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Abstract
Protein hydrolysates are composed of peptones and peptides, and their type depends on the biological 
source and manufacturing process. We studied the survival response of Salmonella enterica in the 
presence of casein, soy protein, and fish protein hydrolysates at refrigeration and freezing temperatures. 
Fish protein hydrolysate (FPH) was identified as the only capable hydrolysate of sustaining the viability of  
S. enterica for 60 days at refrigeration temperatures. None of the three hydrolysates were able to 
impart cryoprotection to S. enterica under freezing conditions. The survival rate of S. enterica in FPH 
was further enhanced by growing the inoculum on agar instead of broth. An optimization study using 
response surface methodology was also conducted to identify suitable concentrations of protein 
hydrolysates capable of maximizing the survival of S. enterica. The results of this study can be used 
to manage Salmonella-related food safety incidents by replacing animal-sourced with plant-sourced 
protein hydrolysates at the recipe development stage, as well as the use of FPH in microbiological 
growth media and the formulation of secondary reference materials. These results indicate that 
FPH produced by enzymatic hydrolysis of Stolephorus indicus at lower concentrations (5%) can serve 
as nutritive agents in culture media, contribute to long-term preservation, and can be used in the 
formulation of quantitative reference materials for Salmonella.
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INTRODUCTION

 Peptones and peptides are common 
names used for protein hydrolysates.1 The preferred 
sources of protein hydrolysates are by-products 
and waste produced after processing plants and 
animal products. Protein hydrolysates are widely 
used for food fortification, feed supplements, and 
health foods.2 The types of peptones and peptides 
present in protein hydrolysates depend on the 
biological source and manufacturing process. 
The protein hydrolysate manufacturing process 
involves hydrolysis using acids, alkalis, heat, 
enzymes, or microbial fermentation. Hydrolysis 
generates different types of bioactive peptides 
with antimicrobial properties.3,4,5 Several studies 
have recommended the use of bioactive peptides 
derived from protein hydrolysates in food and 
food packaging to prevent microbial spoilage.6,7 
The most expensive ingredient in microbiological 
culture media is nitrogen, and studies have been 
conducted to evaluate FPHs produced from fish 
or shrimp waste and peptones from casein, yeast, 
soy, and gelatin as cost-effective alternatives.8-13 
Catfish protein hydrolysate has been used in 
the formulation of microbiological secondary 
reference materials by food-testing laboratories 
under ISO 17025:2017 to maintain data accuracy 
and prevent false-negative reporting.14 Peptones 
are classified based on their source, and the 
four major categories are meat (e.g., tryptose 
and gelatin), vegetable (e.g., soy and pea), milk-
derived (e.g., casein and whey), and mycological 
(e.g., yeast and fungi).10 Casein hydrolysate (CH), 
fish protein hydrolysate (FPH), and soy protein 
hydrolysate (SPH) were selected for this study to 
represent the three major categories of peptones. 
The nitrogen content of plant- and animal-derived 
protein hydrolysates ranges from >7% to 15% and 
is mostly dependent on the source and method 
of hydrolysis employed (thermal, acidic, alkaline, 
or enzymatic).15,16,17 The total nitrogen content 
from proteins estimated with the Kjeldahl method 
based on commercial manufacturer data for 
casein and soy protein hydrolysates were ≥ 8% 
and ≥ 12%, respectively. Stolephorus indicus was 
used for the production of FPH, which has an 
average of 12±1% of total nitrogen content from 
protein.18 Salmonella enterica was selected as the 

target microorganism for assessing the effects of 
the selected protein hydrolysates, as Salmonella 
is among the top three bacteria responsible for 
foodborne illnesses worldwide.19 In 2022, the 
International Food Safety Authorities Network 
(INFOSAN) reported a total of 109 biological food 
safety incidents, where Salmonella contributed 
to 35% (38 incidents) of the total biological food 
safety incidents.20 All three protein hydrolysates 
were individually assessed for their potential 
to maintain long-term survival of S. enterica at 
5±2°C and -18±3°C for 60 days. To enhance the 
survival of S. enterica, an agar-based inoculum, 
was tested to determine whether it imparts 
better survival properties than the broth-grown 
inoculum. Response surface methodology (RSM) 
was employed to optimize the concentration of the 
selected protein hydrolysates, and the combined 
effect of the different protein hydrolysates was 
determined. The key objectives of this study were 
to assess the survival of S. enterica in the presence 
of different types of protein hydrolysates and 
identify potential hydrolysates that can be used 
as nitrogen sources in microbiological culture 
media and as nutritive agents in the formulation 
of secondary reference materials. Owing to the 
presence of bioactive peptides in hydrolysates, the 
findings of this study may allow the development 
of better-suited hydrolysates for use in food 
formulations to avoid food safety incidents 
involving Salmonella.

MATERIALS AND METHODS

Culture Preparation
 The Microbial Type Culture Collection and 
Gene Bank (MTCC) strain of S. enterica subspp. 
Arizonae MTCC 660T (equivalent to NCTC8297 & 
ATCC13314) was obtained from the Institute of 
Microbial Technology (IMTech), Chandigarh, in 
a lyophilized state. Resuscitation was performed 
as per instructions from IMTech, which involved 
the use of nutrient broth as the growth media 
and incubation at 25°C for 24 h. After the revival 
of lyophilized cultures, 10% glycerol stocks were 
prepared for long-term usage and stored at 
-18±3°C. For the preparation of 2 log CFU culture, 
the culture of S. enterica was inoculated in 
tryptone soy broth (TSB) and incubated overnight 
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at 37°C followed by serial dilution. The last three 
serial dilution tubes (10-7, 10-8, and 10-9) were used 
for estimating the culture density. After estimating 
the titer, the appropriate serial dilution tube was 
used for inoculation in protein hydrolysates.21,22 
Further, the effect of inoculum type on the growth 
and survival of the test organism was studied by 
reviving the 10% glycerol stock on trypticase soy 
agar (TSA) instead of TSB. In the earlier method 
of inoculum preparation, the growth medium was 
TSB, and, after revival at 37±1°C for 18-24 h, the TSB 
inoculum was subjected to serial dilution in 0.85% 
saline and the desired serial dilution was used for 
further inoculation in protein hydrolysates. For 
agar-grown inoculum, TSA was used as the growth 
medium for the revival of S. enterica present in 
10% glycerol stock solutions. The bacterial culture 
was streaked on TSA and incubated at 37±1°C for 
18-24 h. A single colony was selected for serial 
dilution in 0.85% saline to estimate the titer, and 
the desired dilution tube was used for further 
inoculation in FPH. Introduction of agar instead 
of broth for inoculum preparation further acted 
as an environmental stress to already stressed S. 
enterica, which is preserved in glycerol at freezing 
conditions, to evaluate the survival of S. enterica 
owing to the inclusion of agar as growth media 
instead of broth.19

Protein hydrolysates used in the study
 SPH obtained from Merck (Sigma 
catalogue no. S1674-100G) was a beige-colored 
powder derived from the hydrolysis of soybeans 
(Glycine max). SPH is soluble in water in the 
presence of a slight haze containing 4% moisture, 
8% ash, 9% amino nitrogen, and 13% total nitrogen. 
Technical-grade CH obtained from Loba Chemie 
(Catalogue no. 02575-500G) was a light brown 
powder with an ash content of 20.80% and a total 
nitrogen content of 12.7%. FPH obtained from 
ICAR – Central Institute of Fisheries Technology 
(CIFT), Kochi (India), was used for conducting the 
experimental study. Notably, FPH were prepared 
from Indian anchovy (Stolephorus indicus) by 
enzymatic hydrolysis using papain at ICAR-CIFT. 
The liquid extract was spray-dried to produce a 
light brown powder containing <10% moisture and 
a total nitrogen content of 13.5±0.5%. 

RSM software
 Design Expert V 22.0.0.1 (US, Stat-
Ease Inc.) software was used for optimization 
studies employing RSM. RSM, a multivariate 
optimization strategy, was used to reduce reagent 
or consumable spending, along with a reduction in 
laboratory work owing to the optimization of the 
required experimental runs.23 The RSM software 
used a quadratic model, and accuracy was 
determined using analysis of variance (ANOVA). 
The response from the RSM study was tested for a 
quadratic model utilizing the Box-Behnken Design 
methodology (BBD), as there were three variable 
factors involved: CS, SPH, and FPH. The lowest 
level factor for each of the protein hydrolysates 
was set at 0, the mid-level factor at 5%, and the 
highest factor at 10%; the coded value for the 
lowest level factor was -1, 0 for the mid-level 
factor value, and +1 for the highest factor value. 
Refrigeration (5±2°C) and freezing temperatures 
(-18±3°C) were used for storage, and, after regular 
intervals, the viability was assessed using TSA in 
duplicates. The two types of variables included in 
this multivariate study were responses and factors. 
The response was the dependent variable, and 
the factors had three levels. Based on individual 
studies on each protein hydrolysate, the factors 
were finalized at three concentration levels. In 
our study, more than one response was observed, 
as the response was measured in the form of 
survival/viability at consecutive intervals of 0, 
7, 14, 21 and 28 days. Employing BBD for RSM 
was beneficial, as it allowed the estimation of 
parameters using a quadratic model, sequential 
design build-up, application of blocks, and model 
lack-of-fit detection.23 The correlations between 
the variables in the quadratic model and the three 
variables are represented by Eq. 1. The coefficient 
estimate represents the expected change in 
response per unit change in the factor value when 
all the remaining factors are held constant. The 
intercept in the orthogonal design is the overall 
average response of all runs. The coefficients are 
adjusted around that average based on the factor 
settings.
 Y=Intercept+x1 (A)+x2 (B)+ x3 (C)+ x4 (AB)+ 
x5 (AC)+ x6 (BC)+ x7 (A)2+x8 (B)2+x9 (C)2 (1)
 where Y = response value (survival rate), 
A = casein hydrolysate, B = soy protein hydrolysate, 
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C = fish protein hydrolysate, and x1– x9 = coefficient 
estimates of the respective factors.

RESULTS AND DISCUSSION

 Protein hydrolysates were individually 
assessed using S. enterica at 5%, 10%, 15%, 20%, 
and 25% to identify their effects on the survival of 
S. enterica. A culture (2.16 log) of S. enterica used 
for the study was prepared using a serial dilution of 
a culture grown overnight in TSB.21, 22 The individual 
study was followed by an optimization study using 
RSM to investigate the presence of synergistic 
or antagonistic effects among the three protein 
hydrolysates and to identify the best concentration 
of protein hydrolysates leading to the maximum 
survival of S. enterica.

Effects of CH on the survival of S. enterica
 The survival of S. enterica was studied at 
5, 10, 15, 20, and 25% of CH for 60 days at 5±2°C. 
The results (Figure 1) show that 5% CH supported 
the growth of the bacterium (~59% survivors) 
for up to 30 days, beyond which no survivor was 
observed. None of the other concentrations of 
CH supported the survival of S. enterica at 5±2°C. 

Generally, the major protein of milk is casein, 
which constitutes 80% of the total milk proteins 
and comprises α-, β-, γ-, and κ-casein.24 CHs and 
peptides derived from casein have antioxidant 
and antimicrobial properties against foodborne 
pathogens, including S. enterica.25-29 The generation 
time and yield of Salmonella serovar Typhimurium 
were dependent on the source; peptones derived 
from casein and soy were unable to produce 
significant yields when used as constituents in 
buffered peptone water, as compared to peptones 
derived from yeast and gelatin.10 These results 
are well supported by another study in which 
UV-irradiated S. Typhimurium was resuscitated 
with CH in broth and minimal media. No survival 
enhancement was observed for lag phase cells in 
minimal media and stationary phase cells in broth 
and minimal media, suggesting the ineffectiveness 
of CH in promoting the survival of S. Typhimurium 
under stress conditions.30 Intermittent survival of 
S. enterica was observed, which could result from 
the presence of environmental stresses such as low 
temperature and the presence of CH as the only 
nutrient, leading to a viable but non-culturable 
state that can be resuscitated later.31 Furthermore, 
CH did not exhibit any cryoprotective effects under 

Figure 1. Survival of S. enterica subspp. Arizonae MTCC 660T in presence of 5, 10, 15, 20 & 25% casein hydrolysate 
stored at 5±2°C for 60 days. Graph contains viability results obtained at fixed intervals of 0, 7, 14, 21, 30, and 60 
days with error bars at 95% confidence interval and n=2 for each response
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freezing conditions, with no survival of S. enterica 
observed at -18 ± 3°C after 7 days of storage.

Effects of SPH on the survival of S. enterica
 The survival of S. enterica was studied 
using 5, 10, 15, 20, and 25% SPH at 5±2°C, and 
-18±3°C for a 60-day storage period. All SPH 
concentrations failed to support the survival of 
S. enterica at refrigeration (Figure 2), as only 10% 
SPH showed 47.22% survival on Day 7, whereas 
5% SPH resulted in 27.76% survival on Day 14, 
which reduced to no survival from Day 21 for 
all SPH concentrations. Similar to CH, SPH was 
unable to impart cryoprotection at -18±3°C, and 
no growth was observed from 7 days of storage 
period onwards. This pattern may result from 
the antimicrobial peptides present in the plant 
products.32 SPH is derived from soybeans (Glycine 
max) that are rich in bioactive peptides such as 
glycinin and β-conglycinin, which have prominent 
antibacterial and antioxidant effects against S. 
enterica.33 Hydrolysates from soy protein isolates 
inhibit the growth of S. Typhimurium and, in some 
instances, synergistic inhibitory effects can also be 
seen with hydrolysates from bovine whey protein 
and egg protein.34 CH and SPH at concentrations 
of 15%–25% were unable to support growth from 

Day 14 of storage, which can be attributed to the 
increase in the concentration of antibacterial 
peptides from 15% concentration onwards. This 
could result from an increase in a particular 
fraction of bioactive peptides present in CH and 
SPH with increasing concentrations.35,36

Effects of FPH on the survival of S. enterica
 The survival of S. enterica was studied at 
5, 10, 15, 20, and 25% of FPH at 5±2°C for a 60-day 
storage period. The FPH was the only hydrolysate 
capable of supporting S. enterica viability when 
stored at 5±2°C. At 5, 10, and15% FPH and a 
storage temperature of 5±2°C, the bacterium 
showed 102.11%, 113.29%, and 94.42% recovery 
of S. enterica, respectively, at the end of 60 days. 
However, FPH concentrations of 20, and 25% were 
ineffective in maintaining the viability of S. enterica 
at 5±2°C after 30 days of storage (Figure 3). In a 
similar study conducted with 14% tuna FPH, the 
highest viability of Salmonella after freeze-drying 
was 67.08%.37 FPH is the most effective protein 
hydrolysate for sustaining the growth of Salmonella 
according to a study conducted by Petrova et al.38 
There have been studies in which FPH was used in 
matrices along with the freeze-drying technique 
to create a secondary reference material for 

Figure 2. Survival of S. enterica subspp. Arizonae MTCC 660T in presence of 5, 10, 15, 20 & 25% soy protein hydrolysate 
stored at 5±2°C for 60 days. Graph contains viability results obtained at fixed intervals of 0, 7, 14, 21, 30, and 60 
days with error bars at 95% confidence interval and n=2 for each response



  www.microbiologyjournal.org1188Journal of Pure and Applied Microbiology

Singh et al | J Pure Appl Microbiol. 2024;18(2):1183-1195. https://doi.org/10.22207/JPAM.18.2.37

Salmonella.14 The peptones obtained from cod FPH 
have demonstrated better growth of S. entereditis 
compared to the growth of Staphylococcus aureus 
when used in microbiological culture media.38 
Higher concentrations of FPH (20% and 25%) were 
unsuitable for the prolonged survival of S. enterica 
. The results showed no growth of the bacterium 
at a concentration of 25% from Day 7 onwards, 
whereas a 20% concentration of FPH resulted in a 
decrease in survival from Day 7 onwards, with no 
growth on Day 14. The lack of survival of S. enterica 
at higher FPH concentrations can be attributed 
to an increase in the concentration of bioactive 
peptides, leading to an inhibitory effect on the test 
microorganisms.39,40 A pattern similar to that of 
CH and SPH was observed with FPH being unable 
to impart cryoprotection to S. enterica at -18±3°C 
with no growth observed from Day 7 onwards.

Enhancement of survival using an agar-based 
inoculum of S. enterica in FPH
 Adaptability to environmental stress can 
lead to prolonged survival, which can be induced 
if the inoculum is subjected to various stress 
conditions, including growth on an agar-based 
medium instead of broth.19 Hence, during inoculum 
preparation of S. enterica, TSA was used instead of 

broth. The inoculum grown on agar medium (2.74 
log culture) was tested at 5, 10, 15, 20, and 25% 
of FPH and 5±2°C for a storage period of 60 days. 
When comparing the inoculum prepared from 
broth and agar, it was observed that the inoculum 
grown on agar offered a better survival rate, along 
with an increase in the number of S. enterica cells 
compared to the broth culture (Figure 4). The 
results showed recoveries of 121.29%, 120.07%, 
and 123.29% at FPH concentrations of 5, 10, and 
15 %, respectively. Although an improvement 
in survival was observed at 20% and 25% FPH 
concentrations, no growth was observed after 
60 days of storage. The inoculum prepared on 
agar plates survived after 60 days of storage at 
5 to 15% FPH concentrations. This could result 
from an increase in the survival capacity of the 
inoculum grown on agar compared to broth, as 
the development of resistance in Salmonella in 
response to unfavorable environmental conditions 
can be achieved by growing the inoculum on agar-
based media.19 Several studies on the survival 
of Salmonella in the presence of environmental 
stress have shown that inocula grown on agar 
are resistant to adverse conditions of drying, 
heat, desiccation, and cold storage, leading to 
an increase in survival rate compared to broth-

Figure 3. Survival of S. enterica subspp. Arizonae MTCC 660T in presence of 5, 10, 15, 20 & 25% fish protein hydrolysate 
stored at 5±2°C for 60 days. Graph contains viability results obtained at fixed intervals of 0, 7, 14, 21, 30, and 60 
days with error bars at 95% confidence interval and n=2 for each response
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grown inocula,41,42,43 which can be attributed to 
the expression of various stress response regulons 
upon the transition from a liquid to a solid 
medium.44 Therefore, the inoculum grown on agar 
medium was used for further optimization studies 
using RSM.

Optimization of protein hydrolysate concentration 
using RSM
 To evaluate synergistic effects among 
the hydrolysates that could improve the survival 
of S. enterica at low temperatures (5±2°C and 
-18±3°C), RSM was performed using controllable 
variables (factors) of 0, 5, and 10%, concentrations 
of each protein hydrolysate (CH, SPH, and FPH) 
keyed in the software with the coded values 
are -1, 0, and -1, respectively. The experimental 
setup for the RSM involved three-level factor (0, 
5%, and 10%) concentrations for all three protein 
hydrolysates, resulting in 17 experimental points 
or runs that resulted in a combination of different 
concentrations of the three protein hydrolysates 

(Table 1). The Box-Behnken experimental design 
(BBD) was used because the study design met 
the minimum three-factor requirements of BBD, 
and there was more than one response that had 
to be monitored over an interval of 7 days for a 
storage period of 28 days. All readings were taken 
in duplicate using blank and culture controls. The 
RSM study at the storage temperature of -18±3°C 
showed no survival from Day 7 onwards. Table 1 
provides details of the BBD, along with the actual 
recovery and predictive values for S. enterica 
converted to log 10 values for storage temperature 
at 5±2°C. ANOVA of the proposed model for the 
optimization of protein hydrolysates was found 
to be significant, as the model F- values were 
higher (291.56 at Day 0, 403.13 at Day 7, 345.50 
at Day 14, 210.35 at Day 21, and 403.15 at Day 
28) and the model p-values were <0.0001, which 
needs to be <0.05 to confirm the significance of 
the model. Similarly, the predicted R² value of 
0.9799 (Day 28) was in reasonable agreement with 
the adjusted R² value of 0.9956 (Day 28), that is, 

Figure 4. Survival of agar grown inoculum of S. enterica subspp. Arizonae MTCC 660T  in presence of 5, 10, 15, 20 & 
25% fish protein hydrolysate stored at 5±2°C for 60 days. Graph contains viability results obtained at fixed intervals 
of 0, 7, 14, 21, 30, and 60 days with error bars at 95% confidence interval and n=2 for each response
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the difference was less than 0.2, demonstrating 
a strong correlation between the experimental 
and predicted values (Table 2). The coefficients 
of variance (C.V%) observed for the model were 
3.50, 6.89, 4.74, 9.90, and 4.58 at 0, 7, 14, 21, 
and 28 days, respectively. The observed C.V% was 
<10%, indicating that the model was reproducible. 
Adequate precision determines the variation 
in the response in relation to the target under 
varying noise conditions, where a value of > 4 is 
desired. The adequate precision for the model was 
observed to be 60.18, 68.93, 62.60, 45.46, and 
70.08 for 0, 7, 14, 21, and 28 days, respectively.
 The overall linear model was satisfactory 
and highly statistically significant at Days 7, 14 & 
21 (model p < 0.0001, leading to a confidence 
limit of >99%) for S. enterica. For Day 0 & Day 28, 
the quadratic model was found to be satisfactory 
& statistically highly significant (model p value < 
0.0001 leading to a confidence limit of >99%). 
The relationship between the survival rates of 
S. enterica and the three protein hydrolysates 
observed on Day 28 are shown in the Eq. 2.

 Y=1.91-0.32(A)-1.16(B)+0.37(C)+ 
0 . 1 6 ( A B ) - 0 . 1 3 ( A C ) - 0 . 2 6 ( B C ) - 0 . 0 4 ( A ) 2+ 
0.20(B)2+0.11 (C)2(2)
 Throughout the study, variance inflation 
factors (VIFs) were observed to be 1.00, indicating 
their orthogonal nature. Multicollinearity between 
the independent variables was assessed using the 
VIFs, and because the VIFs were observed to be 
1.00, no correlation was observed between the 
independent variables. Calculated deviation values 
(actual and predicted values of activities) for S. 
enterica at Days 0 (3.50%), 7 (6.89%), 14 (4.74%), 
21 (9.90%), and 28 (4.58%) were observed within 
the allowed limits (±10%), therefore showing 
the model to be satisfactory and statistically 
significant. The signal-to-noise ratio for S. enterica 
at Days 0 (60.18), 7 (68.927), 14 (62.601), 21 
(45.458), and 28 (70.083) were greater than the 
desired ratio (4.0), further indicating the accuracy 
of the proposed model. The effects of CH, SPH, and 
FPH on S. enterica survival was further elaborated 
by 3-D surface contour graphs (Figure 5), where 
the maximum survival response was achieved at 
5% FPH in the absence of CH and SPH.

Figure 5. The 3D-surface contours showing the effect of CH, SPH & FSH (i) Day 0; (ii) Day 7; (iii) Day 14; (iv) Day 21; 
and (v) Day 28 recovery of S. enterica subspp. Arizonae MTCC 660T at 5±2°C
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CONCLUSION

 Protein hydrolysates have wider 
applications; apart from their nutritional 
properties; they exhibit biological properties, 
including antioxidant, antimicrobial, cholesterol-
reducing, hypoglycemic, and anticancer effects. 
Bioactive peptides from protein hydrolysates have 
gained significant attention, and several studies 
have explored their antimicrobial properties. In 
this study, we evaluated the nutritive properties 
of animal- and plant-based protein hydrolysates 
for future application in microbiological culture 
media and the creation of a secondary reference 
material for Salmonella. The key findings were that 
FPH was the only hydrolysate that was effective in 
maintaining the long-term viability of S. enterica. 
Inoculum grown on agar further aided the 
survival of S. enterica with increased recovery and 
better viability in FPH. We further observed that 
treatment with 5% FPH from Stolephorus indicus 
resulted in better recovery and prolonged survival 
of S. enterica and can be used along with other 
preservation techniques, such as freeze-drying and 
encapsulation, for the homogeneous and stable 
preservation of Salmonella. Additionally, CH and 
SPH can be utilized to isolate bioactive peptides 
and as food additives for Salmonella control in 
food and food-contact packaging materials.
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