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Abstract
In the last years, donkey milk had evidenced a renewed interest as a potential functional food and a breast milk substitute. 
In this light, the study of the protein composition assumes an important role. In particular, β-lactoglobulin (β-LG), which 
is considered as one of the main allergenic milk protein, in donkey species consists of two molecular forms, namely β-LG 
I and β-LG II. In the present research, a genetic analysis coupled with a proteomic approach showed the presence of a new 
allele, here named F, which is apparently associated with a null or a severely reduced expression of β-LG II protein. The 
new β-LG II F genetic variant shows a theoretical average mass (Mav) of 18,310.64 Da, a value practically corresponding 
with that of the variant D (∆mass < 0.07 Da), but differs from β-LG II D for two amino acid substitutions: Thr100 (variant 
F) → Ala100 (variant D) and Thr118 (variant F) → Met118 (variant D). Proteomic investigation of the whey protein fraction of 
an individual milk sample, homozygous FF at β-LG II locus, allowed to identify, as very minor component, the new β-LG 
II F genetic variant. By MS/MS analysis of enzymatic digests, the sequence of the β-LG II F was characterized, and the 
predicted genomic data confirmed.
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Introduction

In the last years, the use of donkey milk (DM) as a valu-
able product with numerous health-promoting properties 
aroused an increasing scientific interest (Salimei and Fan-
tuz 2012; Brumini et al. 2016). Many studies have been 
carried out with the aim to improve the knowledge about 

DM composition, to detect unintended contaminations, to 
improve dairy productions, and to accomplish a more accu-
rate comprehension of its potential benefits for human nutri-
tion (Claeys et al. 2014; Cunsolo et al. 2013; Malacarne 
et al. 2017; Medhammar et al. 2012). On this respect, the 
high lactose content, the characteristic protein profile char-
acterized by a low casein/whey protein ratio, and the relevant 
percentage of essential amino acids, make the DM a poten-
tial functional product (Marletta et al. 2016). In particular, 
many clinical and in vitro studies indicated that DM, albeit 
with an adequate lipid integration, may represent a valid 
natural substitute of cow milk (CM) for feeding children 
affected by Cow Milk Protein Allergy (CMPA) and multiple 
food intolerances (Mansueto et al. 2013; Monti et al. 2012; 
Swar 2011; Vincenzetti et al. 2014). Although the mecha-
nism of this tolerance has not yet been fully clarified, it is 
likely related to the low level of total proteins (very similar 
to that of human milk) and to the protein fraction composi-
tion (Bertino et al. 2010; Waserman and Watson 2011). A 
recent study conducted on 14 Ragusano jennies, reported, 
on average, a total protein content of 1.54 g 100 g−1, the 
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casein content of 0.71 g 100 g−1, a little higher than the 
whey protein content (0.58 g 100 g−1) (Tidona et al. 2014). 
Moreover, many MS-based investigations aimed to the char-
acterization of DM proteins clearly showed the remarkable 
differences in the primary structure of DM components with 
respect to the main CM allergens (Cunsolo et al. 2009a, b; 
Saletti et al. 2012). An evidence that may contribute to 
explain the reduced allergenic properties of DM as well as 
the rare cases of allergy to this milk (Cunsolo et al. 2017). 
In CM the β-lactoglobulin (β-LG) is the major whey protein 
and represents one of the most allergenic proteins (aller-
gen Bos d5) (Swaisgood 1995). Allergenicity of β-LG can 
also be related to its high resistance to enzymatic hydroly-
sis that occurs in the intestinal lumen (Restani et al. 2009; 
Tidona et al. 2011). On the contrary, β-LG is not expressed 
in human milk, whereas in DM it is approximately 40% 
of the whey proteins equal to the level in mare milk and 
lower than that in cow milk. In DM, β-LG consists of two 
molecular forms, the major β-LG type I and the minor β-LG 
type II. The minor component is expressed by a second gene 
which seems to be originated by gene duplication (Conti 
et al. 1984; Godovac-Zimmermann et al. 1985, 1990). Don-
key β-LG I and the minor β-LG II show differences in their 
electrophoretic mobility, chain length and primary structure. 
Up to date, only two variants of β-LG I (UniProt Accession 
No. P13613), named A and B (Godovac-Zimmermann et al. 
1988) have been detected and characterized. On the contrary, 
donkey β-LG II locus shows a remarkable genetic polymor-
phism since five different variants named A (UniProt Acces-
sion No. P19647) (Godovac-Zimmermann et al. 1990), B, 
C (Herrouin et al. 2000; Zuccaro et al. 2010), D (Cunsolo 
et al. 2007) and E (Chianese et al. 2013) have been iden-
tified and characterized, so far. Moreover, the occurrence 
of a null or severely reduced expression of β-LG II protein 
has been reported in Italian donkey breeds (Criscione et al. 
2009; Chianese et al. 2013).

On the light of this scenario, the aim of this study was 
to investigate the polymorphism at β-LG II in Ragusano 
donkey breed. The genomic sequence of the β-LG II gene 
revealed the presence of B and C alleles as well as a new 
unreported nucleotide sequence (named F) at homozygous 
and heterozygous status. To confirm the genomic data, the 
whey protein fraction of an individual milk sample homozy-
gous FF was investigated by a proteomic approach.

Materials and methods

Chemicals

Dithiothreitol (DTT), acetonitrile (ACN), trifluoroacetic acid 
(TFA), iodoacetamide (IAA), ammonium bicarbonate, for-
mic acid (FA), endoproteinase GluC (Staphylococcus aureus 

strain V8) and all other chemicals used all along the experi-
mental work were current pure analytical grade products and 
purchased from Sigma-Aldrich Corporation, St Louis, MO, 
USA. Water and acetonitrile (OPTIMA® LC/MS grade) for 
LC/MS analyses were purchased from Fisher Scientific Italy 
(Rodano, MI, Italy). Modified porcine trypsin was purchased 
from Promega (Madison, WI, USA).

Blood samples and DNA extraction

Blood was sampled in K3-EDTA vacutainer from ten Ragu-
sano donkeys producing milk with different isoelectropho-
retic (IEF) patterns at whey proteins according to Criscione 
et al. (2009). Animals were handled by specialized personnel 
who took care of animal welfare according to the European 
Union guidelines (EC 2010). In particular, sampling was 
performed including animals which produced milk with a 
detectable amount of β-LG II and animals which appar-
ently lacked this protein fraction in milk. Genomic DNA 
was extracted using “Illustra blood Prep Mini Spin” kit (GE 
Healthcare, Little Chalfont, UK) according to the manufac-
turer’s protocol and then checked for quality and concen-
tration by NanoDrop ND 1000 spectrophotometer (Thermo 
Fisher Scientific, Wilmington, USA).

DNA sequencing

Eight primer pairs (Table 1) were designed using Oligo 7 
software (Molecular Biology Insights, Inc., Cascade, CO, 
USA) according to the genomic sequence of donkey’s β-LG 
II (GenBank Accession no. HM012799), to amplify the 
entire β-LG II gene and a part of the region 5′ (227 bp), for 
a total of 4511 bp. Each PCR reaction was performed in a 
25 µl of final volume containing 50 ng of genomic DNA, 
0.4 μM of each primer, 1X PCR buffer, 1.5 mM MgCl2, 
200 μM dNTPs (dATP, dTTP, dCTP and dGTP) and 1 units 
of BIOTAQ™. DNA Polymerase (BIOLINE). Amplification 
was conducted in a Thermal Cycler 2720 (Applied Biosys-
tems Foster City, CA, USA) for 29 cycles; temperatures of 
annealing (Ta) are reported in Table 1. The PCR products 
were checked by electrophoresis on 1.6% agarose gel, puri-
fied by Wizard® SV Gel and PCR Cleaning-Up System 
(Promega Corporation, Madison, WI, USA) and sequenced 
using the BigDye Terminator Kit, on an ABI PRISM® 3130 
Genetic Analyzer equipped with Sequencing Analysis soft-
ware and SeqScape 2.6 software (Applied Biosystems Foster 
City, CA, USA).

Sequence data analysis

The nucleotide sequences were checked using Sequenc-
ing Analysis Software (Applied Biosystems Foster City, 
CA, USA) and subsequently analysed with SeqScape 2.6 
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Software (Applied Biosystems Foster City, CA, USA). 
Genomic sequences of the asinine β-LG II gene and a part 
of the region 5′ (227 bp), accounting for 4511 bp, were 
aligned with Equus caballus β-LG II gene reference (Gen-
Bank Accession no. AF107201) and translated to amino 
acid sequences using MEGA 6 software (Tamura et al. 
2013). Protein sequence handling, including molecular 
mass, isoelectric point and theoretical isotopic mass dis-
tribution calculation, were performed using the General 
Protein Mass Analysis for Windows 9.5 (GPMAW) soft-
ware (Lighthouse data, Odense, Denmark).

Sample milk collection and treatment

A milk sample was collected from a multipara Ragusano 
jenny with FF genotype at LGB2 locus. The animal, reared 
in a specialized dairy farm, was clinically healthy and at 
middle lactation stage. The milk sample, kept cool at 4 °C, 
was defatted by centrifugation (1700×g, 30 min) at 15 °C; 
the fat layer was solidified at − 20 °C for 15 min and 
removed. Separation of the protein fraction into caseins 
and whey proteins was conducted according to a modi-
fied method from Ochirkhuyag et al. (2000). Specifically, 
whole casein was obtained from skimmed milk by iso-
electric precipitation (pH 4.2) at 22 °C, using 1 mol L−1 
HCl. The supernatant, containing the whey proteins, was 
recovered by centrifugation (2800×g, 30 min) at room 
temperature. This procedure was repeated three times. The 
total supernatants were pooled and subsequently freeze-
dried and stored at − 20 °C.

Whey proteins fraction digestion

An aliquot corresponding to 5 µg of the whey proteins frac-
tion was dissolved in 100 mM NH4HCO3, pH 8.3, at a con-
centration approximately of 1 µg/µL and then, subjected to 
reduction, alkylation and enzymatic digestion using differ-
ent enzymes. In detail, DTT (50-fold molar excess over the 
disulfide bonds) was added, and the reduction was carried 
out at 57 °C for 30 min in nitrogen atmosphere. At the end 
of the reduction reaction, IAA was added to the mixture at 
a molar IAA/DTT ratio of 2:1, and the alkylation was per-
formed at room temperature for 60 min in the dark. The reac-
tion was stopped by cooling in liquid nitrogen. To maximize 
the sequence coverage, the reduced and alkylated protein 
fraction was subjected to two different enzymatic digestions. 
An aliquot was digested using modified porcine trypsin, 
whereas another one was digested using a mixture (1:1) of 
porcine trypsin and endoproteinase Glu-C. Each enzyme was 
dissolved in 100 mM NH4HCO3, pH 8.3, added at a molar 
enzyme/substrate ratio 1:50 and the solutions were incubated 
at 37 °C for 4 h. The digestion reactions were stopped by 
cooling in liquid nitrogen.

Mass spectrometry analysis

nLC-nESI MS of whey proteins was carried out performed 
using a Thermo Scientific Dionex UltiMate 3000 RSLC-
nano system (Sunnyvale, CA, USA) coupled on-line with a 
Thermo Fisher Scientific Orbitrap Fusion Tribrid® (Q-OT-
qIT) mass spectrometer (Thermo Fisher Scientific, Bremen, 
Germany). The solution of the whey proteins was filtered 

Table 1   Amplification PCR 
primer sequences of asinine 
LGB2 (designed on GenBank 
Acc. No. HM012799)

a Ta annealing temperature

Region Primers e seq. (5′ 3′) Taa (°C) Sizes (bp)

PROMOTER F: 5′-GAA​CCT​CTC​TGC​CCG​TGC​TC-3′
R: 5′-GTG​ACT​CAT​CCT​CGG​CCC​TC-3′

61 725

Ex I F: 5′-CCC​AGT​TGA​GGA​AGC​CAC​TGAG-3′
R: 5′-CCC​CCT​GGA​TGT​GGA​GAG​CAAG-3′

63 428

INT 1-Ex II F: 5′-TGG​CCT​TGC​TCT​CCA​CAT​CCAG-3′
R: 5′-CAG​CAT​GGC​CAG​GTC​CCA​TCAG-3′

63 524

INT 2 - Ex III F: 5′-ATC​TGG​GCC​GGT​GTT​CTT​GCATC-3′
R: 5′-ACC​AGC​GCT​AAC​CCA​CAC​CTG-3′

63 536

INT 3 F: 5′-GCC​TCA​TCG​CGA​GCA​CCA​G-3′
R: 5′-CTC​CAC​CGG​GAC​AGC​ATC​CTC-3′

62 1320

Ex IV F: 5′-CTG​CGC​CTC​CCG​TTC​CTC​AC-3′
R: 5′-CGA​CCA​AGG​GCC​ACA​TCT​CAG-3′

64 918

INT 4 F: 5′-CTT​GTC​TGC​CCT​GCC​GTC​GTC-3′
R: 5′-CCA​TGA​CCT​CCT​CGT​CGA​CCTTC-3′

63 1591

Ex V–VI–INT 5 F: 5′-TGA​GCC​CTG​GAC​CAC​CCT​G-3′
R: 5′-TGA​GAC​CCC​ACC​ATG​TGC​CCAG-3′

64 612
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through a 0.45 μm filter (Alltech). Then, 1 μL of the solu-
tion was loaded onto an Acclaim® Nano Trap C18 Column 
(2 cm × 100 µm ID, 5 µm, 100Å). After washing the trapping 
column with solvent A (H2O/ACN, 95/5 + 0.1% FA) at a 
flow rate of 7 µL/min for 3 min, the solution was switched 
from the trapping column onto a PepMap® RSLC C4 EASY-
Spray column (15 cm × 75 µm ID, 2.6 µm, 150Å). The col-
umn was eluted at a flow rate of 0.3 µL/min and 40 °C with 
a linear gradient of solvent B (ACN + 0.1% FA) in A from 
5 to 60% in 35 min, followed by 60–95% in 10 min, and 
then by holding 95% B for 5 min. Finally, the column was 
eluted with the solvent B from 95 to 5% in 10 min, and 
finally equilibrated at 5% of B for 15 min. Eluting proteins 
were converted to gas-phase positive ions by electrospray 
ionization using a source voltage of 1.7 kV and introduced 
into the mass spectrometer through a heated ion transfer 
tube (320 °C). Survey scans of multi-charged protein ions 
from 600 to 1800 m/z were performed at 120 K resolution 
(@ 200 m/z) using the following parameters: RF lens, 80%; 
Auto Gain Control target: 20,000; maximum injection time, 
50 ms. MS analysis of whey proteins was performed in 
technical duplicates. The experimental monoisotopic mass 
and isotopic mass distribution of proteins were determined 
by deconvolution of multi-charged mass spectra using the 
Xcalibur Xtract deconvolution algorithm optimized for iso-
topically resolved data (Thermo Fisher Scientific, Bremen, 
Germany) (Senko et al. 1995; Horn et al. 2000; Goraczko 
2005). Nano LC–nESI MS/MS analyses of peptide mixtures 
were performed using the same system above described, but 
under different chromatographic and mass spectrometric 
conditions. Briefly, 1 μL of the peptide mixtures was loaded 
onto an Acclaim® Nano Trap C18 Column (100 µm × 2 cm, 
5 µm, 100Å). After washing the trapping column with sol-
vent A (H2O/ACN, 95/5 + 0.1% FA) at a flow rate of 7 µL/
min for 3 min, the solution was switched from the trapping 
column onto a PepMap® RSLC C18 EASY-Spray column 
(50 cm × 75 µm ID, 2 µm, 100Å). Peptides were separated 
by elution at a flow rate of 0.25 µL/min and 40 °C with a 
linear gradient of solvent B (ACN + 0.1% FA) in A from 5 
to 65% in 82 min, followed by 65–95% in 5 min. We finished 
by holding 95% B for 5 min and re-equilibrating the column 
at 5% B for 20 min. The eluting peptide cations were con-
verted to gas-phase ions by electrospray ionization using 
a source voltage of 1.6 kV and introduced into the mass 
spectrometer through a heated ion transfer tube (275 °C). 
Survey scans of peptide precursors from 400 to 1800 m/z 
were performed at 120 K resolution (@ 200 m/z). Tandem 
MS was performed by isolation at 1.6 Th with the quadru-
pole, HCD fragmentation with normalized collision energy 
of 35, and rapid scan MS analysis in the ion trap. Only those 
precursors with charge state 1–4 and an intensity above the 
threshold of 5 × 103 were sampled for MS2. The dynamic 
exclusion duration was set to 60 s with a 10 ppm tolerance 

around the selected precursor and its isotopes. Monoisotopic 
precursor selection was turned on. The instrument was run in 
top speed mode with 3 s cycles, meaning that the instrument 
would continuously perform MS2 events until the list of non-
excluded precursors diminishes to zero or 3 s, whichever is 
shorter. MS/MS spectral quality was enhanced enabling the 
parallelizable time option (i.e. using all parallelizable time 
during full scan detection for MS/MS precursor injection 
and detection). Peptide mixtures were analysed running a 
MS technical duplicate per sample. Mass spectrometer cali-
bration was performed using the Pierce® LTQ Velos ESI 
Positive Ion Calibration Solution (Thermo Fisher Scientific). 
MS data acquisition was carried out by utilizing the Xcalibur 
v. 3.0.63 software (Thermo Fisher Scientific).

Protein identification

LC/MS/MS data were analyzed and searched by the PEAKS 
de novo sequencing software (v. 7.0, Bioinformatics Solu-
tions Inc., Waterloo, ON, Canada). In particular, the de novo 
amino acid sequences generated from each spectrum were 
searched against a custom protein database, constituted by 
the five known variants of the donkey β-LG II plus the pre-
dicted sequence of the new β-LG II variant F. The following 
parameters were used: enzyme: trypsin (or the combined 
action of trypsin and endoproteinase Glu-C); maximum 
missed cleavages for peptide: 3; allowed non-specific cleav-
age at one end of the peptide; cysteine carbamidomethylation 
as fixed modification; oxidation of methionine, transforma-
tion of N-terminal glutamine and N-terminal glutamic acid 
residue in the pyroglutamic acid form, as variable modifica-
tions. The precursor mass tolerance threshold was 10 ppm 
and the max fragment mass error was set to 0.6 Da. Peptide 
spectral matches (PSM) were validated using a Target Decoy 
PSM Validator node based on q values at a 1% FDR. All 
Peptides Spectrum Matches were also manually checked.

Results

Sequencing of the LGB2 gene

The entire asinine LGB2 gene was sequenced (Table 2). In 
comparison with the equine counterpart (GenBank Acces-
sion no. AF107201) the aligned exonic regions revealed nine 
Single Nucleotide Polymorphisms (SNPs). All the SNPs 
were responsible for amino acid substitutions (Table 3), 
except for a synonymous mutation, detected in exon V (c. 
525 G > A; p. Gly157Gly). In particular exon I, encoding 
for the signal peptide and the N-terminus of the protein, 
resulted always monomorphic and identical to the horse’s 
one, whereas exons II and III showed one transition each 
(c.164 T > C; c.248 C > T), responsible for the substitutions, 
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Table 2   Nucleotide sequence of Equus asinus LGB2 allele F (4511 bp)

Coding region (546 bp) is highlighted in grey (ExI 96 bp, ExII 140 bp, ExII 74 bp, ExIV 114 bp, ExV 105 bp, ExVI 17 bp)
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Val37Ala and Ala65Val, respectively. Exons IV and V were 
the most polymorphic, showing 1 transversion and 5 tran-
sitions, (c. 342 C > G; c. 352 G > A; c. 407 T > C; c. 494 
G > A; c. 505 G > A; c. 525 G > A). These mutations resulted 
in the substitutions Asp96Glu and Ala100Thr and in three 
other substitutions (Met118Thr, Arg147His and Val151Ile). 
Furthermore, the small exon VI (17 bp) presented, in 5 sam-
ples, the transition c. 539 G > A resulting in the substitution 
Gly162Asp. BLASTN analysis of these results, highlighted 
two sequences which correspond to the already known B 
(GenBank Accession No. HM012799) and C (GenBank 
Accession No. HM012800) alleles. On the contrary, no 
data were found for a third sequence, which represented a 
novel allele, here called F, and characterized by two SNPs 
with respect to the allele B; namely the c.352 G > A SNP 
(GCC > ACC), located in exon IV, leading to a substitution 

p. Ala100Thr, and the c.539 G > A SNP (GGT > GAT), 
located in exon VI, giving the substitution p. Gly162Asp. 
In the present study, among the ten donkeys investigated, 
DNA sequence analysis allowed to detect one homozygote 
with FF genotype and four heterozygotes carrying the new 
allele (Table 3). In the light of these findings the genetic 
variability of the LGB2 gene in donkey can be updated as 
showed in Table 4, in which the coding sequence variations 
(where available) and the corresponding amino acid substi-
tutions for asinine β-LG II variants are reported with respect 
to LGB allele/variant B. It is interesting to note that the 
new predicted β-LG II F genetic variant practically presents 
the same molecular mass of the already known variant D 
(∆mass < 0.07 Da), even if carrying two amino acid substitu-
tions: Thr100 (variant F) → Ala100 (variant D) and Thr118 
(variant F) → Met118 (variant D). To confirm the expression 

Table 3   β-LG II DNA based 
variants identified in 10 
Ragusano donkeys

Genotypes (n) Amino acid position

37 65 96 100 110 118 147 151 162

F/F (1) Ala Val Asp Thr Pro Thr His Ile Asp
B/F (3) Ala Val Asp Ala/Thr Pro Thr His Ile Gly/Asp
C/F (1) Ala Val Glu/Asp Ala/Thr Pro Thr His Ile Gly/Asp
B/C (3) Ala Val Asp/Glu Ala Pro Thr His Ile Gly
B/B (2) Ala Val Asp Ala Pro Thr His Ile Gly

Table 4   List of known donkey β-LG II variants including the new variant F

β-Lactoglobulin II 
variants

Monoisotopic 
Mass (Da) a)

Average 
Mass (Da) pI

Nucleotide position b)

(Amino acid position)
342 352 539

(2) (18) (25) (96) (100) (110) (118) (162)

A 18246.900 18258.690 4.45
(Cys) (Met)

B d) 18210.958 18222.576 4.45 GAC AGG GTG GAC GCC CCC ACG GGT
(Asp) (Arg) (Val) (Asp) (Ala) (Pro) (Thr) (Gly)

C d) 18224.973 18236.603 4.47 GAG
(Glu)

D 18298.956 18310.706 4.39
(Met) (Asp)

E 18241.935 18253.654 4.45
(Asn) (Lys) (Ala) (Met) (Asp)

F c,d) 18298.974 18310.639 4.39 ACC GAT
(Thr) (Asp)

Coding sequence variations (where available) and the resulting amino acid substitutions are reported taking as reference the allele/variant B
a Monoisotopic and Average Molecular masses were calculated considering the cysteines in oxidized form (-SS); isoelectric point calculated by 
GPMAW considering the cysteines in oxidized form (-SS), and based on the algorithm of Skoog and Wichman (1986)
b The bold number denotes the position within the coding sequence whereas the italic number is referred to the amino acid position within the 
protein sequence. Amino acid differences are reported with respect to the variant B
c Properties of variant F are referred to the predicted amino acid sequence
d Underlined nucleotides indicate the SNPs that differentiate alleles B, C and F
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of the new β-LG II allele, the whey protein fraction of an 
individual milk sample, produced by a jenny with FF geno-
type, was characterized by means of nUPLC-nESI high reso-
lution MS, enzymatic digestions and nUPLC/nESI MS/MS.  

Mass spectrometry results

Figure 1 shows the total ion current (TIC) chromatogram 
of the whey protein fraction obtained from the individ-
ual milk sample under investigation. The chromatogram 
shows the presence of four main peaks, here labelled as 
peak 1, 2, 3 and 4. The experimentally deduced monoi-
sotopic masses (Mmi) of components eluting in the chro-
matographic peaks 1, 3 and 4 agree with those of three 
already known donkey milk components, such as lysozyme 
B (peak 1), α-lactalbumin (peak 3) and β-LG I variant 
B (peak 4), respectively (see Supplementary Material, 
Figures S1, S5 and S6). In the chromatographic peaks 
2 and 2′ (r.t. range 26.7–27.2 min) elute some compo-
nents with an experimentally deduced Mmi ranging from 
5 to 9 kDa (Supplementary Material, Figures S2 and S3). 
These polypeptides may be identified as casein fragments 
mainly originated by the action of the native plasmin milk 
protease (Supplementary Material, Figure S4). Figure 2a 
shows the multi-charged spectra of the chromatographic 
fraction with retention time range of 28.7–29.0 min, and 
labelled as peak 3′. Monoisotopic deconvoluted mass spec-
trum (Fig. 2b), reveals that the main component is the 
α-lactalbumin (experimental Mmi: 14,204.792 Da; theoreti-
cal Mmi: 14,204.805 Da; ∆Mmi = 0.91 ppm), which mainly 
elutes in peak 3. In addition, a very minor protein compo-
nent with an experimental Mmi of 18,298.959 Da is also 
present. In particular, Fig. 2c reports the isotope resolution 

of protein charge states of this component across the 
mass range. This molecular mass might be related to the 
already characterized donkey β-LG II variant D (theo-
retical Mmi 18,298.956 Da; ∆Mmi = 0.16 ppm) (Cunsolo 
et al. 2007). Alternatively, it may be due to the new β-LG 
II F genetic variant (theoretical Mmi 18,298.974  Da; 
∆Mmi = − 0.81 ppm) (Table 4; see Supplementary Mate-
rial, Figure S7, for the comparison from the theoretical iso-
topic and the experimentally determined mass distribution 
of β-LG F). As above described, these two variants even 
if show the same molecular mass (Table 4), differ for two 
amino acid point substitutions, located at the positions 100 
and 118; particularly, variant D presents an alanine and a 
methionine residue, respectively; on the contrary, variant 
F shows a threonine residue in both 100 and 118 positions. 
Therefore, to confirm the expression of the new β-LG II 
F genetic variant, the entire whey milk fraction was sub-
jected to reduction and alkylation of cysteine residues and 
finally digested with porcine trypsin. LC/MS/MS analysis, 
database search and manual inspection of MS data allowed 
the characterization of five peptides corresponding to theo-
retical tryptic fragments common to both β-LGs II variant 
D and F (Table 5, Fig. 3). Specifically, the Thr1-Arg18, 
Trp19-Arg40, Val41-Arg59, Asn70-Arg90 and Ala140-Arg160 
peptides were found and characterized. MS/MS spectra 
and correlation with the theoretical expected fragment ions 
of these peptides are reported in the Supplementary Fig-
ures S8, S9, S10, S11 and S12, respectively. Unfortunately, 
these tryptic fragments cannot be used to discriminate the 
β-LGs II variant D and F because they do not cover the 
aforementioned two amino acid differences at position 100 
and 118. Therefore, with the aim to obtain a more com-
prehensive characterization of the β-LG II variant present 
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Table 5   Amino acid position, theoretical monoisotopic mass, theoretical monoisotopic doubly or triply charged ions, experimentally measured 
mass and error of enzymatic fragments from β-LG identified and characterized in peaks 3′ are reported (Fig. 1)

The cDNA derived sequence of β-LG variant F (Fig. 3) was taken as reference
The peptide marker of the new variant F, which allows to distinguish it with respect to the variant D is italisized
a Molecular mass is calculated considering the cysteine residue as carbamidomethylcysteine
b Found in the peptide mixture obtained by the combined use of trypsin and endoproteinase Glu-C

Position Theoretical monoi-
sotopic mass

Theoretical monoiso-
tropic m/z (z)

Experimental m/z (z) Error (ppm) Reference sequence (cDNA 
derived sequence of β-LG variant 
F)

1–18 2028.9786 1015.4966 (2) 1015.4958 (2) − 0.8 TDIPQTMQDLDLQEVAGR​
19–40 2383.1842 795.4020 (3) 795.4013 (3) − 0.9 WHSVAMVASDISLLDSESAPLR
41–59 2239.2212 747.4144 (3) 747.4136 (3) − 1.0 VYVEELRPTPEGNLEIILR
70–90 2378.1866 793.7362 (3) 793.7373 (3) 1.4 NIVAQKTEDPAVFTVNYQGER
116–125 1203.5819a 602.7982 (2) 602.8018 (2) 5.9 HGTVCQYLARb

140–160 2239.1709 747.3976 (3) 747.3977 (3) 0.1 ALQPLPGHVQIIQDPSGGQER
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in the sample investigated, an aliquot of entire whey milk 
fraction was digested by a mixture (1:1) of porcine trypsin 
and endoproteinase Glu-C, analyzed by LC/MS/MS, and 
finally MS data searched against the custom database. MS/
MS analysis of the digest obtained by coupling these two 
enzymes (see Supplementary Table S1 and Figures S13, 
S14, S15, S16 and S17) confirmed most of the results 
already obtained by the analysis of the tryptic mixture 
(Fig. 3). In addition, de novo interpretation of the MS/
MS spectrum of the doubly charged ion at m/z 602.8018 
(Mmi = 1203.5879 Da) (Fig. 4) permitted to deduce the 
sequence HGTVCQYLAR. This peptide corresponds to 

the amino acidic trait 116–125 of the new β-LG II variant 
F, which arises by the combined cleavages of endopro-
teinase Glu-C and trypsin, at level of the glutamic acid 
115 and arginine 125, respectively (Fig. 3). It is important 
to note that this sequence represents a peptide marker of 
the new variant F, which allows to assert the presence of 
this novel variant. Indeed, the peptide His116-Arg125 of the 
new variant F carries a threonine residue at position 118, 
whereas the corresponding peptide of the β-LG II variant 
D shows a methionine (Fig. 3). In conclusion, even if it 
was not possible to characterize the entire sequence of 
the very minor component with an experimental Mmi of 

-LG var D

-LG var F
TDIPQTMQDLDLQEVAGRWHSVAMVASDISLLDSESAPLRVYVEELRPTPEGNLEIILRE 60  

TDIPQTMQDLDLQEVAGRWHSVAMVASDISLLDSESAPLRVYVEELRPTPEGNLEIILRE 60 

************************************************************

GANHVCVERNIVAQKTEDPAVFTVNYQGERKISVLDTDYAHYMFFCVGPPLPSAEHGMVC 120  

GANHVCVERNIVAQKTEDPAVFTVNYQGERKISVLDTDYTHYMFFCVGPPLPSAEHGTVC 120 

***************************************:***************** **

QYLARTQKVDEEVMEKFSRALQPLPGHVQIIQDPSGGQERCDF 163  

QYLARTQKVDEEVMEKFSRALQPLPGHVQIIQDPSGGQERCDF 163 

*******************************************
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70 90

140 160
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β

β

Fig. 3   Alignment of β-LG sequences of variant D and F. The amino 
acid differences, located at the positions 100 and 118, are reported 
in bold. Sequence traits characterized by trypsin are underlined by 

the continuous line. Sequence traits characterized by the mixture of 
trypsin and endoproteinase Glu-C are underlined by the dashed line
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18,298.959 Da (sequence coverage 68%), the proteomic 
investigation here used allowed to identify this protein 
with the predicted new β-LG II F genetic variant, con-
firming the genomic data.    

Discussion and conclusion

In a study carried out by the combined approach of mono-
dimensional electrophoresis and mass spectrometric analy-
sis, Criscione et al. (2009) reported a polymorphism at β-LG 
II fraction with a semi quantitative evidence of differentia-
tion between two main isoelectrophocusing (IEF) patterns, 
one showing evidence of the protein presence (normal pat-
tern) and one apparently lacking this protein (defective pat-
tern). In the present study, we sampled DNA from jennies 
accounting for both patterns. Sequence analysis revealed the 
presence of the already known B and C alleles together with 
the evidence of a new allele, here named F. In particular, a 
donkey carrying the F allele at homozygous status produced 
milk apparently without or with less β-LG II fraction; so 
that the new allele seems to be associated with a null or a 
severely reduced expression of this whey protein fraction. 
With the aim to confirm the genomic data, the milk whey 
protein fraction obtained from a jenny homozygous FF at 
β-LG II locus, was characterized by a typical proteomic 
method (Cunsolo et al. 2014), involving the use of high 
resolution mass spectrometry at both protein and peptide 
level. The proteomic approach here applied allowed to con-
firm the genomic data through the identification, as very 
minor protein component, of the new predicted β-LG II F 
genetic variant. It is important to highlight that the confir-
mation of the genomic data was achieved by joining two 
methodologies. The first one is related to the unique scan 
rate, very sensitive high resolution and high mass accuracy 
of the Orbitrap Fusion Tribrid mass spectrometer used to 
obtain mass spectral data at both protein and peptide level. 
The second strategy here adopted which has permitted to 
achieve definitively the identification of the new predicted 
β-LG II F was the coupling of two enzymes (i.e. trypsin and 
endoproteinase Glu-C) for the sequence characterization. 
Indeed, in this aspect, the peptide marker which allowed 
the unambiguous identification of the new variant F was 
obtained only by the contemporary action of porcine trypsin 
and endoproteinase Glu-C. It is interesting to note that, as 
previously reported by Chianese et al. (2013), HPLC analy-
sis of whey milk samples homozygous DD at β-LG II locus, 
showed a low content (< 1%) of β-LG II fraction. So that, 
since only two amino acid substitutions characterized the 
new variant F in comparison with variant D, [e.g. Thr100 
(variant F) → Ala100 (variant D) and Thr118 (variant F) → 
Met118 (variant D)], a direct phylogenic origin of F from D 
variant can be hypothesized. Taking into account these data 

and considering that the two observed mutations (c. 352 
G > A and c. 539 G > A) in the nucleotide sequence of the 
new allele F introduce only amino acid substitutions, there is 
not a direct evidence for the very low expression of the new 
variant. The low amount of the F variant could be explained 
by those mechanisms triggered by the specific nucleotide 
sequence and/or by possible synonym mutations leading to 
the change of the secondary structure of mRNA and thus 
causing low protein expression levels (Mitra et al. 2016; 
McCarthy et al. 2017). Numerous qualitative and quantita-
tive polymorphisms at goat casein loci and the related effect 
of technological and nutritional properties of goat’s milk 
have been widely reported (Marletta et al. 2007; Ballabio 
et al. 2011). In this light, the identification of jennies produc-
ing milk with an extremely low level of β-lactoglobulin II 
appears promising. Indeed, quantitative variation has shown 
to have an effect on the digestibility of β-LG II fraction, 
enhancing the protein degradation particularly during the 
gastric digestion step (Tidona et al. 2014). An appreciable 
range of quantitative variation of β-LG (1.3–5.5 g L−1) has 
been reported in the literature (Brumini et al., 2016). This 
aspect could also significantly affect the nutritional and 
allergenic properties of this milk. In fact, since β-LG can 
elicit an allergic reaction in sensitive subjects (Restani et al. 
2009), the identification of animals producing milk having 
very low β-LG II protein appears promising to further reduce 
the allergenic capacity of individual donkey’s milk and solve 
potential residual cases of reactivity (Wal 2002).
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Supplementary Figure S1. Multi-charged ESI mass spectrum and monoisotopic deconvoluted mass spectrum of chromatographic Peak 1.
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Supplementary Figure S2. Multi-charged ESI mass spectrum and monoisotopic deconvoluted mass spectrum of chromatographic Peak 2
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Supplementary Figure S3. Multi-charged ESI mass spectrum and monoisotopic deconvoluted mass spectrum of chromatographic Peak 2’.
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Supplementary Figure S4. Amino acid sequence of donkey -CN (UniProt Acc. No. P86273). The Lys-X bonds cleaved by the
action of plasmin and originating the polypeptide fragments corresponding to the components detected in peaks 2 and 2’ are
indicated by an arrow. As known, caseins show a very flexible tertiary structure and therefore are easily susceptible to proteolysis.
In this respect, the -CN appears to be the most susceptible to the action of the endogenous milk protease plasmin. Plasmin
preferentially cleaves at Lys-X bonds producing a series of complementary C-terminal and N-terminal polypeptide fragments,

which are soluble in acidic condition and therefore can be found in the whey protein fraction [1, 2, 3].

Polypeptide Fragment Theoretical Mmi (Da)
Experimental

deduced  (Da) Mmi

M error

(ppm)
Chromatographic Peak

-CN f(Arg112-Lys175) 7289.992 7290.013 2.8 2

-CN f(Val114-Lys175) 7005.795 7005.797 0.3 2’

-CN f(Ser120-Lys175) 6290.387 6290.397 1.6 2’

Unknown - 8281.398 - 2’

[1] Eigel WN, Hofmann CJ, Chibber BA, Tomich JM, Keenan TW, Mertz ET (1979) Plasmin-mediated proteolysis of casein in bovine milk. Proc Natl Acad Sci USA, 76:2244.
[2] Bastian ED, Brown RJ (1996) Plasmin in milk and dairy products: an update. Int Dairy J, 6:435.
[3] Andrews AT (1983) Proteinases in normal bovine milk and their action on caseins. J Dairy Res, 50:45.
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Supplementary Figure S5. Multi-charged ESI mass spectrum and monoisotopic deconvoluted mass spectrum of chromatographic Peak 3.
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Supplementary Figure S6. Multi-charged ESI mass spectrum and monoisotopic deconvoluted mass spectrum of chromatographic Peak 4.
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Supplementary Figure S7. Comparison of the (a) theoretical isotopic mass distribution of -LG F, obtained using the GPMAW software, and (b) the
experimentally determined isotopic distribution obtained by deconvolution of the ESI multi-charged pattern observed for the minor component eluting in the
chromatographic Peak 3’
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Supplementary Figure S8. ESI-MS/MS spectrum of the doubly-charged molecular ion at m/z 1015.4958 (see Table 5 in the paper). The sequence of the peptide
is displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Supplementary Figure S9. ESI-MS/MS spectrum of the triply-charged molecular ion at m/z 745.9013 (see Table 5 in the paper). The sequence of the peptide is
displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Supplementary Figure S10. ESI-MS/MS spectrum of the triply-charged molecular ion at m/z 747.4136 (see Table 5 in the paper). The sequence of the peptide
is displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Supplementary Figure S11. ESI-MS/MS spectrum of the triply-charged molecular ion at m/z 793.7373 (see Table 5 in the paper). The sequence of the peptide
is displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Supplementary Figure S12. ESI-MS/MS spectrum of the triply-charged molecular ion at m/z 747.3977 (see Table 5 in the paper). The sequence of the peptide
is displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Table S1. Amino acid position, theoretical monoisotopic mass, theoretical monoisotopic doubly- or triply-charged ions, experimentally measured mass and error
of enzymatic fragments from -LG eluting in peaks 3’ are reported (Figure 1). The cDNA derived sequence of -LG variant F (Table 2) was taken as reference.
The listed peptides were obtained using as cleavage enzyme a mixture 1:1 of porcine trypsin and endoproteinase Glu-C. This Table doesn’t include the fragment
116-125, which is described in the paper and reported in Table 5.

Position
Theoretical

monoisotopic mass
Theoretical

monoisotropic m/z (z)
Experimental

m/z (z)
Error
(ppm)

Reference Sequence

(cDNA derived sequence of -LG variant F)

3-14 1429.6759 715.8452 (2) 715.8466 (2) 1.9 IPQTMQDLDLQE

19-35 1858.8771 930.4458 (2) 930.4327 (2) -14.1 WHSVAMVASDISLLDSE

46-55 1124.5826 563.2986 (2) 563.3050 (2) 11.3 LRPTPEGNLE

76-90 1724.8006 863.4076 (2) 863.3971 (2) -12.2 TEDPAVFTVNYQGER

140-160 2239.1709 747.3976 (3) 747.3972 (3) -0.5 ALQPLPGHVQIIQDPSGGQER
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Supplementary Figure S13. ESI-MS/MS spectrum of the doubly-charged molecular ion at m/z 715.8466 (see Table S1). The sequence of the peptide is
displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Supplementary Figure S14. ESI-MS/MS spectrum of the doubly-charged molecular ion at m/z 930.4327 (see Table S1). The sequence of the peptide is
displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Supplementary Figure S15. ESI-MS/MS spectrum of the doubly-charged molecular ion at m/z 563.3050 (see Table S1). The sequence of the peptide is
displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Supplementary Figure S16. ESI-MS/MS spectrum of the doubly-charged molecular ion at m/z 863.3971 (see Table S1). The sequence of the peptide is
displayed with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the
mass error (Da) with respect to the theoretical expected ion fragments.
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Supplementary Figure S17. ESI-MS/MS spectrum of the triply-charged molecular ion at m/z 747.3972 (see Table S1). The sequence of the peptide is displayed
with the fragment ions observed in the spectrum. The inset Table reports the m/z values of the matching ion fragments. The lower panel shows the mass error
(Da) with respect to the theoretical expected ion fragments.
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