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Abstract

Non-standard heat treatments, i.e. 68°C 2.5 min™, 75°C 10 min™ and 100°C 5 min™, were applied to evaluate the effects on physicochemical and microbiological
characteristics of donkey milk compared to bovine milk. The most significant (P<0.05) changes were the decrease of pH, the increase of casein nitrogen and the
denaturation degree of whey proteins, which exceeded 80% in donkey milk compared to about 66% in bovine milk, at 100°C 5 min™. Conversely, calcium and
phosphorus were more heat stable in donkey milk than in bovine milk. Hydroxymethylfurfural (HMF) resulted absent in donkey milk. Significant changes in free
fatty acids (FFA) were observed in both heated milks, although donkey milk showed lower lipolysis rates. The lysozyme activity of donkey milk was inversely related

to the intensity of heat treatments but even at 100°C 5 min™ a relevant activity was still observed.

Introduction

The most abundant milk all over the world is bovine milk and it is
generally used as a substitute of human milk when breastfeeding is not
possible or after weaning. Nevertheless, bovine milk protein may cause
an abnormal immunological response, affecting 3% of infants before the
age of 3 years. Among dairy species, donkey milk has been considered
a suitable solution rather than commercial infant formulations, thanks
to its hypoallergenic properties, chemical composition close to human
milk, particularly for the protein profile [1-3]. Donkey milk production
is limited and it has generally a local market, therefore it is necessary
to put in place suitable processing methods for its preservation and
utilization, given the different donkey breeding system, compared to
ruminants, and the peculiar characteristics of donkey milk.

Thermal treatments are commonly used to ensure safety
requirements and extend milk shelf life. The effect of heat treatment
on the nutritional quality of various milks were studied [4-6].
However, few studies were addressed to evaluate the effects of heat
treatments on donkey milk regarding destruction of microorganisms
and quantification of the chemical changes [7,8]. Thermal damages
depend on both temperature and time applied, causing degradation
of milk components such as lactose, denaturation of whey proteins,
destruction of enzymes and hydrolysis of proteins and lipids. Several
by-product components were also produced during heating, therefore
the nutritional value of milk decreases and worsens during the storage.
According to European regulations, for the short heat treatment of
bovine milk, a temperature between 72 and 75°C, for 15-30 s should be
applied [9]. However, the treatment of donkey milk is not specifically
regulated and standard heat treatments may not be suitable for donkey
milk. Little information is available about pasteurization of equid milk
and in Italy it is processed by some donkey breeders in small scale
conditions, applying a pasteurization process at 68°C 2.5 min™ [10].
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In this work, donkey and bovine milks were subjected to previously
mentioned pasteurization and to two more severe thermal processing.
The aim of the study was to evaluate changes, in terms of chemical and
microbiological characteristics, affecting the nutritional quality and
safety of donkey milk in comparison with bovine milk.

Materials and methods

Milk samples

Donkey bulk milk was collected from jennies of
circummediterranean race (Equus africanus asinus) from the region
of Sidi Thabet (Ariana, Tunisia). Jennies, fed solely on pasture and hay
addition, were milked manually 3 times day. Foals were separated
physically but adjacently to jennies 3 h before the first milking,
maintaining the visual and acoustic contact. Bovine bulk milk was
collected from Holstein cows reared in a farm in the same region.
Samples of donkey and bovine milk were immediately cooled,
transported within 2 h to the laboratory under refrigerated conditions
and stored at 4°C. Upon arrival, milk samples were homogenized and
divided into 250 mL sterile Pyrex glass bottles.

Heat treatments

Heat treatment experiments of donkey and bovine milks were
conducted in glass bottles dipped in water bath. Three different
conditions of temperature and time were studied: 68°C 2.5 min™, 75°C
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10 min™ and 100°C 5 min, and quickly cooled. To ensure an effective
monitoring of time and temperature during the heat treatment, one
aliquot was equipped with a thermal probe. When the target temperature
was reached, samples were kept the established time and then cooled
to 4°C in ice water and stored at -18°C. Thermal curves during the
treatments were recorded by a data logger and experiments were
reproduced 3 times. Before analysis, samples were thawed overnight at
4°C. The same protocol and the same conditions were applied to bovine
milk. Four raw milk samples of each milk type were kept as control.

Microbiology analysis

To evaluate the effectiveness of the heat treatments applied,
microbiological analysis were performed to raw and heat-treated
samples of both donkey and bovine milks. Total bacterial count
was determined on PCA at 30°C for 72 h. Enterobacteriaceae were
enumerated on violet red bile glucose (VRBG) plates and incubated
at 37°C for 24 h. Total coliforms and fecal coliforms were counted on
violet red bile lactose (VRBL) agar plates (Oxoid SpA) and incubated at
37°C and 44°C for 24 h, respectively.

Composition analysis and pH

The pH was measured by a pHmeter (Model C860, multi parameter
analyser, Turnhout, Belgium). Dry matter was determined by oven
drying at 105°C, and total ash was obtained gravimetrically after the dry
ashing at 530°C according to the AFNOR methods [11]. Lactose in milk
was determined by colorimetric dinitrosalicylic acid (DNS) method
[12]. The fat content of milk was determined using the Gerber method
(ISO1211 2010). Different nitrogen fractions of milk (total nitrogen
[TN], non-protein nitrogen [NPN] and non-casein nitrogen [NCN]
were obtained and determined by the Kjeldahl method according to
the ISO 8968-1 official method in order to calculate the concentrations
of total protein [TP = TNx6.38], casein [TC = (TN-NCN)x6.38] and
whey proteins [WP = (NCN-PN)x6.38]. Denaturation was calculated
as follows: [(WPN_ . -WPN, - WIWP . Jx100, where WPN_
is whey protein nitrogen in raw milk and WPN, . is that in treated milk
atT.

Free fatty acids

All milk samples were analyzed for free fatty acids (FFA) and
lipolysis was calculated as change in FFA contents as described by
[13]. Lipolysis rate was calculated according to the following formula:
Lipolysis rate,=[(Lip,, - Lip,_ )/Lip,,, 1x100, Where Lip, . is lipolysis
in milk at temperature T, and Lip,_is that in raw milk.

Calcium and Phosphorus contents

The soluble phase of heated and unheated milk was separated by
high-speed centrifugation in a Sorvall Combi Plus ultracentrifuge
(Wilmington, DE, USA). An amount of 30 mL of milk in polypropylene
threaded Oak Ridge bottles with a shoulder and screw cap sealing
assembly was centrifuged (100000xg) using a 50-RT-1250 rotor at 20°C
for 1 h. The supernatant was carefully removed and vacuum-filtered
through Whatman N° 40 paper [14]. Total and soluble calcium (Ca)
contents of milk were determined by Manganimetry [15]. Total and
soluble phosphorus (P) levels were determined by a colorimetric method
[16] with ammonium molybdate using a UV-Vis spectrophotometer
(Shimadzu, Kyoto, Japan).

HMF determination

HMF concentration was measured by high-performance liquid
chromatography (HPLC). Before injection, 10 mL of milk were digested
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with 5 mL of 0.3 N oxalic acid solution for 1 h at 100°C. Milk samples
were cooled in ice water, deproteinized with 5 mL of a trichloroacetic
acid (TCA) solution (40%, w v'!) and filtered through Whatman No. 42
filter paper.

The mobile phase was prepared with a sodium acetate buffer (0.08
M) adjusted with glacial acetic acid to pH 3.6. A Spherisorb ODS-2
analytical column (25 0.40 cm, 5 m particle size, Analytical Tracer)
was used with detection at 280 nm (0.5 s response time). An external
standard method was used within the range 2-100 M [17].

Lysozyme activity

To assess the enzymatic activity of lysozyme, a microbiological
assay using a suspension of Micrococcus lysodeikticus as substrate
was applied according to a standardized method (Sigma-Aldrich EC
3.2.1.17). Analyzes were carried out on both donkey and bovine milk
for comparison.

Statistical methods

Statistical analyses were conducted in order to find out if there
are significant differences between milk samples subjected to heat
treatment. Analysis of Variance ANOVA and by the Student’s t-test
using Minitab Software (Minitab Inc., Release 18, 2017) was performed.
The Student’s t-test was also used to compare between raw donkey and
bovine milks. Evaluations were based on a significant level of P<0.05.
All experiments were performed in triplicate and were reported as
means * standard deviation.

Results and discussion

Chemical composition and pH

The chemical composition of raw donkey milk and raw bovine
milk is shown in Table 1. The fat content in donkey milk confirmed to
be low and dry matter content (8.95%) was slightly lower compared
to values (9.62%) previously found [18]. The crude protein fraction
was composed of 0.81% of casein and 0.69% of whey proteins and
our results were in agreement with the data reported in the literature
concerning the Italian donkey milk [19]. Regarding the mineral
fraction, donkey milk contains 0.71 g kg™ of Ca and 0.49 g kg of P,
which is consistent with previous reports [19]. In donkey milk, all the
milk solid components showed a lower content (P <0.05) compared
to bovine milk (Table 1), with the only exception of whey proteins.

The average pH of raw donkey milk and the lactose content
determined in this study (Table 1) was similar to that reported by Addo
and Ferragut [20].

Table 1. Chemical composition of donkey milk compared to bovine milk

Donkey Bovine
Dry matter (g 100 g) 8.95+0.03 12.28+0.05
Total nitrogenx6,38 1.71+0.08 3.46+0.09
Proteins (g 100 g") 1.50+0.07 3.30+0.08
Lactose (g 100 g™) 5.85+0.14 4.80+0.11
lipids (g 100 g!) 0.8+0.04 3.30+0.05
Ash (g 100 g) 0.50+0.05 0.68+0.03
Calcium (mg 100 g™) 48.32+0.00 52.62+0.00
Phosphorus (mg 100 g) 41.06+0.01 47.84+0.01
Casein (g 100 g") 0.81+0.02 2.62+0.04
Whey protein (g 100 g™) 0.69+0.03 0.68+0.02
ANPx6,38 (g 100 g) 0.21£0.02 0.16+0.01
pH 7.31+0.00 6.75+0.01
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Effect of heat treatments on pH

Initial pH of donkey and bovine milk (Table 1) remained
invariant after treatments at 68°C 2.5 min!, 75°C 10 min' but
decreased significantly (P<0.05) to pH 7.19 and 6.66 in donkey and
bovine milk respectively, after the most intense treatment at 100°C
5 min™. This decrease is probably related to the thermal oxidation
of lactose to organic acids (responsible for 50% of the lowering of
pH), mainly formic acid, organic phosphate hydrolysis (responsible
for 30% of the decrease of the pH) and finally the precipitation of
tricalcium phosphate and the concomitant release of hydrogen ions
[21]. The decrease of pH in donkey milk was significantly higher than
that in bovine milk. This is probably due to the richness of donkey
milk in lactose (Table 1) which is the first to be responsible for the pH
decrease in milk.

Evaluation on of the Maillard reaction

To evaluate the impact of heating on lactose, the amount of
Hydroxymethylfurfural (HMF) as a product of Maillard reaction,
derived after each treatment, was determined. It was observed that
HMF was not detected in all donkey milk heated samples. On the other
hand, in bovine milk, HMF was absent in the sample pasteurized at
68°C/2.5 min™ whereas it was found in the milk treated at 75°C 10 min-
1 (0.045 mg L) and 100°C/5 min (0.060 mg L'). The concentration of
HMEF increased progressively with the intensity of the thermal process,
which is consistent with the results reported by Morales et al. [22] who
observed that the high presence of milk fat, as the case of bovine milk,
also enhances the formation of free HMF [23]. However other previous
studies showed the presence of furosine as Maillard reaction product
since it is related to the first stages of Maillard reaction. It is the stable
product produced by the acid hydrolysis of unstable lactuloselysine,
which is accumulated in heat-treated milks [4], therefore furosine
is an appropriate index for all types of heated milks. The absence of
HMEF in treated donkey milk samples suggests that heating enhanced
isomerization of lactose (formation of lactulose) rather than Maillard
product formation since the isomerization of reducing sugars in milk is
favored at pH higher than 7.05, which is the case of donkey milk [24].

Effect of heat treatment on fat

To evaluate fat milk deterioration caused by the heat treatment,
the degree of lipolysis was calculated and expressed as the increase
of free fatty acid (FAA) contents in milk compared to the raw milk.
Result showed that all the heat treatment exerted a significant increase
on the degree of lipolysis for both types of milk (Table 2). Initially, it is
clear that both raw milks contain low levels of FFA on account of their
protective actions of the adsorbed globule surface [25]. In this respect,
donkey milk had lower lipolysis level compared to bovine milk probably
due to the differences in the structures of fat globule membrane, their
fatty acid profiles and in their levels of active fatty acids like caproic,

Table 2. Formation of free fatty acids (mEq 100 g' of fat) due to lipolysis induced by the
different heat treatments

Donkey milk Bovine milk

Heat treatment R 8
Average+SD | Lipolysis rate % Lipolysis rate

Average+SD o,
0

Raw milk 0.427+0.001* - 0.743+0.006°* -
68°C/2.5min | 0.430+0.001" +0.25 0.782+0.002° +3.89
75°C/ 10 min | 0.442+0.002°¢ +1.43 0.826+0.002¢ +8.24
100°C/ 5 min | 0.534+0.007° +10.61 0.923+0.001¢ +18.00

Values with different superscript letters in the same column are significantly different
(P<0.05) with the heat treatment factor.

Integr Food Nutr Metab, 2019 doi: 10.15761/IFNM.1000261

caprylic, capric, lauric and myristic acids that are readily released
during triglyceride hydrolysis and contribute in the protective function
of milk [26].

The highest FFA increase was reached at 100°C 5 min™ as expected.
However, donkey milk clearly showed a moderate increase of FFA
when 68°C 2.5 min” and 75°C 10 min™ heat treatments were applied
compared to bovine milk. This increasing trends of the lipolysis’ degree
observed in the two milks was in agreement with a previous study
which demonstrated a significant increase of FFA between pasteurized
and raw milk [27]. A possible explanation could be the damage to
the milk fat globule membrane, which accelerated oxidative rancidity
and this was confirmed by the free-fat (oil-droplets) observed on the
milk surface during inoculation of the cheese culture [27]. Differently,
a higher level of FFA in raw bovine milk was found compared to the
heat-treated milk, due to the activity of lipases which are destroyed by
heat treatments >63°C [28].

Thermal markers involved in the nitrogen fractions

Changes in nitrogenous components in raw donkey and bovine
milk after thermal treatments were summarized in Table 3. Results
showed that heat treatments do not have a significant effect on total
nitrogen (TN) and non-protein nitrogen (NPN) fractions in both types
of milk (P<0.05). However, the application of increasing heat treatment
intensity affected significantly casein content, which increased, and
soluble proteins which decreased in heated donkey and bovine milks.
This could be attributed to the co-precipitation of whey proteins and
their association with casein micelles. Similar trends were reported
when various kinds of milk were heated [29].

The increase in casein content and the decrease in serum protein
in donkey milk were more intense than in bovine milk (Table 3). This
can be explained by the higher content of serum proteins compared
to caseins in donkey milk. In previous foundings, a-lactalbumin and
B-lactoglobulin were not significantly detected after a heat treatment of
80°C during 60 min of camel milk, the casein fractions were kept intact
whereas serum albumin was found to decrease [30]. In a study regarding
the effect of heat treatments on lysozyme, lactoferrin and B-lactogloblin
for donkey milk, the tested proteins confirmed a decrease and lactoferrin
showed to be the most sensitive [18]. It was also demonstrated that
significant changes in the distribution of denatured bovine major whey
proteins between the soluble and the micelle bound complexes were
observed. Conversely, all denatured caprine whey proteins, were part of
micelle-bound complexes after heat treatment [29].

The level of denaturation of whey proteins was calculated in
our work, for all heated milk samples (Table 3). The higher thermal
treatment is, the higher is the degree of whey protein denaturation
as confirmed by previous studies [18]. Whey protein of donkey milk
resulted more sensitive to heat than that of bovine milk as denaturation
rates reached 82.89% and 65.95% at 100°C 5 min ™', in donkey and bovine
milks, respectively. This may be related to its higher WPN content and
its casein deficiency as compared to bovine milk.

Changes on the solubility of calcium and phosphorus

The effect of heat treatment on the solubility of calcium and
phosphorus was determined by measuring the relative concentrations
of soluble calcium and phosphorus in the aqueous phases of raw and
treated milks.

Initial soluble calcium concentrations were 483.23+0.35 mg L™
and 526.19+0.64 mg L' in donkey milk and bovine milk respectively.
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Table 3. Changes on nitrogen fractions distribution in milk when different heat treatments where applied

Donkey
Treatment TN NPN CN WPN Denaturation %
Raw milk 0.27+0.08* 0.03+0.015* 0.13+0.02* 0.114+0.034 -
68°C/2.5min | 0.26+0.05* 0.04+0.01* 0.15+0.03" 0.07+.028 35.73
75°C/10 min 0.26+0.03* 0.04+0.01* 0.17+0.04¢ 0.05+0.04¢ 52.06
100°C/5 min 0.26+0.06* 0.04+0.014 0.21£0.03° 0.02+0.02° 82.89

TN
0.54+0.08°
0.55+0.05°
0.55+0.06°

0.56+0.035*

NPN
0.02+0.08°
0.03+0.01°
0.04+0.01°
0.04+0.01*

Bovine
CN
0.41+0.04°
0.42+0.03*
0.44+0.03°
0.49+0.04¢

WPN
0.11+0.02*
0.10+0.03*
0.07+0.03°
0.04+0.04¢

Denaturation %
6.97
3291
65.95

TN: Total Nitrogen (g 100 g of milk); NPN: Non Protein Nitrogen (g 100 g of milk); CN: Casein Nitrogen (g 100 g of milk); WPN: Whey Protein Nitrogen (g 100 g of milk). Values

with different superscript letters in the same column are significantly different (P<0.05) with the heat treatment factor

It was observed that the application of heat treatments tends to reduce
the solubility of calcium in both types of milk in all heated samples
(P<0.05) (Figure 1A). Results were in agreement with previously
reports on bovine milk [14]. Bovine and donkey milks treated at 100°C
5 min™ showed the lowest soluble calcium concentrations (431.18+1.95
mg L' and 463.60+2.28 mg L' respectively). The significant reduction
of soluble calcium between raw and treated milk samples may affect
their heat stabilities and their subsequent technological uses [14,21].
The initial concentrations of soluble phosphorus were 410.65+0.47 mg
L* and 478.44+0.53 mg L' in donkey and bovine milk respectively.
Regarding phosphorus, its solubility in donkey and bovine milks also
decreased significantly (P<0.05), progressively with the intensity of
the heat treatment (Figure 1B). Donkey and bovine milks treated at
100°C 5 min™ showed the lowest soluble phosphorus concentrations
(200.80+0.35 mg L' and 203.38+0.54 mg L' respectively). It can be
observed that the decrease of soluble phosphorus in the donkey heated
samples was less relevant than that in bovine milk. This may be due to
the pH values, Ca/P ratio and the protein profiles of these two types of
milk [31].

Lysozyme activity

The average enzymatic activity of lysozyme in donkey milk is
slightly reduced by 45640 U mL" in raw milk to 40526 U mL" for
milk treated at 68°C 2.5 min’. This result were in agreement with
these found by Tidona et al. [10] using the same laboratory scale. The
treatments at 75°C 10 min™ and 100°C 5 min"' applied on donkey
milk remarkably reduced the lysozyme activity (31130 U mL* and
12324 U mL" respectively). Despite the significant decrease in heated
samples (P<0.05), at the higher heat treatment (100°C 5 min™), the
lysozyme activity found in donkey milk was still intense, even higher
than that reported for human milk [32]. The partial denaturation of
lysozyme treated at 80°C for 20 min resulted in a strongly reduced
antimicrobial activity compared with the native lysozyme [33]. Other
studies investigated lysozyme denaturation after heating, reporting that
lysozyme is very thermostable and its thermal denaturation started at
elevated heat treatments [18,34]. Coppola et al. [35] mentioned that
heat treatments at 90°C for 1 min did not significantly affect donkey
milk lysozyme stability when compared to raw milk. However, lysozyme
inactivation occurred after 10 min at 121°C. Pasteurization preserves
most of donkey milk lysozyme activity, exerting its antimicrobial
activity against some gram-positive strains and also against some gram-
negative strain such as X. campestris [7]. In bovine milk, lysozyme
activity was not detected even in raw milk before heat treatment
application since it has a very low content of this enzyme [36]. This is
the reason why donkey milk, at the dosage of 1.1%, was proposed as
natural additive in place of egg lysozyme to bovine milk during cheese
manufacturing, in order to prevent blowing defects in long seasoned
cheeses [37].
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Figure 1. Soluble calcium (A) and phosphorous (B) concentration in raw and the differently
heated samples. Different letters indicate a significant effect (P<0.05) established by the
heat treatment

Microbiological analysis

To evaluate the effect of heat treatment on the microbiological
quality of donkey milk and that of bovine milk, some bacterial groups
of raw milk and treated milks were enumerated. The results of Total
Bacterial Count (TBC) in tested donkey milk were lower (2.57x10*
CFU mL") than that found in tested bovine milk (2.33x10° CFU mL").
Generally, raw donkey milk has lower TBC in comparison to that in
milk from other sources [38,39], probably due to its high concentration
of lysozyme [2]. Regarding heat treatment effects, it was found that the
TBC of raw donkey and bovine milks was reduced approximately one
order of magnitude in milk samples treated at 68°C 2.5 min™ (3.21x10°
and 2.16x10° CFU mL", respectively) and about 2 orders of magnitude
in milk samples treated at 75°C 10 min! (2.65x10*and 2.36x10* CFU
mL", respectively). Initial Enterobacteriaceae and total coliforms
enumerated in raw donkey and bovine milks were reduced to less than
10 CFU mL" after treatment at 68°C 2.5 min'. Fecal coliforms were not
detected in all treated milk samples. No bacteria (<10 CFU mL™") were
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detected in samples heated at 100°C 5 min™, confirming the effectiveness
of this sterilizing treatment.

Conclusions

The application of non-standard heat treatments demonstrated
that physical and chemical changes were always determined and
that the majority of components in donkey milk were more sensitive
than that in bovine milk. From this study, a heat treatment similar, or
slightly higher than 68°C 2.5 min’, proved to sufficiently guarantee
safety requirements and limited thermal damages in donkey milk.
The peculiar lysozyme activity detected in donkey milk was especially
preserved at heat treatment of 68°C 2.5 min”, although this enzyme
showed to be quite thermostable in intensively heated samples. Besides
the evaluations made in the present work, the identification of further
markers could be useful to make optimized heat treatment scales to
donkey milk which showed different characteristics compared to
ruminant milk.
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