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A B S T R A C T

Bovine milk shows bacteriostatic activity mainly due to the presence of antibacterial proteins, like lactoferrin,
lactoperoxidase and immunoglobulins. Heat treatment is applied to kill bacteria and thereby extend shelf life of
dairy products. Such heat treatment may, however, impair the activity of native antibacterial proteins in milk.
The aim of this study was to investigate bacteriostatic capacity and retention of antibacterial proteins in un-
heated and heated bovine milk. Skim milk samples were heated at 65 °C, 70 °C, 75 °C, 80 °C and 85 °C, for 30min.
Whey was isolated from the heat-treated skim milk and the bacteriostatic capacity of this whey was tested
against Streptococcus thermophilus, Escherichia coli, Lactococcus lactis and Pseudomonas fluorescens. The proteomic
profile of native whey was determined using LC-MS/MS-based proteomics. Results showed that the bacteriostatic
activity of whey negatively correlated with intensity of heat treatment, which was also reflected in the reduced
level of native antibacterial proteins. There is a significant difference between milk samples treated for 30min
at< 75 °C and milk samples treated at ≥75 °C in both bacteriostatic capacity and native antibacterial proteins.
Growth rates of Streptococcus thermophilus, Lactococcus lactis and Pseudomonas fluorescens were negatively cor-
related with retention of lactoferrin and lactoperoxidase. In conclusion, our study shows that the bacteriostatic
capacity of whey decreases with increasing heating intensity, which is strongly correlated with the denaturation
of antibacterial proteins. Bacteriostatic activity can be a biomarker for loss of function of antibacterial proteins,
and can thereby be used as an indicator for the extent of heat processing of dairy products including antibacterial
proteins in a mild heat treatment.

1. Introduction

Bovine milk exerts bacteriostatic ability due to the presence of
various antibacterial proteins and peptides, such as lactoperoxidase,
immunoglobulin and lactoferrin. Heat treatment is applied to milk and
dairy products to ensure their microbiological safety and shelf life.
Thermal processes can, however, impact functional properties of milk
proteins, e.g. their ability to exert an bacteriostatic capacity. It was
reported that consumption of raw cow’s milk reduced the risk of
common respiratory infections (Loss et al., 2015), while processed
human milk and bovine milk (e.g. pasteurization, boiling, ultra-high
temperature processing) had significantly increased risks for these
diseases for new born (Dritsakou, Liosis, Valsami, Polychronopoulos, &
Skouroliakou, 2016; Loss et al., 2015; Montjaux-Regis et al., 2011),
which may be due to the presence of immune-active proteins in raw
milk that have been destroyed upon heat treatment. Bacteriostatic ca-
pacity of human milk against Escherichia coli was decreased after high-

temperature treatment (Silvestre, Ruiz, Martinez-Costa, Plaza, & Lopez,
2008). Studies on the stability of whey proteins during heat processing
showed that many, especially immune-active, proteins were decreased
or absent in processed milk (Brick et al., 2017; Zhang et al., 2016).
Although milk contains many immune-active proteins, lactoferrin,
lactoperoxidase and immunoglobulin are the main ones in bovine milk
(Madureira, Pereira, Gomes, Pintado, & Xavier Malcata, 2007). In ad-
dition, low abundant immune-active proteins including monocyte dif-
ferentiation antigen CD14 and complement components could con-
tribute to beneficial immune effects of milk. All these immune-active
proteins are strongly affected by heat processing (Brick et al., 2017).

Lactoferrin (LF) is an iron-binding glycoprotein present in the milk
and other secretory fluids of many mammalian species. Bovine lacto-
ferrin consists of 689 amino acids and is present at around 20–200mg/L
in cow’s milk (Steijns & van Hooijdonk, 2000). It was reported to exert a
broad range of biological activity including being antibacterial, anti-
virus, immunomodulatory. Lactoferrin is therefore added into infant
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formula to improve health of new-born (King et al., 2007). The anti-
microbial activity of lactoferrin is mainly contributed to its iron-se-
questering and lipopolysaccharide-binding properties (Farnaud &
Evans, 2003). Studied showed that heat treatment could reduce iron-
binding capacity of lactoferrin (Mata, Sánchez, Headon, & Calvo,
1998). Therefore, a decrease of the antibacterial activity of lactoferrin
may be caused by reduction of its iron-binding capacity. A study
showed that holder pasteurization (63 °C/30min) of skim milk reduced
the native lactoferrin content by about 40%. It was also reported that
pasteurisation at a different temperature/time combination (72 °C/15 s)
led to a similar 40%−50% denaturation, though it showed similar
bacteriostatic properties as unheated lactoferrin. Ultra-high-tempera-
ture treated lactoferrin, on the other hand, was completely denatured
and lost its inhibitory capacity on Escherichia coli (Paulsson, Svensson,
Kishore, & Naidu, 1993).

Lactoperoxidase (LPO) is one of the most prominent enzymes in
bovine milk containing 612 amino acids, which exerts its function as
LPO system with hydrogen peroxidase and the pseudohalogen thio-
cyanate. Lactoperoxidase catalyses the peroxidation of thiocyanate and
some halides to produce components that inhibit the growth of a
variety of bacteria (Bjorck, Rosen, Marshall, & Reiter, 1975;
Kussendrager & van Hooijdonk, 2000; Reiter, Marshall, Bjorck, &
Rosen, 1976), which may contribute to the prevention of enteric in-
fections in neonates (Reiter, Marshall, & Philips, 1980; Still, Delahaut,
Coppe, Kaeckenbeeck, & Perraudin, 1990). Activity of lactoperoxidase
decreased when it was heated at 62 °C/20min or 72 °C/6 min (Claeys,
Van Loey, & Hendrickx, 2002) and showed a complete inactivation at
78 °C/15 s in bovine milk (Dumitrascu, Stanciuc, Stanciu, & Rapeanu,
2012). LPO was completely inactivated in milk samples subject to heat
treatment at ≥80 °C for 10min, which is used as an indicator of heat
treatment of milk around 80 °C (Sharma & Rajput, 2014).

Immunoglobulins (Ig) are secreted by mammals to control infec-
tions, and consequently can also be part of passively transferred im-
munity to neonates. Three classes of immunoglobulins have been
identified in bovine milk, IgA, IgM and IgG. Previous studies found that
oral administration of bovine colostrum could provide passive immune
protection for humans through its immunoglobulins (Fang, Tuomola,
Arvilommi, & Salminen, 2001; Hurley & Theil, 2011). It was reported
that holder pasteurisation (63 °C/30min) denatured 33% of IgM, but
had no effect on the other two major immunoglobulins (Mainer,
Sanchez, Ena, & Calvo, 1997). However, heat-sterilization denatured all
immunoglobulins (Kummer et al., 2008). In vitro antibacterial activity
of immunoglobulin is controversial. It was reported that isolated bovine
IgG from a single cow did not reveal any inhibitory activity on Es-
cherichia coli, but it can enhance specifically the bacteriostatic activity
of lactoferrin against the strain pathogenic to calves, NCTC 10,444
(Spik, Cheron, Montreuil, & Dolby, 1978; Stephens, Dolby, Montreuil, &
Spik, 1980).

The effect of heat processing on the bovine milk proteome was re-
ported in several studies, helped by the development of high-
throughput methods, equipment, and software approaches (Greenwood
& Honan, 2019). In these studies, industrial heating processes or single
heat treatments were applied to observe differences in the protein
profile, as induced by heat treatment (Brick et al., 2017; Felfoul, Jardin,
Gaucheron, Attia, & Ayadi, 2017; Tacoma et al., 2017; Zhang et al.,
2016). However, these studies did not look at the effect of small

variations in temperature on the protein profile. Also, denaturation of
proteins was generally studied without directly linking this to the
protein’s biological function. A biomarker for protein function is the
bacteriostatic capacity, which should be based on a wide range of
bacteria that can grow in milk and are known to be sensitive to anti-
bacterial proteins. A detailed study about how heat treatment affects
both protein denaturation and the bacteriostatic capacity of bovine
milk in a temperature range under 100 °C would thus be useful, because
previous studies showed that in this temperature range part of the an-
tibacterial proteins may survive the heat treatment. Therefore, the aim
of this study was to investigate the effect of such heat treatments on
denaturation of a wide range of immune-active milk protein, and the
bacteriostatic capacity of milk, to provide evidence for the relation
between the denaturation and bioactivity of these milk proteins.

2. Material and methods

The experimental approach of this study is depicted in Fig. 1.

2.1. Material

Bovine raw tank milk was obtained from Wageningen University
farm (Wageningen, Netherlands) from clinically healthy cows.

2.2. Methods

2.2.1. Heat treatment
Raw milk was centrifuged at 1500g for 20min at 4 °C (with rotor

16.250, Avanti Centrifuge J-26 XP, Beckman Coulter, USA) to remove
the fat. After centrifugation, skimmed milk samples were heated. For
this, 50 ml raw milk samples were poured into centrifuge tubes and
heated for 30min in a water bath at 65 °C, 70 °C, 75 °C, 80 °C and 85 °C
in triplicate. After heat treatment, samples were immediately cooled to
room temperature for further analysis.

2.2.2. Whey preparation
After heat treatment, the milk samples were immediately cooled to

room temperature. Casein and denatured proteins was removed ac-
cording to a previous paper (Law & Leaver, 2000), all skimmed milk
samples were acidified by drop-wise addition of 1M HCl under stirring,
until a pH of 4.6 was reached. The samples were then kept at 4 °C for
30min to equilibrate. The acidified skim milk was ultracentrifuged at
100,000g for 90min at 30 °C (with rotor 70 Ti, Beckman L-60, Beckman
Coulter, USA). After ultracentrifugation, samples were separated into
three phases. The top layer was milk fat, the middle layer was whey
with the native milk proteins, and the bottom layer (pellet) was mi-
cellar casein with the denatured whey proteins.

2.2.3. SDS-polyacrylamide gel electrophoresis
The protein content of the whey was determined by Milkoscan

(FT120, FOSS, Hillerød, Denmark), as previous paper (Somers, Guinee,
& Kelly, 2002). Whey was diluted 5-fold with distilled water. Two
microliter of each protein sample was heated at 70 °C for 10min with
5 µL 4X concentrated LDS sample buffer (NP0007, Thermo Fisher Sci-
entific, Massachusetts, USA), 2 μL 10X concentrated Sample reducing
agent (NP0009, Thermo Fisher Scientific, Massachusetts, USA) and

Fig. 1. The flow chart of the research.
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13 μL of water. Ten microliter of each protein sample was loaded onto a
10% Bis-Tris gel (NP0301BOX, Thermo Fisher Scientific, Massachusetts,
USA). A prestained protein ladder (26616, Thermo Fisher Scientific,
Massachusetts, USA), ranging from 10 kDa to 180 kDa, was used to
monitor the progress of SDS-polyacrylamide gel electrophoresis. The
gel was run in MES buffer (NP0002, Thermo Fisher Scientific, Massa-
chusetts, USA) at 120 V for approximately 120min at room temperature
(XCell SureLock Mini-Cell, Thermo Fisher Scientific, Massachusetts,
USA). The gel was stained with Coomassie Brilliant Blue R-250
(1610436, Biorad, California, USA) for one hour and then destained for
four hours with washing buffer (10% (v/v) ethanol and 7.5% (v/v)
acetic acid) while mildly shaking at room temperature.

2.2.4. Proteomics analysis
The FASP (Filter Aided Sample Preparation) method was carried out

according to previous articles (Hettinga et al., 2011; Lu et al., 2011;
Wiśniewski, Zougman, Nagaraj, & Mann, 2009). Whey samples (20 μL)
were diluted in SDT-lysis buffer (100mM Tris/HCl pH 8.0+ 4%
SDS+0.1M dithiothreitol) to reach a protein content of approximately
1 μg/μL. Samples were then incubated for 10min at 95 °C. They were
centrifuged at 13,524g for 10min after being cooled down to room
temperature (Eppendorf 5424, Eppendorf, Hamburg, Germany). Then,
20 μL of sample in SDT was directly added to the middle of 180 μL
0.05M IAA (Iodoacetamide)/UT (100mM Tris/HCl pH 8.0+8M urea)
in a low binding Eppendorf tube and incubated for 10min while mildly
shaking at room temperature. The sample (100 μL) was transferred to a
Pall 3 K omega filter (10–20 kDa cutoff, OD003C34; Pall, Washington,
NY, USA) and centrifuged at 13,524g for 30min. Another three cen-
trifugations at 13,524g for 30min were carried out after adding three
times 100 μL UT, respectively. After that, 110 μL 0.05M ABC (0.05M
NH4HCO3 in water) was added to the filter unit and centrifuged at
13,524g for 30min. The filter was transferred to a new low-binding
Eppendorf tube. Then, 100 μL ABC containing 0.5 μg trypsin was added
to the filter. After incubation for 2 h at 45 °C, the tube with filter was
centrifuged at 13,524g for 30min. Finally, the filter was removed and
6 μL 10% trifluoroacetic acid (TFA) was added to adjust the pH of the
sample to around 2. These samples were ready for LC-MS/MS.

The LC-MS/MS parameters are the same as described previously
(Zhang et al., 2015a, 2015b). First, 18 μL of the trypsin-digested whey
protein fractions was injected on a 0.10 ∗ 30mm Magic C18AQ 200A
5 μm beads (Michrom Bioresources Inc., USA) pre-concentration
column (prepared in house) at a maximum pressure of 800 bar. Peptides
were eluted from the pre-concentration column onto a 0.10 ∗ 200mm
ReproSil-Pur 120 C18-AQ 1.9 µm beads analytical column with an
acetonitrile gradient at a flow of 0.5 μL/min, using gradient elution
from 8% to 33% acetonitrile in water with 0.5 v/v % acetic acid in
50min. The column was washed using an increase in the percentage
acetonitrile to 80% (with 20% water and 0.5 v/v % acetic acid in the
acetonitrile and water) in 3min. Between the pre-concentration and
analytical column, an electrospray potential of 3.5 kV was applied di-
rectly to the eluent a stainless steel needle fitted into the waste line of
the micro cross. Full scan positive mode FTMS spectra were measured
between m/z 380 and 1400 on an LTQ-Orbitrap XL (Thermo Electron,
San Jose, CA, USA). CID-fragmented MSMS scans of the four most
abundant doubly- and triply-charged peaks in the FTMS scan were re-
corded in data-dependent mode in the linear trap (MSMS
threshold=5.000).

2.2.5. Bacteriostatic properties analysis
Streptococcus thermophilus (C106 strain, CSK Food Enrichment cul-

ture collection, Ede, Netherlands), Escherichia coli K12 (DSM 498,
DSMZ, Braunschweig, Germany), Lactococcus lactis ssp. lactis (DSM
20481, DSMZ, Braunschweig, Germany), and Pseudomonas fluorescens
(DSM 50900, DSMZ, Braunschweig, Germany) were activated in nu-
trient broth from frozen stock for 24–48 h at their optimum tempera-
ture (Streptococcus thermophilus, 45 °C; Escherichia coli, 37 °C;

Lactococcus lactis ssp. lactis, 30 °C; Pseudomonas fluorescens, 30 °C). The
suspensions of these four strains were stored at 4 °C and reactivated
before inoculation. Reactivated bacterial strains were centrifuged for
5min at 12,000g (with Rotor FA-45-30-11, Microcentrifuge 5430R,
Eppendorf, Hamburg, Germany) after which the bacterial pellets were
dissolved in PFZ (peptone physiological salt solution; Tritium
Microbiology, The Netherlands). After the optical density (OD) had
been measured with a spectrophotometer (Cary 50 UV–Visible
Spectrophotometer, Agilent Technologies, USA), dilutions of bacteria
were made with PFZ for inoculation.

All whey samples were micro-filtrated by RC membrane (Ø 0.45 μm
with 26mm syringe filters; Phenex) to eliminate bacteria in the starting
material (< 10 CFU/ml), and transferred into glass culture tubes.
Bacteria were inoculated into the prepared whey samples at final bac-
terial concentration around 102 to 103 CFU/ml, after which they were
incubated at their optimum temperatures for 2 hours based on our
preliminary study (Data not shown). One milliliter of the samples was
taken out for plating on specific agar and then incubated overnight.

Only the plates with between 20 and 300 colonies were counted. If
only one dilution had proper counts (between 20 and 300 colonies),
N= n * d; If two dilutions for the same sample had proper counts, the
calculation of the CFU/ml was according to the following equation:

=
∑

× + × ×
N

C
n n d[(1 ) (0.1 ) ( )]1 2

where N=number of colonies per ml of product, ΣC= sum of all co-
lonies on all plates counted, n1= number of plates in lower dilution
counted, n2= number of plates in next higher dilution counted,
d= dilution from which the first counts were obtained. This calculation
was based on Bacteriological Analytical Manual (BAM) from the U.S.
Food and Drug Administration (https://www.fda.gov/food/laboratory-
methods-food/bam-aerobic-plate-count#conventional, accessed August
20, 2019) (Maturin & Peeler, 2001).

2.2.6. Assay of enzyme activity
The LPO activity was measured by following the H2O2-dependent

oxidation of pyrogallol at 420 nm (Chance & Maehly, 1955). Briefly,
0.32ml potassium phosphate buffer (0.1 M, pH 6.0), 0.32ml 5% pyr-
ogallol and 0.16ml 0.5% hydrogen peroxide solution were mixed in a
cuvette. The reaction was initiated by the addition of 0.1 ml milk
sample. Blank measurements were carried out with pyrogallol and milk
sample only. The increase in absorbance at 420 nm (ΔA420 nm) for
approximately 5min was recorded. The ΔA420 nm/20 s was obtained
using the maximum linear rate for both the test and blank. One unit will
form 1.0mg of purpurogallin from pyrogallol in 20 s at pH 6.0 at 20 °C.
All tests were performed in triplicate.

2.2.7. Data analysis
For proteomics, each run with all MSMS spectra obtained was

analyzed with Maxquant 1.6.0.1 with the Andromeda search engine
(Cox & Mann, 2008). Carbamidomethylation of cysteines was set as a
fixed modification. The digestion of enzyme was set as trypsin. Oxi-
dation of methionine, N-terminal acetylation and de-amidation of as-
paragine or glutamine were set as variable modifications for both
identification and quantification. The bovine (taxonomy ID: 9913) re-
ference database for peptide and protein searches was downloaded as
fasta file from Uniprot with reverse sequences generated by Maxquant.
All fasta files were downloaded from http://www.uniprot.org/ (ac-
cessed Dec 2013). A set of 31 protein sequences of common con-
taminants was used as well, which included Trypsin (P00760, bovine),
Trypsin (P00761, porcine), Keratin K22E (P35908, human), Keratin
K1C9 (P35527, human), Keratin K2C1 (P04264, human), and Keratin
K1C1 (P35527, human). A maximum of two missed cleavages were
allowed, and a mass deviation of 0.5 Da for fragment MS/MS peaks and
20 ppm and 4.5 ppm for the peptide MS peaks during the first and main
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search, respectively. The false discovery rate (FDR) was set to 1% on
both peptide and protein level. The length of peptides was set to at least
seven amino acids. Finally, proteins were identified based on minimally
2 distinct peptides of which at least one unique and at least one un-
modified. The intensity based absolute quantification (iBAQ) algorithm
calculates the sum of all peptide intensities divided by the number of
theoretically observable tryptic peptides, which has been reported to
have a good correlation with known absolute protein concentrations
over at least four orders of magnitude (Schwanhäusser et al., 2011). The
iBAQ values can thus be used as an indication for the absolute amount
of proteins in the samples and was therefore used to show the quanti-
tative effect of heating on the milk proteins.

Data analysis was performed using R 3.4.0. Packages “plyr” and
“ggplot2” were used for multiple comparisons of means, and graphical
representation of the data, respectively. p < 0.05 was considered to
indicate significant differences among groups. ANOVA, and Tukey's
HSD for post-hoc testing, were used to identify which treatments were
significantly different. Correlation analysis was performed by calcu-
lating Pearson correlations. Data were presented as mean ± standard
deviation of three independent experiments.

3. Results and discussion

3.1. Bacterial growth rate in differentially heated whey

Bacteriostatic capacity of whey isolated from heat treated milk was
determined with four different bacteria. We observed that the growth
rate of bacteria in whey increased with the heating intensity (Fig. 2).
Unheated whey had the lowest growth rate, while whey heated at 85 °C
showed the highest growth rate. For heat treated samples, whey heated
at 65 °C and 70 °C showed a lower growth rate for Streptococcus ther-
mophilus, Lactococcus lactis, and Pseudomonas fluorescens than milk
samples heated at ≥75 °C (p < 0.05) (Fig. 2). No significant change
was observed in growth rate of Escherichia coli among differently heat
treated whey samples, although all were higher than unheated whey
samples (Fig. 2). In general, bacteriostatic capacity of whey decreased
after heat treatment, and decreased in the order: unheated whey>
whey heated at 65 °C and 70 °C>whey heated at 75 °C, 80 °C, and
85 °C.

Milk contains a variety of antimicrobial components, especially
proteins, that are sensitive to heat treatment, and that may thus be
related to this decreased bacteriostatic capacity. The unheated sample

was considered as the reference, with the highest bacteriostatic capa-
city, as no protein denaturation had occurred. As a result, bacteria are
expected to have the lowest growth rate in the unheated sample. In
contrast, higher bacterial growth rates are expected to appear at more
intensively heat treated samples, as was found for most bacteria
(Fig. 2). However, a difference was found among the different bacterial
species. Our study showed that unheated whey showed the decreased
growth rate of Lactococcus lactis, Streptococcus thermophilus and Pseu-
domonas fluorescens compared with heat treated milk samples. This
indicates that the antimicrobial milk proteins are bacteriostatic to both
gram-positive and gram-negative bacteria. As with the other three
bacteria, we found that unheated whey has the lowest growth rate of
Escherichia coli compared with heat treated milk samples. However, no
differences were observed among differently heat treated whey samples
with regards to the growth rate of Escherichia coli. This may be con-
tributed to resistance of Escherichia coli to antimicrobial components in
milk, such as lactoferrin. For example, Escherichia coli 0126 was ob-
served to be more resistant to the bactericidal action of human lacto-
ferrin than Vibrio cholerae and Streptococcus mutans, due to its synthesis
of enterochelin (Arnold & Cole, 1977). Different response to lactoferrin
in strains of Escherichia coli was reported by Tomita’s and Branen’s
studies, which observed different inhibitory concentration of lactoferrin
hydrolysate on Escherichia coli O111 and Escherichia coli O157:H7
(Branen & Davidson, 2000; Tomita et al., 1991). Another explanation
may be specific low abundant heat sensitive components to which
different bacteria may be sensitive.

3.2. Serum protein content in differently heated whey

After heat treatment, denatured whey protein precipitated with
casein during acidification and these were subsequently removed with
ultracentrifugation. The whey samples thus only contained the native
whey proteins. Total protein concentration in these native whey sam-
ples are shown in Fig. 3. This figure shows that the total native whey
protein content gradually decreased with increasing heating intensity,
as expected. To confirm which proteins were denatured after heat
treatment, we performed an SDS-PAGE analysis to visualize the changes
in the whey protein profile (Fig. 4). All sample for SDS-PAGE were
prepared in the same way to guarantee the protein changes only caused
by heat treatment. Both abundance and variety of native whey proteins
decreased with increasing heating intensities. The data of total protein

Fig. 2. Growth rate per hour of Streptococcus thermophilus (ST), Lactococcus
lactis (LL), Pseudomonas fluorescens (PF) and Escherichia coli (Ecoli) in whey after
different heat treatment. Values are expressed as means ± SD. Different letters
indicate statistically significant difference among different heat treatments
(p < 0.05) based on ANOVA and Tukey’s HSD test. Raw, 65–85 reflect the data
from raw skim milk or skim milk heated for 30min at the temperatures men-
tioned.

Fig. 3. Total protein concentration (mg/ml) in native whey after different heat
treatments using MilkoScan. Values are expressed as means ± SD. Different
letters indicate statistically significant difference among different heat treat-
ments (p < 0.05) based on ANOVA and Tukey’s HSD test. Raw, 65–85 reflect
the data from raw skim milk or skim milk heated for 30min at the temperatures
mentioned.
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content and SDS-PAGE (Figs. 3 and 4) show that the decrease of total
protein content is associated with denaturation of several individual
whey proteins after heating at different intensities. Protein content of
whey heated at 65 °C/30min already showed a significantly decreased
total native protein content compared with unheated whey (p < 0.05).
This decrease may be caused by the denaturation of lactoferrin and
disappearance of lactoperoxidase, as visible on the SDS-PAGE (Fig. 4).
Whey treated at 70 °C/30min showed a further decrease in total protein
content, which could be explained by a further decrease of lactoferrin.

Total protein content of whey heated at 75 °C/30min showed an even
bigger decrease due to disappearance of lactoferrin and im-
munoglobulin, in addition to a decrease of bovine serum albumin, α-
lactalbumin and β-lactoglobulin. Whey heated at 80 °C/30min and
85 °C/30min showed the disappearance of the earlier mentioned low
abundant proteins combined with a significant decrease of α-lactal-
bumin and β-lactoglobulin, the two major whey proteins present in
bovine milk, which also explains the large drop in total native protein
content between 75 °C and 80 °C (Fig. 3). The result was consistent with
the proteomic result for β-lactoglobulin, α-lactalbumin and bovine
serum albumin (Suppl. Fig. 1). Another study also showed that sig-
nificant physicochemical and structural changes of milks proteins oc-
curred after bovine milk was heated at 80 °C for 60min, mainly char-
acterized by the disappearance of native α-lactalbumin and β-
lactoglobulin (Felfoul et al., 2017). From the SDS-PAGE gel, the tem-
perature at which denaturation of proteins started was: lactoperox-
idase < lactoferrin < immunoglobulin < bovine serum albumin <
α-lactalbumin, β-lactoglobulin. The change of these major proteins
after different thermal treatments is generally in accordance with a
previous study, which indicated that the sensitivity to heat denatura-
tion decreases in the order: Ig > BSA, β-LG > α-LA (Larson & Rolleri,
1955).

3.3. Protein profile, antibacterial proteins content, and lactoperoxidase
activity in differentially heated whey

Proteomic analysis of the native whey proteins after different heat
treatments allowed detection of many proteins, including the main
antibacterial proteins discussed in Section 3.2. A total of 246 proteins
could be identified and quantified in the sample. In the whey pre-
paration, denatured proteins were removed together with casein by
acid precipitation, so only the native protein remained in the whey for
detection by LC-MS/MS. The protein level detected thus reflects the
level of native protein in the heated milk samples. The number of
identified proteins after the different heat treatments decreased from
228 proteins at 65 °C to 86 proteins at 85 °C. To visualize the protein
profile of these samples, a clustered heat map based on iBAQ value of
proteins was prepared that showed the overall protein profile in all
samples (Fig. 5). These samples with similar protein pattern would be
classified into one cluster and the distance between samples indicates
the difference in protein pattern. It was found that milk samples heated
at 80 °C formed a cluster with samples heated at 85 °C, indicating a
similar protein profile in those samples. This cluster was different from
the cluster that consisted of the samples heated at 75 °C and lower

Fig. 4. SDS-PAGE gel of differentially heat
treated whey samples, with the main proteins
that can be identified on the gel indicated. Raw,
65–85 reflect the data from raw skim milk or
skim milk heated for 30min at the temperatures
mentioned. Abbreviations: IgG, immunoglobulin
G; LF, lactoferrin; LPO, lactoperoxidase; BSA,
bovine serum albumin; IgG-H, immunoglobulin
G heavy chain; β-Lg, β-lactoglobulin; α-La, α-
lactalbumin.

Fig. 5. Protein profile of differentially heated whey samples. Rows reflect in-
dividual samples. The number indicates the heating temperature, while the
number after the underscore indicates the replicate. Individual proteins are
given in columns. Heat map colors are bases on z-score normalized iBAQ values,
combined with hierarchical clustering of samples. Raw, 65–85 reflect the data
from raw skim milk or skim milk heated for 30min at the temperatures men-
tioned.
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temperatures, suggesting a clear distinction between samples heated at
≤75 °C and> 75 °C. Noticeably, in the cluster of ≤75 °C heated sam-
ples, 75 °C heated samples are nearer to the 80 °C and 85 °C heated
samples, which showed some proteins may already change from 75 °C.
This result corresponded to an existing proteomic study, in which
protein patterns in raw, skimmed and pasteurized milk differed from
that in ultra-high heat treated, extended shelf life milk, and boiled milk
(Brick et al., 2017). These change may be correlated with the decrease
of bacteriostatic activity of milk as will be discussed further in Section
3.4.

Gene ontology enrichment of genes of identified proteins was per-
formed using The Database for Annotation, Visualization and
Integrated Discovery (DAVID) v6.8 (https://david.ncifcrf.gov/home.
jsp) (Huang, Sherman, & Lempicki, 2009), with functional categories of
identified proteins being shown in Suppl. Table 1. Changes in proteins
related to antimicrobial and immunity were shown in more detail in
Fig. 6 and Suppl. Table 2. Considering that the bacteriostatic properties
of whey have been attributed to the presence of specific antibacterial
proteins, the level of these main antibacterial proteins, lactoferrin,
lactoperoxidase, and immunoglobulin, were compared according to
their iBAQ value (Fig. 6A–C). After heat treatment, significant decreases
were found in all these major antibacterial proteins. Differences were
especially found between milk samples heated at< 75 °C and milk
samples heated at ≥75 °C. Unheated whey and whey heated at 65 °C

and 70 °C showed no significant differences in lactoferrin, lactoperox-
idase and immunoglobulin. Retention of lactoferrin in unheated whey,
whey heated at 65 °C and 70 °C showed a significant difference from
that in whey heated at 75 °C, 80 °C and 85 °C (p < 0.05; Fig. 6A),
whereas no significant difference was observed among whey heated at
75 °C, 80 °C and 85 °C. This result is consistent with an earlier study that
showed that 90% of lactoferrin was denatured after heating at 72 °C for
1300 s (apolactoferrin) and 4500 s (hololactoferrin) (Sánchez et al.,
1992), and another study reported that more lactoferrin in milk dena-
tured when it was heated above 65 °C for 30min compared with milk
heated below 65 °C (Kulmyrzaev, Levieux, & Dufour, 2005). In a radial
immunodiffusion assay, lactoferrin remained active after a 65 °C/
30min treatment, but significantly lost its activity after a 75 °C/30min
treatment (Elagamy, 2000). Combining our findings and previous data,
65–75 °C may be a key temperature range for denaturation of lacto-
ferrin if heating for prolonged times (30min). Similarly, there was a
significant difference in retention of lactoperoxidase between milk
samples heated at< 75 °C and milk samples heated at ≥75 °C, but
lactoperoxidase more gradually decreased with increasing temperatures
above 75 °C (Fig. 6B). Our finding is similar to previous study which
reported D-values for denaturation of lactoperoxidase decreased rapidly
in the temperature range 70–76 °C (Marin, Sanchez, Perez, Puyol, &
Calvo, 2003). Like for lactoferrin and lactoperoxidase, retention of
immunoglobulin in whey heated below 75 °C was significantly higher

Fig. 6. Effect of different heat treatments on lactoferrin (A), lactoperoxidase (B), immunoglobulin (C) and minor immune proteins (D). Values are expressed as
means ± SD. Different letters indicate statistically significant difference among different heat treatments (p < 0.05) based on ANOVA and Tukey’s HSD test. Minor
immune protein reflect all detected protein related to immunity including immune response, complement, antibacterial, host defense, acute phase, and antigen
binding, except lactoferrin, lactoperoxidase and immunoglobulin. Raw, 65–85 reflect the data from raw skim milk or skim milk heated for 30min at the temperatures
mentioned.

L. Xiong, et al. Food Research International 127 (2020) 108688

6

https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp


than that in whey heated at> 75 °C. The immunoglobulin concentra-
tion in whey heated at 75 °C was significantly higher than in samples
heated at 80 °C and 85 °C, but still slightly lower than samples he-
ated<75 °C. Our result showed that denaturation of immunoglobulin
occurred mainly between 75 °C and 80 °C. It was reported that 90% of
immunoglobulin was denatured when it was heated at 72 °C for 3490 s
(Mainer et al., 1997), and a later study reported that IgG showed sig-
nificant loss of activity after a 65 °C/30min heat treatment, as de-
termined by immunodiffusion assay (Elagamy, 2000). Lower D values
for IgG were shown in a study by Chen, Tu, and Chang (2000), with
200 s in PBS and 234 s when heated at 70 °C, which is different from our
study. This difference may be caused by different media in which IgG
was treated. According to both the proteomics data and the SDS-PAGE
result, the heat sensitivity of the main antibacterial proteins is in the
order LPO, LF > IG.

Besides these three main immunological proteins, the summed iBAQ
values of all minor immune-related proteins (including immune re-
sponse, complement, antibacterial, host defense, acute phase, and an-
tigen binding) were compared among different heat treated milk sam-
ples (Fig. 6D). These proteins involved in immune response,
complement, antibacterial, host defense, acute phase, and antigen
binding biological process were selected according to the information
provided by DAVID and Uniprot (https://www.uniprot.org/). Minor
immune-active proteins, e.g. complement components and cathe-
licidins, may also play an important role in the bacteriostatic effects of
milk (Chen et al., 2005; Gordon et al., 2005). Fig. 6D shows a sig-
nificant decrease in all minor immune-active proteins after heat treat-
ment compared with unheated whey, with a significant difference be-
tween whey heated at ≤75 °C and whey heated at 80 °C, 85 °C. Detailed
information about these minor proteins are shown in Suppl. Table 2.
The level of low abundant immune-active proteins showed a slight
decrease after heating at 65–75 °C for 30min, which be contributed to
monocyte differentiation antigen CD14, complement component C7,
alpha-1-acid glycoprotein, and peptidoglycan recognition protein 1.
This result coincides with other recent milk proteomic studies. For ex-
ample, it was reported that proteins related to immunity showed only a
slight decrease after pasteurization (62–63 °C/30min) (Zhang et al.,
2016), whereas another study showed that lactadherin, chitinase-3-like
protein 1, and complement component C9 in colostrum decreased at
least 2-fold after heating at 60 °C for 30, 60 and 90min (Tacoma et al.,
2017). Upon applying heating at a higher temperature (80 °C/60min),
it was shown that peptidoglycan recognition protein in camel milk
strongly decreased (Felfoul et al., 2017). Compared with these previous
studies, we show a more detailed overview of the influence of small
temperature changes within the pasteurisation temperature range on
the native protein profile of bovine milk.

The low abundant immune-active proteins showed a gradual de-
crease during the whole heat treatment, with denaturation starting at
65 °C and showing a more steep increase in denaturation above 75 °C,
except cathelicidins that showed a high stability even after heat treat-
ment at 80 °C.

Due to the fact that lactoperoxidase exerts its antibacterial activity
by catalysing the peroxidation of thiocyanate and some halides, we
determined the lactoperoxidase activity in whey after heat treatment
(Fig. 7). No significant difference was observed for lactoperoxidase
activity between unheated and 65 °C heated milk. Lactoperoxidase ac-
tivity significantly decreased in milk heated at 70 °C compared with raw
milk and milk heated at 65 °C, and lost almost all its activity when
heated at 75 °C and above. The proteomics data (Fig. 6B) shows no
significant decrease for lactoperoxidase between raw milk and milk
heated at 70 °C, whereas lactoperoxidase activity showed a significant
decrease (Fig. 7), indicating that lactoperoxidase already started to lose
its catalytic activity when it was not completely denatured yet.

3.4. Relationship between antibacterial protein retention and bacteriostatic
capacity

Considering that the growth rate of the four bacteria increased, and
the three major antibacterial proteins decreased, with intensity of heat
treatment, a negative correlation can be expected between bacterial
growth rate and retention of native proteins. To confirm the existence
of such a relationship, we determined the correlation coefficients be-
tween the iBAQ values of these three proteins, minor immune-active
protein, total immune-active protein, and the bacterial growth rates
(Fig. 8). This figure shows that levels of lactoferrin was strongly cor-
related with the growth rates of Streptococcus thermophilus (r=−0.86,
p < 0.05), Lactococcus lactis (r=−0.92, p < 0.05) and Pseudomonas
fluorescens (r=−0.91, p < 0.05), and the level of lactoperoxidase was

Fig. 7. Lactoperoxidase activity in native whey after different heat treatments.
The activity of lactoperoxidase was shown relative to raw milk (100%). Values
are expressed as means ± SD. Different letters indicate statistically significant
difference among different heat treatments (p < 0.05) based on ANOVA and
Tukey’s HSD test. Raw, 65–85 reflect the data from raw skim milk or skim milk
heated for 30min at the temperatures mentioned.

Fig. 8. Correlation matrix of bacterial growth rates and iBAQ values of native
antibacterial proteins. Abbreviation: TIP, total immune protein; MIP, minor
immune protein; LF, lactoferrin; LPO, lactoperoxidase; IG, immunoglobulin; ST,
Streptococcus thermophilus; LL, Lactococcus lactis; PF, Pseudomonas fluorescens; E.
coli, Escherichia coli.
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strongly correlated with the growth rates of Lactococcus lactis
(r=−0.83, p < 0.05), while no significant relationship was found
between either of the three proteins, or the two proteins groups, and
Escherichia coli.

Lactoferrin was reported to significantly inhibit growth of
Pseudomonas fluorescens in different media (Caputo et al., 2015; Del
Olmo, Calzada, & Nunez, 2010; del Olmo, Morales, & Nunez, 2009;
Harouna et al., 2015; Kim, Rahman, & Shimazaki, 2008). We found that
there is a significant difference in content of native lactoferrin between
whey heated<75 °C and≥75 °C (Fig. 6A), which is consistent with the
effect of these treatments on the growth rate of Pseudomonas fluorescens.
The strong correlation between native lactoferrin and Pseudomonas
fluorescens (r=−0.91; Fig. 8) indicates that lactoferrin may play an
important role in retarding its growth, also supported by previous
studies that reported bactericidal activity of lactoferrin against Pseu-
domonas (del Olmo et al., 2009; Singh, Parsek, Greenberg, & Welsh,
2002). Activation of the lactoperoxidase system also showed bacter-
icidal activity on Pseudomonas fluorescens in ewe and goat milk (Ay &
Bostan, 2017; Uceda, Guillen, Gaya, Medina, & Nuñez, 1994; Zapico,
Gaya, Nunez, & Medina, 1995), which may explain the correlation of
the growth rate of this bacterium with lactoperoxidase (r = −0.8,
p=0.06; Fig. 8).

Lactoferrin, and iron-binding proteins in general, were reported to
exert an bactericidal activity on Escherichia coli (Berlov, Korableva,
Andreeva, Ovchinnikova, & Kokryakov, 2007; Bullen, Rogers, & Leigh,
1972). It was reported that lactoferrin could clear Escherichia coli
O157:H7 colonization in cattle and sheep (Rybarczyk et al., 2017;
Yekta, Cox, Goddeeris, & Vanrompay, 2011). We found only a weak
correlation between the level of native lactoferrin and growth rate of
Escherichia coli (r=−0.44; Fig. 8). Lactoperoxidase was also pre-
viously shown to have bacteriostatic activity against Escherichia coli in
milk (Kangumba, Venter, & Coetzer, 1997; Seifu, Buys, Donkin, &
Petzer, 2004). Although whey containing more lactoperoxidase showed
stronger activity against Escherichia coli (Fig. 2), only a weak correlation
was found (r=−0.36; Fig. 8) between lactoperoxidase and the growth
rate of Escherichia coli. Considering that growth rate of Escherichia coli is
already increased in whey heated at temperatures of 65 °C and above,
the growth inhibition against Escherichia coli may be due to a very heat
sensitive component besides the immune proteins taken into account
for this analysis.

Due to their high abundance in bovine milk, immunoglobulins may
be thought to contribute a lot to the antimicrobial activity of milk;
however, our results do not support this hypothesis. No strong corre-
lations were found between the retention of immunoglobulin with ei-
ther of the four bacteria, which may be explained by the specificity of
milk immunoglobulins in general. Besides, unlike lactoperoxidase and
lactoferrin which exert direct antibacterial effect against pathogens,
immunoglobulins neutralize pathogen not only by direct interaction
with antigen, but also by activating the complement system. Both these
aspects may make it difficult to find a correlation between level of total
immunoglobulin with growth rate of bacteria in in vitro assays like
applied in this study.

Interestingly, except the three main antibacterial proteins, several
other minor immune proteins were found to have a close correlation
with growth rate of bacteria (Suppl. Fig. 2). Lipopolysaccharide-binding
protein was reported as an important component of the innate immune
response and has a protective effect against bacterial infection (Knapp,
de Vos, Florquin, Golenbock, & van der Poll, 2003; Lamping et al.,
1998). It was observed that lipopolysaccharide-binding protein has a
close correlation with growth rate of Streptococcus thermophilus, Lacto-
coccus lactis and Pseudomonas fluorescens (r > 0.8, p < 0.05). Man-
nose-binding protein C, with a carbohydrate-dependent bactericidal
effects (Chen & Wallis, 2004; Lee, Ichikawa, Kawasaki, Drickamer, &
Lee, 1992), was found to have a very strong correlation with growth
rate of Streptococcus thermophilus, Lactococcus lactis and Pseudomonas
fluorescens with r > 0.98 (p < 0.05). Peptidoglycan recognition

protein 1, a ubiquitous protein in innate immunity, was observed to
have a close correlation with four selected bacteria (r > 0.87,
p < 0.05), especially Escherichia coli (r=−0.94, p < 0.05). Hap-
toglobin was reported to have the ability to selectively antagonize li-
popolysaccharide (LPS) effects (Arredouani et al., 2005). It showed a
good correlation with the growth rate of Streptococcus thermophilus,
Lactococcus lactis and Pseudomonas fluorescens (r > 0.8, p < 0.05).
This data on the minor immune-active proteins indicates that these
protein may also be relevant for the overall bacteriostatic activity of
milk. Therefore, inhibition of bacteria may be an integral result of
various antibacterial components, though abundant antibacterial pro-
teins are thought to play an important role.

Milk is a complex system containing a wide variety of proteins,
peptides, carbohydrates and other bioactive components. With so many
factors that may influence the bacteriostatic capacity of bovine milk, it
is hard to characterize the actual proportion of the bacteriostatic
property provided by individual proteins, like the three antibacterial
proteins targeted in this study, though we found several of them are
well correlated to the growth rate of bacteria. Furthermore, the possible
unrecognised synergistic effects between these components and the
milk environment could further complicate matters (Spik et al., 1978;
Stephens, Harkness, & Cockle, 1979). Therefore, developing a model
system of isolated single proteins may provide further evidence which
protein(s) is/are most strongly associated with the bacteriostatic ca-
pacity, although this would lack the possible effects of the milk matrix.
Furthermore, it is not clear how heating exactly causes a reduction of
the antimicrobial function of immune-active proteins, though we found
that the decrease of bacteriostatic capacity of whey correlates with a
decrease in native immune-active proteins. Therefore, it would be in-
teresting to explore in more detail the mechanism by which heating
may cause this decrease of native protein’s bacteriostatic capacity.

4. Conclusion

The present study described detailed changes of immune-active
proteins after different heat treatments, and associated these changes in
protein composition with bacteriostatic activity. This study found that
unheated whey had the lowest bacterial growth rate, while whey he-
ated at increasing temperatures resulted in increasing bacterial growth
rates except for Escherichia coli, showing that the bacteriostatic capacity
of milk is negatively correlated with heating intensity. Our study
showed a strong correlation between decreases in the level of several
native antibacterial proteins and bacterial growth rates, indicating that
bacteriostatic activity can be a biomarker for loss of function of anti-
bacterial proteins, and can be used as an indication for the extent of
heat processing of dairy products including antibacterial proteins in a
mild heat treatment. Besides the bacteriostatic properties of bovine
milk, the large number of immune-active proteins in bovine milk could
also exert many other beneficial effect, such as immunomodulation, to
facilitate the host’s defense system. Therefore, heat treatment under
75 °C will be suggested to be applied for inactivation of pathogens,
while preserving native immune-related proteins, thereby improve
function of milk for the consumer.
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