86 

and Salmonella enterica,21 and strain HU Biol-II’s resistance to various fungi.22 87 

Additionally, B. inaquosorum strains were regarded as potential agents for plant-growth  88 

promotion and biocontrol, such as strain KR2-7, effective against Fusarium wilt in 89 

tomatoes,23 and strain NL1, resistant to invasive harmful weed species.24  90 
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Although numerous studies have examined the antibacterial and plant growth-91 

promoting effects of B. inaquosorum, information regarding its protease production 92 

capabilities remains scarce. Consequently, this study presents the protease diversity of 93 

strain E1-8, derived from genome sequencing and analysis. Additionally, fermentation 94 

optimization was carried out, and secreted proteases from the optimized medium were 95 

identified using secretomic analysis and protease inhibitor assays. Furthermore, the 96 

proteases were applied to four distinct plant and animal proteins to produce protein 97 

hydrolysates, whose antioxidant, antifreeze, and anti-browning properties on fresh-cut 98 

fruits were subsequently evaluated. The findings of this research are anticipated to offer 99 

insights for novel applications of the proteases of B. inaquosorum in manufacturing 100 

protein hydrolysates for the preservation of fresh-cut fruits.  101 

MATERIALS AND METHODS 102 

Bacterial strain 103 

Strain E1-8, isolated from the coastal beach of Jiaozhou Bay in China, was 104 

identified as B. inaquosorum based on its 16S sequence (GenBank accession No. 105 

OQ618960). This strain is deposited at the China Center for Type Culture Collection 106 

under the accession No. M 20232071. Utilizing MEGA 11 and the neighbor-joining 107 

method, a phylogenetic tree was constructed based on the 16S rRNA gene sequences 108 

of strain E1-8. The protease producing ability of strain E1-8 was assayed following a 109 

protocol in previous studies with minor modifications.18, 19 In brief, solid culture media 110 

containing various protein substrates (1.0% milk powder, 0.5% casein, 2% gelatin, 0.5% 111 

soy protein, 0.5% pea protein, 2% fish protein, or 2% porcine protein) were prepared 112 
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by mixing them with 0.2% yeast extract, 1.5% agar, and artificial seawater, and 113 

adjusting the final pH to 8.0. The strain was streaked onto these media and incubated at 114 

37oC for four days. Subsequently, the hydrolysis zones were observed, and the 115 

diameters of the hydrolysis zones and colonies were measured. 116 

Genomic sequencing and analysis 117 

Strain E1-8 was cultivated in marine broth 2216 (BD Difco™, USA) at 25oC. 118 

Genomic DNA was extracted using a Genomic DNA Extraction Kit (Thermo 119 

Scientific™, USA). Genomic sequencing was performed by Biomarker Biotechnology 120 

Co. Ltd., China, on the Illumina Hiseq platform and the PacBio RS platform. Coding 121 

gene sequences were predicted and annotated using Prodigal v2.6.3 25and RAST v2.0.26 122 

The genomic data of E1-8 has been submitted to GenBank with the accession No. 123 

JAXOUB000000000. SignalP was used to predict the signal peptides of the proteases 124 

(http://www.cbs.dtu.dk/services/SignalP).27 The peptidase family was analyzed by 125 

conducting a Blastp search in the MEROPS peptidase database v11.0, with an E-value 126 

threshold of 1e-5 (http://merops.sanger.ac.uk). 28 127 

Optimization of fermentation medium and culture conditions 128 

Yeast extract (0.2%), gelatin (0.5%) and casein (0.3%) in the basal medium was 129 

replaced by seven kinds of carbon sources, namely sweet potato powder, rice bran, 130 

mung bean, bran, xanthan gum, sucrose, sorbitol, or seven kinds of nitrogen sources, 131 

including soybean meal, peanut cake meal, fish meal, soy protein, pea protein, peptone, 132 

skim milk powder. In addition, two single factors, the medium pH (6-10) and the 133 

fermentation temperature (20-45oC) were investigated for their effects on protease 134 
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production. Strain E1-8 was cultured in each modified medium, and the extracellular 135 

protease production was detected at the 36th hour. The sweet potato powder 136 

concentration, soybean meal concentration, medium pH, and fermentation temperature 137 

were selected as experimental factors for a further three-level orthogonal experiment.  138 

Secretomic sequencing and analysis  139 

Strain E1-8 was cultured at 37oC for 36 hours in a fermentation medium consisting 140 

of 3.5% sweet potato powder, 0.5% soybean meal, and artificial seawater, maintaining 141 

a pH of 7.0. Subsequently, the culture was centrifuged at 18,000 g, for 30 minutes at 142 

4oC. The supernatant underwent precipitation, denaturation, and desalination, using a 143 

previously described method with minor modifications.29 MS spectra were recorded 144 

using a mass spectrometer Orbitrap Elite in conjunction with an Easy-nLC 1000 145 

(ThermoFisher, Germany). The scanning protocol involved a full MS scan with a mass 146 

resolution of 120,000 across the 250–1450 m/z, followed by repeated CID MS/MS 147 

scans for the 20 most intense ions selected from the previous full MS scan with an 148 

isolation window. The normalized collision energy was set at 30%, and the activation 149 

time was maintained at 50 ms. Finally, the secreted proteins were analyzed using the 150 

Proteome DiscovererTM software v1.4.  151 

Characterization of the extracellular proteases 152 

Extracellular protease activity was assessed using the Folin-Ciocalteu method with 153 

casein, soy protein and pea protein as substrates, or with ninhydrin and sodium citrate 154 

colorimetry method using fish protein and porcine protein as substrates.30, 31 The impact 155 

of protease inhibitors on extracellular protease activity was examined using previously 156 
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reported procedure with minor modifications.32 Inhibitors included 157 

phenylmethylsulfonyl fluoride (PMSF, Sigma), 1,10-phenanthroline (OP, Sigma), E64 158 

(Merck), and Pepstatin A (PA, Merck). The influence of metal ions on extracellular 159 

protease activity was investigated using previously reported method.33 Metal ions tested 160 

included Mn2+, K+, Co2+, Ba2+, Li+, Ca2+, Mg2+, Ni2+, and Fe2+. Extracellular proteases 161 

were pre-incubated with each inhibitor and metal ion at 4oC for 1 hour, followed by 162 

measuring the residual enzyme activity using the Folin-Ciocalteu method with casein 163 

as substrate. Enzyme activity in the absence of inhibitors or metal ions was designated 164 

as 100%. 165 

Optimization of enzymatic hydrolysis parameters  166 

During the enzymatic hydrolysis of soy, pea, fish, and porcine proteins, single- 167 

factor experiments were carried out to optimize four key parameters: hydrolysis 168 

temperature, pH value, E/S ratio, and reaction time. Briefly, enzymatic hydrolysis was 169 

conducted across a range of temperatures from 10 to 80oC, pH levels from 2 to13, E/S 170 

ratios between 200 and 1200 U/g, and hydrolysis durations from 10 to 70 minutes. The 171 

hydrolysis reaction was terminated by heating the reaction mixture at 90oC for 15 172 

minutes, followed by centrifugation of the resultant slurry. For each parameter, the 173 

outcome was determined by the quantity of amino acids or short peptides released into 174 

the supernatant. 175 

Characterization of the enzymatic hydrolysates 176 

The enzymatic hydrolysis products of E1-8 extracellular proteases were obtained 177 

by optimizing hydrolysis conditions specifically for various protein substrates, 178 
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including soy protein (60oC, pH 12, 800 U/g, 60 min), pea protein (60oC, pH 11, 800 179 

U/g, 50 min), fish protein (50oC, pH 9, 1000 U/g, 50 min), and porcine protein (60oC, 180 

pH 11, 600 U/g, 50 min). The reaction mixture was centrifuged at 18,000 g for 30 181 

minutes at 4oC, after which the supernatant was collected and freeze-dried. The 182 

hydrolysis products, as reported by He et al., contained peptides and amino acids.34 The 183 

type and content of the fully hydrolyzed amino acids, obtained post-treatment with 6 M 184 

HCl, were analyzed using an Amino acid analyzer (L-8900, Hitachi, Japan). The 185 

molecular weight distribution of peptides in the enzymatic hydrolysis products was 186 

analyzed according to the previously reported procedures, with minor modifications.35 187 

Briefly, the protein hydrolysate sample was diluted, dissolved by ultrasonic treatment 188 

for 5 min, centrifuged, and then injected using microporous filtration. RP-HPLC 189 

(Waters alliance 2695, USA), equipped with a 2487 UV detector, an empower 190 

workstation GPC software, and a symmetry C18 column (Waters, Milford, USA), was 191 

utilized. The chromatographic conditions were set at a flow rate of 0.5 ml/min, a column 192 

temperature of 30oC, and a detection wavelength of 280 nm. The mobile phase system 193 

was water plus acetonitrile, and trifluoroacetic acid (TFA) was used as an ion-pair 194 

reagent.  195 

Detection of antioxidant and antifreeze activity  196 

The antioxidant activity of the hydrolyzed product was assessed using a previously 197 

reported procedure, with slight modifications.36 In brief, 2 ml of DPPH (100 μM) was 198 

combined with 1 ml of hydrolyzed product at concentrations ranging from 1 to 20 199 
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mg/ml, and incubated in the dark at 25oC for 40 minutes. Subsequently, the absorbance 200 

of the reaction mixtures was measured at 525 nm.  201 

The antifreeze activity of the hydrolysis products was analyzed via differential 202 

scanning calorimetry (DSC), with minor modifications to the protocol reported by Sui 203 

et al.37 In brief, each hydrolysis product (10-50 mg/ml) was introduced into an 204 

aluminium pans, cooled from 20oC to -25oC at the rate of -5oC/min, maintained at -205 

25oC for 5 minutes, and subsequently heated to 10oC using a DSC system (TAQ2000, 206 

METTLER TOLEDO, China) at a rate of 5oC/min. Heat flow was measured during 207 

both the cooling and heating phases. The freezing point of each hydrolysis product was 208 

identified as the onset of the heat flow curve during the heating phase.  209 

Browning index detection of fresh-cut fruits  210 

The impact of protein hydrolysates on browning of fruit slices was assessed 211 

following the protocol outlined by Wang et al.38 In brief, freshly cut apples and bananas 212 

were coated with each protein hydrolysate and subsequently exposed to air at either 213 

room temperature or 4oC. The browning extent of the fruit slices was observed and 214 

photographed every 24 hours. To assess the color of the fruit slices, parameters L*, a* 215 

and b* were obtained using a CR-400 automatic colorimeter (Konica Minolta Holdings, 216 

Japan) . Subsequently, the browning index (BI) value was calculated using the provided 217 

formula.  218 

BI = 100[(a*+1.75L*)/(5.645L*+a*-3.012b*)-0.31]/0.172 219 

Statistical analysis  220 
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The experiments were conducted in triplicate, and the values are presented as mean 221 

± standard deviation. The significance of differences between groups was evaluated 222 

using a paired sampling t-test. The statistical significance level was set at 5% (p-value 223 

< 0.05).  224 

RESULTS AND DISCUSSION 225 

Diversity analysis of the proteases of strain E1-8 by genome sequencing and gene 226 

annotation  227 

In our prior research focused on the community structure of protease-producing 228 

bacteria strains along the coastal mudflats of Jiaozhou Bay, which encompassed sea 229 

rice fields, clam growing zones, and adjacent regions, we isolated 129 strains of such 230 

bacteria, with strain E1-8 being the one with the highest protease output. 18, 19 Neighbor-231 

joining phylogenetic analysis identified this strain as B. inaquosorum (Fig. S1). As 232 

depicted in Fig. 1A, employing skim milk powder, casein, gelatin, soy protein, pea 233 

protein, fish protein and porcine protein as substrates, varied hydrolysis halos were 234 

observed around strain E1-8 on these protein plates, demonstrating its capability to 235 

break down diverse protein types. 236 

Sequencing of strain E1-8’s genomic DNA revealed a total size of 3,722,538 bp 237 

and an average GC content of 43.93%, with 4,125 predicted genes. Fig. S2 illustrates 238 

the genome’s circular representation. Next, we commenced analyzing the diversity of 239 

proteases within strain E1-8 and its family by genes annotation . According to Fig. 1B, 240 

strain E1-8 harbors 58 putative proteases, categorized into nine metalloprotease (M) 241 

peptidase families, eight serine (S) peptidase families, one cysteine (C) peptidase family, 242 
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one aspartic (A) peptidase family, one threonine (T) peptidase family, and three of 243 

unknown (U) catalytic type. Based on signal peptide predictions, 14 proteases with 244 

putative signal peptides were classified as extracellular, while the remaining 44 are 245 

considered intracellular proteases (Fig. 1B).  246 

 247 

Figure 1. Proteases production capacity of the strain E1-8. (A) Hydrolytic halos of 248 

strain E1-8 on protein substrate plates; (B) Putative number of the proteases of strain 249 

E1-8 in each Merops family based on genome sequencing and gene annotation. The 250 

putative number of extracellular proteases is displayed in orange and the number of 251 
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intracellular proteases in blue.  252 

As shown in Fig. 1B and Table 1, 15 putative extracellular proteases are 253 

categorized into 10 families. These families include two thermostable neutral proteases 254 

from the M4 family, one FtsH-like peptidase from the M41 family, two YhfN-like 255 

peptidases from the M48 family, one S2P-like peptidase from the M50 family, one 256 

chymotrypsin-like peptidase from the S1 family, three Subtilisin-like peptidases from 257 

the S8 family, two types of peptidases from the S41 family, and one each peptidase 258 

from the S14, S16, and S55 families. The M4 and S8 protease families are secreted to 259 

decompose extracellular proteins and peptides, serving as a nutritional source for the 260 

bacteria.39, 40 Notably, the S8 protease may process the capability to degrade animal 261 

collagen.41 The M48 protease is potentially involved in the hydrolysis of proteins.42 The 262 

predicted functions of other extracellular proteases from strain E1-8 include protein 263 

quality control, especially the degradation of unfolded or incorrectly synthesized 264 

proteins (Table 1).  265 

Table 1. The extracellular proteases of strain E1-8 predicted by genome sequencing 266 

and gene annotation. 267 

Gene ID Family Holotype Protease Predicted functions 

GE000896, 

GE002676 
M4 Thermolysin 

Most are secreted enzymes that 

degrade extracellular proteins and 

peptides for bacterial nutrition. 

GE004061 M41 FtsH 
Putative membrane 

metalloprotease 

GE002630 M48 YhfN Involved in proteolysis 

GE000270 M50 S2P Involved in sporulation 

GE002185 S1 Chymotrypsin 
Involved in intestinal digestion, 

IgA-mediated immune response 

GE000323, 

GE000355, 

GE000864 

S8 Subtilisin Involved in nutrition 

GE003904 S14 Clp endopeptidase Involved in both protein quality 
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control and the regulatory 

degradation of specific proteins 

GE002711 S16 Lon-A Degradation of unfolded proteins 

GE000017, 

GE003523 
S41 

C-terminal 

processing 

peptidase-1 

Degradation of incorrectly 

synthesized proteins 

GE003786 S55 SpoIVB Involved in sporulation 

Fermentation optimization of E1-8 for protease production 268 

The previously established flask fermentation medium for the protease-producing 269 

strain E1-8 comprised 0.2% yeast extract, 0.5% gelatin, 0.3% casein, and artificial sea 270 

water, maintained at a pH of 8.0.18, 19 In this research, this medium was termed the basic 271 

medium. To enhance protease production and minimize fermentation costs, sweet 272 

potato powder, rice bran, mung bean, bran, xanthan gum, sucrose, and sorbitol were 273 

employed as carbon sources, whereas soybean meal, peanut cake meal, fish meal, soy 274 

protein, pea protein, peptone, and skim milk powder served as nitrogen sources, all 275 

being more cost-effective alternatives to yeast extract, gelatin, and casein (Table S1). 276 

Sweet potato powder and soybean meal are demonstrated as the optimal carbon and 277 

nitrogen sources, respectively, because they enhanced protease production and 278 

minimized fermentation costs meanwhile (Fig. 2A and B, Table S1). Similar studies 279 

have shown that potato pulp powder boosts the production of acid protease in 280 

Aspergillus oryzae,1 whereas soybean meal emerges as the preferred nitrogen source 281 

for protease production and secretion in Bacillus amyloliquefaciens 35M.43 282 

Subsequently, the effects of concentrations of these two carbon and nitrogen 283 

sources were assessed through single-factor experiments. Fig. 2C indicates that the 284 

most effective concentrations of sweet potato powder and soybean meal were 3% and 285 

1%, respectively. Additionally, the study examined the impact of medium pH and 286 



16 

 

fermentation temperature, revealing that the most suitable pH and temperature were 7 287 

and 37oC, respectively (Fig. 2D). 288 

Based on the results of single-factor experiments, an orthogonal experiment was 289 

conducted to optimize the fermentation medium. As shown in Table S1, nine 290 

combinations of four single factors, including carbon source concentration, nitrogen 291 

source concentration, medium pH, and fermentation temperature, were generated using 292 

an L9 (34) design. The protease activity of strain E1-8 was assessed under each 293 

fermentation condition. Among these, combinations 2, 6, and 7 demonstrated the 294 

highest enzyme activity, with combination 6 reaching 315.80 U/ml (Fig. 2E, Table S2). 295 

The optimal fermentation combination was 3.5% sweet potato powder, 0.5% soybean 296 

meal, pH 7.0, and a temperature of 37oC (Table S2). The cost of the optimized medium 297 

is 0.54 yuan/L, significantly lower than that of the basal medium, which is 3.47 yuan/L, 298 

(Table S3). Finally, the verified optimal fermentation medium and culture condition 299 

combination achieved a maximum protease activity of 321.48 U/ml at the 60th hour 300 

(Fig. 2F). Overall, we successfully optimized the fermentation conditions, reduced the 301 

fermentation cost of producing protease by strain E1-8, and paved the way for the 302 

industrial application of E1-8 extracellular protease. 303 
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 304 

Figure 2. Optimization of the fermentation conditions of B. inaquosorum E1-8 to 305 

produce protease. (A) Impact of carbon source type on protease production; (B) Impact 306 

of nitrogen source type on protease production; (C) Impact of concentrations of sweet 307 

potato powder and soybean meal on protease production; (D) Impact of pH and 308 

fermentation temperature on protease production; (E) The protease production of strain 309 

E1-8 cultured under the fermentation conditions designed by orthogonal test; (F) The 310 

protease production of strain E1-8 cultured in the optimized fermentation medium over 311 

time; (insert) The abundance of strain E1-8 extracellular protease predicted by 312 

secretomic sequencing and analysis. The graphs show data from treatments conducted 313 

in triplicate (mean ± S.D.). Statistical analysis of enzyme activity was conducted by t-314 

test. The lowercase letter b and c represented significant differences between each 315 

group at p < 0.05 and p < 0.01, respectively. 316 

Identification and characterization of the extracellular proteases of strain E1-8  317 

The secreted proteome of strain E1-8 cultured in a medium composed of sweet 318 

potato powder and soybean meal was analyzed to ascertain the presence of secreted 319 

proteases. Interestingly, the secreted proteome comprises only two types of proteases: 320 

the S8 family serine protease (GE000323) and the M48 family metalloprotease 321 
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(GE000819). The S8 protease predominates with an abundance of 82.16%, followed by 322 

the M48 protease with 17.84% (Fig. 2F insert). We observed that only the S8 family 323 

proteases possess putative signal peptides, which are likely responsible for their 324 

extracellular secretion via signal peptide-mediated translocation. Conversely, the M48 325 

family proteases, lacking putative signal peptides, may be secreted via alternative 326 

secretion systems, such as non-classical secretion system.44 In strain E1-8, 14 predicted 327 

proteases have putative signal peptides, as detailed in Table 1. However, aside from the 328 

S8 family proteases, the other 13 proteases with putative signal peptides were not 329 

identified via secretomic analysis. A possible explanation is that these proteases were 330 

either not expressed or secreted below the detection threshold of the secreted proteome 331 

sequencing when strain E1-8 was cultured with sweet potato powder and soybean meal.  332 

The effects of protease inhibitors on the extracellular proteases of strain E1-8 were 333 

assessed to further study the types of extracellular proteases. Protease inhibitors include 334 

specific inhibitors for serine protease, metalloprotease, cysteine protease, and aspartic 335 

protease, namely PMSF, OP, E64, and PepA, respectively. PMSF and OP significantly 336 

inhibited the extracellular protease activity of E1-8 by 80.53% and 41.60%, respectively, 337 

whereas PepA and E64 demonstrated minimal inhibitory effects (Table 2). The findings 338 

indicate that the extracellular protease of strain E1-8 primarily consists of serine 339 

protease and metalloprotease, aligning with the aforementioned secretomic findings. 340 

Additionally, the study evaluated the impact of metal ions on the extracellular protease 341 

activity of strain E1-8. The presence of Mn2+ significantly increased the activity of 342 

extracellular protease in E1-8 by 242%, whereas Mg2+, Ni2+, and Fe2+ exhibited 343 
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inhibitory effects ranging from 61.86 to 88.07% (Table 2).  344 

Table 2. The impact of inhibitors and metal ions on the activity of E1-8 extracellular 345 

proteases a. 346 

Inhibitors 
Inhibition 

ratio (%) b 
Metal ions 

Relative 

activity (%) 
Metal ions 

Relative 

activity (%) 

Control 0.00 c a Control  100.00 a  Li+  89.29±8.77 a 

PMSF 80.53 ± 0.92 c Mn2+  242.36 ± 5.73 c Ca2+  89.00 ± 7.81 a 

OP  41.60 ± 1.70 c K+  99.21 ± 7.41 a Mg2+  88.07± 4.61 b 

E64  ND a Co2+  92.47±3.89 a Ni2+  80.32 ± 4.84 b 

PepA  ND a Ba2+  91.77 ±7.95 a Fe2+  61.86 ± 8.84 b  
a The group without the addition of any metal ion was designated as the control. Each 347 

data is a representative of at least three repeats. Statistical difference was evaluated by 348 

T-test. The lowercase letter b and c stand for significant differences between the control 349 

and the inhibitor/metal ion treatments at p < 0.05 and p < 0.01, respectively.  350 

b Inhibition ratio refers to the difference in relative residue activity between samples 351 

incubated with and without the addition of an inhibitor.  352 

c ND indicates that the inhibitory effect was not detectable.  353 

Enzymolysis optimization of E1-8 extracellular proteases  354 

To determine the potential application of E1-8 extracellular protease in the 355 

preparation of plant and animal protein hydrolysates, the activity of E1-8 protease on 356 

soy protein, pea protein, fish protein, and porcine protein was tested. Fig. S3 357 

demonstrates that the extracellular protease of strain E1-8 exhibits significant 358 

hydrolytic activity on both plant and animal proteins. To enhance the production of 359 

protein hydrolysates with the E1-8 extracellular protease, single-factor experiments 360 

were conducted to examine the effects of hydrolysis temperature, pH value, enzyme-361 

to-substrate (E/S) ratio, and reaction time on the released amino acids and peptides. The 362 

results indicated that the optimal hydrolysis temperature for soy protein, pea protein, 363 

and porcine protein substrates was 60oC, while the optimal hydrolysis temperature for 364 

fish protein substrates was 50oC (Fig. 3A). The extracellular protease from strain E1-8 365 
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demonstrates a broad pH tolerance ranging from 3 to 12. When pea protein and porcine 366 

protein as substrates, the enzyme’s activity peaked at pH 11, while at pH 12 with soy 367 

protein and pH 9 with fish protein (Fig. 3B). Under the optimized hydrolysis 368 

temperature and pH conditions, the optimal E/S ratio and reaction time for the E1-8 369 

extracellular protease were further determined. The optimal E/S ratios were found to be 370 

800 U/g for soy protein and pea protein, 1000 U/g for fish protein, and 600 U/g for 371 

porcine protein (Fig. 3C). The yield of the protein hydrolysates increased dramatically 372 

within the first hour, followed by minor fluctuations thereafter (Fig. 3D). Based on 373 

these results, a method for preparing plant and animal protein hydrolysates using E1-8 374 

extracellular protease was established, as illustrated in Fig. 3E. The freeze-dried powder 375 

of the prepared protein hydrolysate is completely soluble in water, yielding a clear, 376 

bitter-free solution that appears light yellow (Fig. 3F-I). 377 
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 378 

Figure 3. Optimization of the hydrolysis parameters of E1-8 extracellular protease 379 

towards soy protein, pea protein, fish protein, and porcine protein. (A) Effects of 380 

hydrolysis temperature; (B) Effects of pH value; (C) Effects of E/S ratio; (D) Effects of 381 

reaction time. The graphs show data from triplicate experiments (mean ± SD). (E) Flow 382 

sheet for the preparation of protein hydrolysates with E1-8 extracellular proteases; (F-383 

I) Lyophilized powder and solution (20 mg/ml) of the prepared protein hydrolysates. 384 

Analysis of amino acids and peptides in the protein hydrolysates 385 

The molecular weight distribution and amino acid composition are two critical 386 

indicators of the physicochemical and biological properties of protein hydrolysis.45 387 
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Initially, RP-HPLC was employed to assess the molecular weight distribution of the 388 

prepared protein hydrolysate. As illustrated in Fig. S4 and quantified in Table 3, the 389 

molecular weights of the hydrolysates from soy protein, pea protein, fish protein, and 390 

porcine protein primarily fall within the 2000 ~ 180 Da range, with respective 391 

proportions of 72.36%, 83.88%, 81.93%, and 75.18%. These findings demonstrate that 392 

the peptides in these hydrolysates are predominantly oligopeptides, consisting of 20 ~ 393 

2 amino acids.  394 

Table 3. The molecular weight distribution of the protein hydrolysates produced by 395 

E1-8 extracellular proteases. 396 

MW range 

(Da) 

Number 

of amino 

acids 

Percentage of peak area (%) 

soy protein 

hydrolysate 

pea protein 

hydrolysate 

fish protein 

hydrolysate 

porcine protein 

hydrolysate 

>10000 >100 0.7 0.17 0.19 0.23 

10000~5000 100~50 3.55 1.71 2.28 2.7 

5000~3000 50~30 2.77 3.52 5.19 9.93 

3000~2000 30~20 3.1 5.52 7.95 9.63 

2000～1000 20~10 10.3 16.57 19.64 19.41 

1000~500 10~5 23.96 33.22 35.78 31.12 

500～180 5~2 38.1 34.09 26.51 24.65 

＜180 1 17.54 5.21 2.45 2.33 

We conducted a detailed analysis of amino acid composition and content within 397 

the prepared hydrolysates. These hydrolysates contained 17 different amino acids, 398 

including seven essential amino acids for humans: Thr, Val, Met, Ile, Leu, Phe, and Lys 399 

(Table 4), suggesting their potential as functional foods. Additionally, plant protein 400 

hydrolysates are particularly rich in Glu, comprising 9.63% of soy protein hydrolysates 401 

and 8.89% of pea protein hydrolysates. The predominant amino acid in animal protein 402 

hydrolysates is glycine, making up 14.31% of fish hydrolysates and 14.29% of porcine 403 

protein hydrolysates. The variations between the plant and animal protein hydrolysates 404 
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are attributable to amino acid composition of the respective protein sources.18, 46  405 

Table 4. Composition and content of amino acids in protein hydrolysates prepared by 406 

E1-8 extracellular proteases. 407 

Amino acid  
 Soy protein 

hydrolysates 

Pea protein 

hydrolysates 

Fish protein 

hydrolysates 

 Porcine protein 

hydrolysates 

Asp 5.18 5.41 3.60 3.35 

Thr * 1.45 1.60 1.57 1.07 

Ser 1.91 2.26 3.49 1.99 

Glu 9.63 8.89 5.94 6.27 

Gly 1.64 1.74 14.31 14.29 

Ala 1.44 1.85 5.10 5.31 

Cys 0.47 0.21 0.12 0.72 

Val * 2.02 2.19 1.21 1.48 

Met * 0.35 0.22 0.78 0.24 

Ile * 1.85 2.02 0.80 0.73 

Leu * 2.86 3.61 1.40 1.75 

Tyr 1.69 1.46 0.34 0.43 

Phe * 2.31 2.43 1.12 1.10 

Lys * 2.76 3.50 2.10 2.27 

His 1.17 1.08 0.66 0.44 

Arg 2.67 3.82 4.51 4.91 

Pro 2.42 1.99 6.20 8.30 

* Human-essential amino acids. 408 

Antioxidant and antifreeze abilities of the protein hydrolysates 409 

To assess the antioxidant activity of the prepared protein hydrolysates, we 410 

evaluated their free radical scavenging activity against 2, 2-Diphenyl-1-Picrylhydrazyl 411 

(DPPH). DPPH scavenging activity significantly increases with the concentration of 412 

each protein hydrolysis product, demonstrating a concentration-dependent pattern (Fig. 413 

4A-D). At a concentration of 10.0 mg/ml, the scavenging rates of the four protein 414 

hydrolysates on DPPH are as follows: soy protein hydrolysate with a rate of 68.58 ± 415 

0.23% (Fig. 4A), pea protein hydrolysate with 67.31 ± 1.90 % (Fig. 4B), fish protein 416 

hydrolysate at 53.33 ± 2.69 % (Fig. 4C), and porcine protein hydrolysate at 56.78 ± 417 
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2.33 % (Fig. 4D), which are significantly higher than the commercial free radical 418 

scavenging material, HA, and the hydrolysate enriched with fish collagen oligopeptides, 419 

prepared from the serine protease of Pseudoalteromonas sp. SM9913, with a 420 

scavenging rate of 34 ± 1.91% as reported in our prior research.47, 48 Additionally, at a  421 

concentration of 20 mg/ml, the scavenging rates of these protein hydrolysates were 422 

84.12%, 83.98%, 75.57%, and 58.64%, respectively, highlighting pronounced and 423 

significant antioxidant activity. Reports indicate that acidic amino acids (Glu, and Asp), 424 

alkaline amino acids (Lys, Arg, and His), aromatic amino acid (Tyr), and sulfur-425 

containing amino acid (Cys) possess robust antioxidant capacities.49,50 Notably, all 426 

these amino acids have been identified in the aforementioned composition and content 427 

analysis of amino acids (Table 4), thereby accounting for the antioxidant activity 428 

exhibited by protein hydrolysates prepared using E1-8 extracellular proteases. 429 

To assess the antifreeze properties of these protein hydrolysates, their melting peak 430 

and freezing point were measured. Based on the DSC experiment results, it can be 431 

inferred that the melting peaks of protein hydrolysates from both plant and animal 432 

sources are significantly lower than those of the PBS solution (Fig. 4E-H), indicating 433 

that all four protein hydrolysates demonstrate an inhibitory effect on the icing process. 434 

Additionally, the freezing points of the four protein hydrolysates were found to be 435 

significantly lower than that of the PBS solution (Fig. 4I-L), highlighting their 436 

antifreeze capabilities and potential as antifreeze agents. Similar finding indicated that 437 

peptides with a high Gly content derived from tilapia scales possess antifreeze 438 

capabilities, potentially maintaining the fluidity of cell membrane through hydrogen 439 
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bonding within phospholipid bilayer, thereby safeguarding Streptococcus thermophilus 440 

against low temperature.51 Reports also indicate that the peptides abundant in Gly, Ala, 441 

Leu, and Glu exhibit notable antifreeze performance.52,53 The protein hydrolysates 442 

produced using E1-8 extracellular protease comprise all these amino acids (Table 4), 443 

contributing to their antifreeze abilities.  444 

 445 

Figure 4. Antioxidant and antifreeze abilities of protein hydrolysates produced by the 446 

extracellular proteases of strain E1-8. (A-D) DPPH scavenging ability. The reference 447 

line represents the value of a hydrolysate enriched with fish collagen oligopeptides, 448 

prepared from the serine protease of Pseudoalteromonas sp. SM9913 48; (E-H) Heat 449 

flow curves and (I-L) freezing points during the warming process. The reference line 450 

represents the value of 0.5 mol/l glycerol. Each data is representative of at least three 451 

repeats. The vertical bars indicate the standard error of the means. The statistical 452 

difference was evaluated using the t-test. The lowercase letter b and c represented 453 

significant differences between the PBS and protein hydrolysates treatment at p < 0.05 454 

and p <0.01, respectively. 455 
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Application of the protein hydrolysates on fresh-cut fruits 456 

Compared with whole fruits, the cut surfaces of fresh-cut fruits are prone to 457 

oxidation and browning, posing a significant challenge in their storage and 458 

preservation.1 Additionally, refrigeration storage is a standard preservation technique 459 

for both vegetables and fruits, particularly for fresh-cut fruits. However, the cooling 460 

preservation process can also pose risks to fruits and vegetables.54 To evaluate the 461 

practical application of prepared protein hydrolysates in fresh-cut fruits, their 462 

effectiveness in preventing browning was studied across different temperatures. Over 463 

the two-day of storage period, fresh-cut apples displayed progressively severe 464 

browning on their cut surfaces (Fig. S5A). As illustrated in Fig. 5, the groups treated 465 

with the prepared protein hydrolysates exhibited lower browning index values after two 466 

days, indicating their potential to inhibit fruit browning. On the second day, when stored 467 

at 4oC, the BI values for the soy, pea, fish, and porcine protein hydrolysate groups were, 468 

respectively, 22.15%, 16.89%, 18.30%, and 14.81% lower than the control group (Fig. 469 

5A). Similarly, when stored at 25oC, the decrease ratios were approximately 12.61%, 470 

11.21%, 14.46%, and 12.92%, respectively, (Fig. 5B).  471 

In addition, as a tropical fruit, bananas are prone to chilling injury during 472 

refrigeration, particularly following mechanical cutting (Fig. S5B). By treating banana 473 

slices with a 20 mg/ml protein hydrolysate solution, the browning of fresh-cut banana 474 

was significantly inhibited after 7 days of storage at 4oC (Fig. 5C). Taken together, the 475 

protein hydrolysates we have prepared exhibits remarkable antioxidant and antifreeze 476 
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properties, effectively preventing browning in fresh-cut fruits, thus making it a highly 477 

promising biological fresh-keeping agent. 478 

 479 

Figure 5. The impact of protein hydrolysates on the browning of fresh-cut fruits. The 480 

tissue browning phenotype and browning index of fresh-cut apples after storage for 2 481 

days at 4oC (A) and 25oC (B), and of fresh-cut bananas after storage for 7 days at 4oC 482 

(C). Each data is representative of at least three repeats. The statistical difference was 483 

evaluated using the t-test. The lowercase letter b and c represent significant differences 484 
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between the PBS and protein hydrolysates treatment at p < 0.05 and p < 0.01, 485 

respectively. 486 

CONCLUSIONS 487 

The present study revealed that B. inaquosorum strain E1-8 possesses 58 putative 488 

proteases, and 15 of the putative proteases were noticed as extracellular proteases. It 489 

was discovered that sweet potato powder and soybean meal were most suitable carbon 490 

and nitrogen sources, respectively. The secretomic analysis revealed that two 491 

extracellular proteases, namely an S8 family serine protease and an M48 family 492 

metalloprotease, were present when strain E1-8 was cultivated in optimized 493 

fermentation medium, and were further confirmed by the protease inhibitor assay. The 494 

investigation showed that significant hydrolytic abilities against soy protein, pea 495 

protein, fish protein, and porcine protein were exhibited by the extracellular proteases 496 

of strain E1-8 . Moreover, the parameters of hydrolysis conditions for the production of 497 

protein hydrolysates using E1-8 extracellular proteases were further optimized, 498 

resulting in protein hydrolysates that exhibited notable antioxidant activity and 499 

antifreeze activity. In addition, findings revealed that the plant and animal protein 500 

hydrolysates produced were effective in preventing the occurrence of browning 501 

reactions in fresh-cut banana and apples stored under refrigerated conditions. Overall, 502 

the outcome of this study have presented new insights into the proteases of B. 503 

inaquosorum and some other agricultural microorganisms by highlighting their 504 

diversity and potential applications. 505 
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Figure Legends: 679 

Figure 1. Proteases production capacity of the strain E1-8. (A) Hydrolytic halos of 680 

strain E1-8 on protein substrate plates; (B) Putative number of the proteases of strain 681 

E1-8 in each Merops family based on genome sequencing and gene annotation. The 682 

putative number of extracellular proteases is displayed in orange and the number of 683 

intracellular proteases in blue.  684 

Figure 2. Optimization of the fermentation conditions of B. inaquosorum E1-8 to 685 

produce protease. (A) Impact of carbon source type on protease production; (B) Impact 686 

of nitrogen source type on protease production; (C) Impact of concentrations of sweet 687 

potato powder and soybean meal on protease production; (D) Impact of pH and 688 

fermentation temperature on protease production; (E) The protease production of strain 689 

E1-8 cultured under the fermentation conditions designed by orthogonal test; (F) The 690 

protease production of strain E1-8 cultured in the optimized fermentation medium over 691 

time; (insert) The abundance of strain E1-8 extracellular protease predicted by 692 

secretomic sequencing and analysis. The graphs show data from treatments conducted 693 

in triplicate (mean ± S.D.). Statistical analysis of enzyme activity was conducted by t-694 

test. The lowercase letter b and c represented significant differences between each 695 

group at p < 0.05 and p < 0.01, respectively. 696 

Figure 3. Optimization of the hydrolysis parameters of E1-8 extracellular protease 697 

towards soy protein, pea protein, fish protein, and porcine protein. (A) Effects of 698 

hydrolysis temperature; (B) Effects of pH value; (C) Effects of E/S ratio; (D) Effects of 699 

reaction time. The graphs show data from triplicate experiments (mean ± SD). (E) Flow 700 

sheet for the preparation of protein hydrolysates with E1-8 extracellular proteases; (F-701 

I) Lyophilized powder and solution (20 mg/ml) of the prepared protein hydrolysates. 702 
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Figure 4. Antioxidant and antifreeze abilities of protein hydrolysates produced by the 703 

extracellular proteases of strain E1-8. (A-D) DPPH scavenging ability. The reference 704 

line represents the value of an hydrolysate enriched with fish collagen oligopeptides, 705 

prepared from the serine protease of Pseudoalteromonas sp. SM9913 47; (E-H) Heat 706 

flow curves and (I-L) freezing points during the warming process. The reference line 707 

represents the value of 0.5 mol/l glycerol. Each data is representative of at least three 708 

repeats. The vertical bars indicate the standard error of the means. The statistical 709 

difference was evaluated using the t-test. The lowercase letter b and c represented 710 

significant differences between the PBS and protein hydrolysates treatment at p < 0.05 711 

and p <0.01, respectively. 712 

Figure 5. The impact of protein hydrolysates on the browning of fresh-cut fruits. The 713 

tissue browning phenotype and browning index of fresh-cut apples after storage for 2 714 

days at 4oC (A) and 25oC (B), and of fresh-cut bananas after storage for 7 days at 4oC 715 

(C). Each data is representative of at least three repeats. The statistical difference was 716 

evaluated using the t-test. The lowercase letter b and c represent significant differences 717 

between the PBS and protein hydrolysates treatment at p < 0.05 and p < 0.01, 718 

respectively. 719 


