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ABSTRACT

β-lactoglobulin I (β-LG I) is one of the most impor-
tant whey proteins in donkey milk. However, to our 
knowledge, there has been no study focusing on the 
full nucleotide sequences of this gene (BLG I). Cur-
rent investigation of donkey BLG I gene is very limited 
with only 2 variants (A and B) characterized so far at 
the protein level. Recently, a new β-LG I variant, with 
a significantly higher mass (+1,915 Da) than known 
variants has been detected. In this study, we report the 
whole nucleotide sequence of the BLG I gene from 2 
donkeys, whose milk samples are characterized by the 
β-LG I SDS-PAGE band with a normal electrophoretic 
mobility (18,514.25 Da, β-LG I B1 form) the first, and 
by the presence of a unique β-LG I band with a higher 
electrophoretic mobility (20,428.5 Da, β-LG I D form) 
the latter. A high genetic variability was found all over 
the 2 sequenced BLG I alleles. In particular, 16 poly-
morphic sites were found in introns, one in the 5′ flank-
ing region, 3 SNPs in the 5′ untranslated region and 
one SNP in the coding region (g.1871G > A) located 
at the 40th nucleotide of exon 2 and responsible for the 
AA substitutions p.Asp28 > Asn in the mature protein. 
Two SNPs (g.920–922CAC > TGT and g.1871G/A) 
were genotyped in 93 donkeys of 2 Italian breeds (60 
Ragusana and 33 Amiatina, respectively) and the 
overall frequencies of g.920–922CAC and g.1871A were 
0.3065 and 0.043, respectively. Only the rare allele 
g.1871A was observed to be associated with the slower 
migrating β-LG I. Considering this genetic diversity 
and those found in the database, it was possible to 
deduce at least 5 different alleles (BLG I A, B, B1, 
C, D) responsible for 4 potential β-LG I translations. 
Among these alleles, B1 and D are those character-
ized in the present research, with the D allele of real 

novel identification. Haplotype data analysis suggests 
an evolutionary pathway of donkey BLG I gene and 
a possible phylogenetic map is proposed. Analyses of 
mRNA secondary structure showed relevant changes in 
the structures, as consequence of the g.1871G > A poly-
morphism, that might be responsible for the recognition 
of an alternative initiation site providing an additional 
signal peptide. The extension of 19 AA sequence to the 
mature protein, corresponding to the canonical signal 
peptide with an additional alanine residue, is sufficient 
to provide the observed molecular weight of the slower 
migrating β-LG I encoded by the BLG I D allele.
Key words: donkey, β-lactoglobulin I, polymorphisms, 
long protein isoform, alternative translation initiation

INTRODUCTION

Donkey (Equus asinus) milk is characterized by a 
lower protein content with respect to the ruminants’ 
milk and a quantity of casein comparable to that of 
human milk (Cosenza et al., 2019). The 2 main frac-
tions of donkey milk proteins are the caseins and whey 
proteins. Casein fraction in donkey milk (5.12 mg/mL) 
is mainly represented by αS1-CN and β-CN and smaller 
amount of αS2-CN and κ-CN (Chianese et al., 2010; 
Cosenza et al., 2019; Auzino et al., 2022).

Whey proteins content in donkey milk is about 4.9 
to 9.6 mg/mL and is mainly made up of β-LG, α-LA, 
lysozyme, immunoglobulins, serum albumin, and lacto-
ferrin. In particular, in donkey milk, the β-LG showed 
a mean content of 1.3 to 5.5 mg/mL, similar to the 
level observed in mare milk and lower than that of goat 
milk (Miranda et al., 2004; Brumini et al., 2016). In 
addition to being the major whey protein in the milk 
of most ruminants and equidae, β-LG is present in the 
milk of some monogastrics and marsupials but is absent 
in human, camel, lagomorph, and rodent milk (Wodas 
et al., 2020).

β-Lactoglobulin is a member of the ancient and wide-
spread protein family of lipocalins, which determine 
nearly all major mammalian allergens (Jensen-Jarolim 
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et al., 2016). To date, no clear physiological function 
has been defined for this protein, although several hy-
potheses have been advanced. Because β-LG is a lipo-
calin, a transport role has been suggested by analogy to 
other family members whose function is known. Among 
the several biological roles that have been proposed for 
β-LG, there are facilitators of vitamin A (retinol) up-
take and an inhibitor, modifier, or promoter of enzyme 
activity. However, conclusive evidence for a specific 
biological function of β-LG is not available (Le Maux 
et al., 2014). The β-LG of ruminant species studied 
binds to other lipophilic vitamins and to fatty acids; 
however, equine and porcine β-LG do not bind to fatty 
acids. This different property indicates that the ability 
of ruminant β-LG to bind fatty acids is not shared by 
the homologous protein in nonruminant milk (Pérez et 
al., 1993; Pérez and Calvo, 1995; Sawyer and Kontopi-
dis, 2000; Kontopidis et al., 2004; Mensi et al., 2013).

In equidae milk, β-LG exists predominantly as a 
monomer, whereas is dimeric in ruminant milk (Tidona 
et al., 2011). Two isoforms of β-LG exist in donkey 
milk; they are encoded by 2 paralogous genes, as also 
observed in horse, dog, and dolphin milk (Pervaiz and 
Brew, 1986; Godovac-Zimmermann et al., 1990), where-
as 3 forms have been described in cat milk (Halliday et 
al., 1993; Pena et al., 1999). The 2 donkey β-LG have 
been named β-LG I and β-LG II. β- Lactoglobulin I is 
made of 162 AA residues and is similar to the horse 
β-LG I (from which it differs by 5 AA), whereas the 
β-LG II is 163 AA long. β-Lactoglobulin I is the ma-
jor form representing 80% of the total donkey β-LG 
(Godovac-Zimmermann et al., 1990). The complete AA 
sequences of both donkey β-LG are known (Godovac-
Zimmermann et al., 1988, 1990; Herrouin et al., 2000).

At present, the polymorphisms of donkey β-LG I and 
their effect on milk yield and composition are limited. 
To date, only 2 variants (A and B) have been char-
acterized and only at the protein level. The 2 protein 
sequences show 98.1% similarity as a consequence of 3 
AA substitutions: p.Ser36 > Glu, p.Thr97 > Ser and 
p.Ile150 > Val. As a result, the Mr (molecular mass) 
of the variant A is 18,528 Da, whereas the Mr of the 
variant B is of 18,514 Da (Godovac-Zimmermann et 
al., 1988, UniProtKB: P13613; Herrouin et al., 2000). 
Recently, a new β-LG I variant, with a significantly 
higher mass (20,428.5 Da) than known variants, has 
been detected by tandem MS analysis. The new variant 
showed an N-terminal extension likely related to the 
signal peptide sequence and apparently also character-
ized by the AA substitution p.Asp28 > Asn (Auzino et 
al., 2022).

Despite the interest in this species and the new atten-
tion surrounding it, thus far, this important gene has 
not been adequately investigated in donkeys. Thanks 

to the recently updated donkey genome assembly 
(BioProject: PRJNA688408), the complete β-LG I en-
coding gene (BLG I) sequence has been published and 
annotated on chromosome 10. Its total physical length 
is spread over 6 kb and it consists of 7 exons (NCBI 
Reference Sequence: NC_052186.1 from 8316754 to 
8322198, Gene ID: 106829109).

Consequently, the identification of DNA polymor-
phisms at this locus and the knowledge of their impact 
on donkey milk composition are very limited. Only 4 
SNPs were identified in the third intron of β-LG I in 
Turkish donkeys (Iᶊık, 2019). However, unlike what has 
been done for horses (Wodas et al., 2020), no associa-
tion studies with milk-related traits have been carried 
out.

This study had 2 goals. The first was to sequence 
and deeply annotate the whole BLG I gene of 2 don-
keys, homozygotes for a β-LG I SDS-PAGE band with 
a normal electrophoretic mobility (18,514.25 Da) and 
for a higher electrophoretic mobility (20,428.5 Da), as 
determined by Auzino et al. (2022). The second was to 
compare the alleles in their complex genetic diversity 
and to identify the molecular event responsible for the 
different observed phenotype.

MATERIALS AND METHODS

Milk and DNA Samples

Individual milk and blood samples were collected 
from 93 female donkeys of 2 Italian breeds (60 Ragu-
sana and 33 Amiatina) reared in Umbria and Toscana 
regions, respectively. All samples used in this study be-
long to collections of the University of Turin, University 
of Napoli Federico II, and University of Pisa. Individual 
blood samples were collected during the routine pro-
phylaxis of the farm by an official veterinarian of ASL 
(Local Sanitary Unit) of the Ministry of Health. For 
this reason, Animal Care and Use Committee approval 
was not necessary.

The DNA was extracted from leucocytes according 
to Goossens and Kan (1981). The DNA concentrations 
and the ratio of absorbances at 260 and 280 nanometers 
(A260/280) were measured using a Nanodrop ND-2000 
Spectrophotometer (Thermo Fisher Scientific Inc.). 
The DNA samples were used for sequencing and popu-
lation analysis. Skim milk samples were analyzed by 
SDS-PAGE (Grosclaude et al., 1987).

PCR Amplification, Sequencing, and Bioinformatics

Donkey genome sequences (GenBank acc. no. 
NC_052186.1, region: 8316254 to 8322698 and acc. no. 
PSZQ01002145.1, region: 1252372 to 1258209) were 
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used to design primers for PCR amplification and se-
quencing. The BLG I gene spanning from the 5′- to the 
3′-flanking regions of 2 Amiatina donkeys were ampli-
fied by iCycler (BioRad). One donkey produced milk 
characterized by a β-LG I SDS-PAGE band with a nor-
mal electrophoretic mobility (18,514.25 Da), whereas 
the milk of the other was characterized by the presence 
of a unique β-LG I band with a higher electrophoretic 
mobility (20,428.5 Da), as determined by Auzino et al. 
(2022).

A typical 25-μL PCR reaction mix included 100 ng 
of genomic DNA, 50 mM KCl, 10 mM Tris-HCl (pH 
9.0), 0.1% Triton X-100, 3 mM MgCl2, 200 nmol of 
each primer, dNTPs each at 400 μM, 0.5 U of Taq 
DNA Polymerase (Promega), and 0.04% BSA. The 
thermal condition for the amplification consisted of 
an initial denaturation at 97°C for 4 min, followed 
by 29 cycles at 94°C for 45 s, 54.0 to 57.4°C for 45 s 
(according to the amplicon), and 72°C for 2 min. A 
final extension of 10 min was accomplished to end 
the reaction. All PCR products were analyzed directly 
by electrophoresis in 1.5% TBE (Tris-Borate-EDTA) 
agarose gel (Bio-Rad) in 0.5× TBE buffer and stained 
with SYBR green nucleic acid stain (Lonza Rockland 
Inc.).

The PCR products were purified with QIAquick col-
umns (Qiagen) and sequenced in outsourcing on both 
strands by Eurofins Genomics (Ebersberg, Germany) 
by Sanger technology. BLAST analysis (www​.ncbi​.nlm​
.nih​.gov/​BLAST) was used to confirm the sequenc-
ing results. Homology searches, comparisons among 
nucleotide and AA sequences, and multiple alignments 
for polymorphism discovery were accomplished using 
Dnasis Pro (Hitachi Software Engineering Co.). The 
regulatory regions were analyzed for potential tran-
scription factors (TF) by AliBaba v2.1 program (http:​
/​/​www​.gene​-regulation​.com/​pub/​programs/​alibaba2/​
index​.html).

The haplotype structure was defined according to 
Gabriel et al. (2002) using Haploview software ver-
sion 4.2 (http:​/​/​www​.broadinstitute​.org/​haploview/​
haploview). 95% confidence bounds on D′ are generated 
and each comparison is called strong LD, inconclusive, 
or strong recombination. A block is created if 95% of 
informative (i.e., noninconclusive) comparisons are 
strong LD. This method by default ignores markers 
with MAF <0.05.

The effects of g.1871G > A and g.920–922CAC > 
TGT polymorphisms on mRNA secondary structure 
were analyzed with RNAfold (http:​/​/​rna​.tbi​.univie​.ac​
.at/​/​cgi​-bin/​RNAWebSuite/​RNAfold​.cgi; Gruber et 
al., 2008) under default parameters.

Genotyping and Data Analysis

Genotyping methods based on allele specific PCR 
(AS-PCR) were developed to screen the mutations 
g.1871G > A and g.920–922CAC > TGT in the popu-
lation. Primer sequences are reported in Supplemental 
Table S1. Data are deposited into Harvard Data-
verse (https:​/​/​dataverse​.harvard​.edu/​dataset​.xhtml​
?persistentId​=​doi:​10​.7910/​DVN/​DLFGKD; Cosenza, 
2023). Reaction mix and thermal conditions were per-
formed as reported above except for the annealing tem-
peratures of AS-PCR protocols that were specifically 
defined according to the mutations targeted. 

The entire panel of 93 donkey DNA samples was 
genotyped. Allelic frequencies and Hardy–Weinberg 
equilibrium (chi-squared test) were calculated (https:​/​
/​gene​-calc​.pl/​hardy​-weinberg​-page).

RESULTS AND DISCUSSION

SDS-PAGE Analysis

The SDS-PAGE analysis of 93 individual milk 
samples obtained from donkeys of the 2 Italian breeds 
screened (60 Ragusana and 33 Amiatina, respectively), 
gave 3 different patterns in agreement to what has been 
described by Auzino et al. (2022). In detail, 86 samples 
showed the presence of a β-LG I band displaying an 
electrophoretic mobility consistent with a molecular 
weight of 18,514.25 Da (wild type), one sample (Amia-
tina breed) with a β-LG I band whose electrophoretic 
mobility was higher than the wild type, and 6 samples 
(one Ragusana and 5 Amiatina) with both electro-
phoretic bands. These results, consistent with those 
reported by Auzino et al. (2022), led to hypothesize 
the presence of a new donkey β-LG I isoform with a 
molecular weight of 20,428.50 Da.

BLG I Gene Structure in Donkeys

By using genomic DNA as template, we sequenced 
the whole gene encoding the β-LG I (BLG I) of 2 
Amiatina donkeys, homozygotes for the electrophoretic 
bands of 18,514.25 Da (β-LG I wild type) and 20,428.50 
Da (β-LG I new variant), respectively (GenBank acces-
sion no. ON886232 and ON886233).

The sequenced DNA region including the BLG I 
gene is about 5,900 bp long, and it includes 1,407 bp of 
exonic regions, about 4,000 bp of intronic regions, 289 
nucleotides at the 5′ flanking region and 216 bp at the 
3′ flanking region. The level of sequence similarity with 
the 2 investigated alleles is about 99.5%.
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The BLG I gene is characterized by a relatively 
simple structure. Taking as reference the gene coding 
for the nonmutated form, it contains 7 exons ranging 
in size from 45 bp (exon 6) to 738 bp (exon 1), with 
exons 1 to 6 that contribute to the open reading frame. 
In detail, only the last 96 nucleotides of the first exon 
are coding. The whole highly conserved signal peptide 
(18 AA, MKCLLLALGLALMCGIQA) of the mature 
protein (162 AA) is encoded by the nucleotides 643 
to 696 of exon 1 and the translation stop codon TAA 
is created by nucleotides 15 to 17 of exon 6. The AA 
sequence (from 16 to 150 of the mature protein) reveals 
the structurally conserved regions typical of a lipo-
calin core (Supplemental Figure S1; https://dataverse.
harvard.edu/dataset.xhtml?persistentId=doi:10.7910/
DVN/DLFGKD, Cosenza, 2023).

The deduced CDS (coding sequence) length of don-
key BLG I gene is 543 bp long, with an average CG 
(Guanine-Cytosine) content value of 59.3% and with 
all the splice junctions following the 5′GT/3′AG splice 
rule. This structure is comparable to that described 
by Wodas et al. (2020) in horses (GenBank accession 
no. PJAA01000026.1 from 38880546 to 38874901; 
NM_001082493), which shows a homology of 97.82%.

Intronic and Exonic Polymorphisms Detection

The analysis and the alignment of the BLG I intronic 
sequences of the 2 donkeys used in this study have 
highlighted a discrete genetic variability. In detail, 17 
polymorphic sites (6 transversions, 10 transitions, 1 de-
letion/insertion) were found between the 2 sequenced 
animals (Supplemental Figure S1; Table 1). None of 
the intronic polymorphisms is apparently located in 
the regulatory regions (splicing donor/acceptor site, 
enhancer/silencer) and, as a consequence, they likely 
do not affect the gene expression. In particular, taking 
as reference the sequence of the wild type (GenBank 
accession no. ON886232), 2 polymorphisms (g.1203–
1204delTGGAGC and g.1339C > T) are detected with-
in a mammalian long-terminal repeat retrotransposon 
(MaLR) located between the nt 161 and 443 of the 
first intron. The MaLR are retroviral sequences that 
integrated into germ line cells millions of years ago. 
Transcripts of these long-terminal repeat retrotranspo-
sons are present in several tissues, and their expression 
is modulated in pathological conditions, although their 
function remains often far from being understood. Over 
time, most of these elements have accumulated numer-
ous mutations, often compromising their coding capa-
bility. An important function of MaLR insertions would 
be linked to species’ evolution (Pisano et al., 2020). 
Finally, several microsatellite sequences are present in 
the donkey BLG I gene (Supplemental Figure S1).

As expected, the comparison of the coding regions 
showed a reduced level of polymorphism. Only one SNP 
was identified. It is a transversion (g.1871G > A) located 
at the 40th nucleotide of exon 2 and responsible of the 
AA substitution p.Asp28 > Asn in the mature protein 
(Supplemental Figures S1 and S2, https://dataverse.
harvard.edu/dataset.xhtml?persistentId=doi:10.7910/
DVN/DLFGKD, Cosenza, 2023; Table 1).

Instead, comparing the sequences analyzed in this 
study with those recorded in GenBank for the donkey 
BLG I gene, it is possible to identify other genetic vari-
ability. In particular, 10 single intronic polymorphisms 
(7 transitions, 1 transversion, 2 indel mutations), 2 
exonic polymorphisms (g.458A > T and g.1863C > 
T), and 2 repeats as mono- (g.4934C[6]) and tetra-
nucleotide (g.5524CCTC[2]; Table 1).

Regulatory Elements and Polymorphisms Detection 
at the Promoter of the Gene

Auzino et al. (2022) postulated that the increase of 
about 1,915 Da of the new β-LG I variant can be justi-
fied by the fact that the protein entering the secretion 
pathway in the endoplasmic reticulum may include 
a N-terminal sequence extension, corresponding to 
the canonical signal peptide (β-LG I precursor), with 
an additional Ala residue (AMKCLLLALGLALMC-
GIQA).

The analysis of the gene promoter and its regulatory 
regions may provide an answer to this hypothesis. In 
fact, variations in regulatory regions are known to affect 
the structure and expression of milk protein (Martin et 
al., 2002; Szymanowska et al., 2003; Cosenza et al., 
2007, 2016, 2018). Therefore, in the present study, we 
decided to characterize and compare the proximal gene 
promoter and 5′ untranslated region (UTR; about 900 
nt) of the 2 investigated alleles.

AliBaba v2.1 program was used to identify the po-
tential binding sites of TF that could affect the gene 
expression revealed that the TATA box (TATATA) is 
located between the nucleotides −71/−66. In addi-
tion, we identified the following TF: CACCC elements 
flanked by clusters of overlapping specificity protein 
1 sites; activating protein 2; transcription factor IID; 
CCAAT/enhancer-binding protein α; retinoic acid 
receptors subtypes α, β; Yin Yang transcription fac-
tor-1, nuclear factor I, and milk protein binding factor, 
enhancer box (E-box; Supplemental Figure S1).

The sequence comparison of the 5′ flanking region 
showed only the substitution g.269C > G, whereas 
the 5′ UTR is more variable due to the presence of 
3 polymorphic sites: g.458G > A, g.496A > G and 
g.920–922CAC > TGT (Supplemental Figures S1 and 
S2, Table 1).
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The SNPs in position 269 and 496 do not affect 
known TF and, consequently, no influence on gene 
expression was expected; whereas, the remaining 2 
mutations may play a role in determining a differential 
gene expression. In fact, the presence of a G in position 
458 would determine the disappearance of a binding 
site for the upstream stimulatory factor (USF). The 
mutation g.920-922CAC > TGT localized 4 nucleotides 
upstream the Kozak consensus sequence is responsible 
for the creation of a binding site for the eukaryotic 
initiation factor (eIF), whereas the repressor activator 
protein 1 (Rap1) and E-box sites disappear. 

Such factors are known to be involved in gene tran-
scriptional regulation. The USF binds to classical E-
box elements and regulates the transcription through 
the recruitment of co-regulator complexes. The USF1 
plays an important role in transcriptional regulation of 
a large number of seemingly unrelated genes (Corre and 
Galibert, 2005; Rada-Iglesias et al., 2008), consistent 
with the abundant distribution of E-box like elements 
in the genome. The USF1 binding signals strongly 
correlate with target gene expression levels, suggest-
ing that USF1 plays an important role in transcription 
activation. The USF1 physically interacts with histone 
modifying enzymes, transcription preinitiation complex 
factors, coactivator, and corepressor proteins (Corre 
and Galibert, 2005; Huang et al., 2007; Corre et al., 
2009). In addition, USF1 interacts with other TF to 
achieve cooperative transcriptional activation of indi-
vidual genes (Corre and Galibert, 2005).

The Rap1 prevents initiation of divergent noncoding 
transcription near its binding sites and provides direc-
tionality toward productive transcription and its rapid 
depletion leads to widespread induction of divergent 
transcripts (Wu et al., 2018). In general, loss of Rap1 
at Rap1 binding promoters more commonly leads to 
significantly decreased transcription (Yarragudi et al., 
2007).

The eIF are protein complexes involved in the ini-
tiation phase of translation. Decreasing wild-type eIF1 
abundance reduces initiation accuracy, whereas over-
expressing eIF1 suppresses initiation at near cognates 
or AUG in poor context (Martin-Marcos et al., 2017). 
In particular, eIF1 plays a dual role in the scanning 
mechanism. Therefore, a deficiency in eIF1 decreases 
the fidelity of translation initiation (Visweswaraiah et 
al., 2015).

Genotyping

To verify whether the SNPs at positions 269, 458, 
and 496 were associated with the different protein iso-
forms, the 5′ flanking region of the BLG I gene was 
sequenced for the 6 heterozygous donkeys carrying 

the new variant and 6 homozygous wild type donkeys 
randomly selected. The comparison of the sequences 
showed that the electrophoretic band of 20,428.50 Da 
was always in cis with the SNPs g.269C > G, g.458G > 
A and g.496A > G, but these mutations have been as-
sociated also with the electrophoretic band of 18,514.25 
Da. Therefore, these polymorphisms do not seem to be 
involved in the generation of different donkey β-LG I 
isoforms.

To estimate the frequencies at the 2 polymorphic 
sites g.920–922CAC > TGT and g.1871G > A, and to 
determine the possible haplotypes, specific genotyping 
AS-PCR protocols have been developed (Figure 1). The 
genotype distributions and the allelic frequencies of the 
2 polymorphisms, determined in all 93 investigated 
donkeys are reported in Table 2.

The g.920–922CAC was always in cis with the band of 
20,428.50 Da, but also associated with the electropho-
retic band of 18,514.25 Da. On the contrary, the sub-
jects whose milk produced an SDS PAGE pattern with 
only the 20,428.50 Da band were always homozygous for 
g.1871A. All samples with a single electrophoretic band 
of 18,514.25 Da (27 Amiatina, 59 Ragusana samples) 
were homozygotes for g.1871G. The 6 donkeys with 
both bands in SDS PAGE pattern were heterozygous 
(g.1871A/G). The overall frequencies of g.920–922CAC 
and g.1871A were 0.3065 and 0.043 respectively, with 
slight differences between the 2 breeds and a genotype 
distribution consistent with Hardy–Weinberg’s law at 
the level of significance of 0.05 (Table 2).

Using Haploview software version 4.2, only 3 dif-
ferent allelic combinations (out of the 4 expected) 
were observed: haplotypes 1 (920–922TGT/1871G), 2 

Cosenza et al.: DONKEY BLG I CHARACTERIZATION AND ALLELE DETECTION

Figure 1. Identification by allele-specific PCR of the donkey car-
riers of (a) g.1871G > A and (b) g.920–922CAC > TGT mutations at 
BLG I locus. The marker (M) used is the 2-log DNA ladder (0.1–10 
kb; Biolabs) 1a, “g.1871G” allele specific primer; 2a, “g.1871A” allele 
specific primer 1b, “g.920-922CAC” allele specific primer; 2b, “g.920-
922TGT” allele specific primer.
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(920–922CAC/1871G), and 3 (920–922TGT/1871A). 
The first haplotype was the most represented with a 
frequency of 0.651, followed by the haplotypes 2 (0.306) 
and 3 (0.043). Because only the SNP g.1871A > G is as-
sociated with the different observed phenotypes, likely 
this mutation is involved in gene regulation processes.

Allele Nomenclature and Phylogenetic Relationship 
Among the Markers

Considering all 5 AA changes (gene markers in exons 
2, 4, and 5) as revealed by the database analysis, the 
literature, the newly determined in the present study 
and the 3 observed haplotypes, it is possible to deduce 
at least 5 different alleles (BLG I A, B, B1, C, D) re-
sponsible for 4 potential β-LG I translations (Figure 2).

In detail, the variant A and B have already been 
well characterized at the protein level respectively 
by Godovac-Zimmermann et al. (1988) for a Sardin-
ian donkey (Italy) and by Herrouin et al. (2000) for 
French donkeys of the “Commune” breed. The 2 se-
quences show a homology of 98.1% as a consequence 
of 3 AA substitutions: p.Ser36 > Glu, p.Thr97 > Ser 
and p.Ile150 > Val. Taken together, these 3 AA sub-
stitutions explained the mass difference of about 14 Da 
observed for the entire protein (18,514.25 vs. 18,528.23 
Da; Herrouin et al., 2000).

The BLG I B1 (haplotype 1) is a silent allele because 
it differs from the BLG I B (haplotype 2) for the sub-
stitution g.920–922CAC > TGT in the 5′ untranslated 
region. The presence of CAC920–922 should represent the 
ancestral condition of the gene as constitutive of BLG 
I and BLG II sequences in mares (GenBank accession 
no. PJAA01000026.1, region: 38874907 to 38880546, 
complement; AF107201.1) and zebras (GenBank ac-
cession no. JAKJSB010000001.1, region: 96008038 to 
96002141; HM012800.1).

The BLG I B1 allele, wild type allele characterized in 
the present study, is considered as the ancestral form 
according to nucleotide and AA sequences available for 
equidae. No cDNA or gene sequence is available for the 
variant B (Herrouin et al., 2000). Therefore, currently 
it is not possible to establish the link with the variant 
B1.

The further allele that we named BLG I C derived by 
the subsequent comparison between the nucleotide se-
quences of this study and that of an African ass reared 
in the Copenhagen zoo (Denmark; PSZQ01002145.1, 
region: 1252372 to 1258209). This allele is character-
ized by the SNP g.1863C > T located at the 32th 
nucleotide of exon 2 (Table 1) responsible for the AA 
substitutions p.Ala25 > Val in the mature protein 
(deduced Mr: 18,542.30 Da). The allele C carries the 
same haplotype 1 of the allele B; therefore, it is likely 
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derived by the latter. The p.Val25 was found also in the 
sequences of monomeric β-LG as reported for donkey 
β-LG II (GenBank acc nos. HM012800.1; HM012799.1) 
and equine β-LG II (GenBank acc nos. AF107201.1; 
NM_001082494.1), while for all mammalian species the 
presence of alanine occurs at this position both in β-LG 
I and β-LG II.

Finally, the BLG I D allele corresponds to the vari-
ant described in the present study characterized by the 
Asn in position 28 (haplotype 3). Among the 5 alleles, 
the BLG I D is of real novel identification because this 
amino acid substitution was never reported earlier in 
databases. In fact, all monomeric and dimeric β-LG 
sequences are characterized by Asp at this position 
and, therefore, it has to be considered as the ancestral 
condition of these proteins.

However, the substitution p.Asp28 > Asn increases 
the protein mass of a single Da and does not justify 
the difference in the molecular weight (18,514.25 vs. 
20,428.5 Da) observed in the SDS-PAGE of the present 
study and by Auzino et al. (2022).

In Figure 3 we proposed a possible phylogenetic map 
where X indicates a putative variant derived from the 
comparison with the sequence of mare β-LG I (Gen-
Bank accession no. NP_001075962.1; Conti et al., 1984) 

and considered as the ancestral form of this protein in 
donkey.

mRNA Secondary Structure

To understand the molecular mechanisms possibly 
responsible for the different protein isoform of the don-
key BLG I D allele, we carried out simulations with 
RNAfold to investigate possible correlations between 
computed BLG I mRNA secondary structures, together 
with their corresponding minimum free energies.

RNAfold analysis was achieved using the deduced 
mRNA sequences starting at 319 nucleotides from the 
transcription start site and ending 13 nucleotides down-
stream of the poly-A site. Each sequence was 1,096 
nucleotides long.

A first approach was to compare the minimum free 
energy structures of the polymorphic sequences. This 
comparison showed that only the SNP g.1871G > A 
is responsible for a change in the energy landscape. In 
fact, the presence of the adenine leads to a change in 
minimum free energy (least negative value) compared 
with the presence of the guanine: −460.10 kcal/mol for 
the haplotype 3 (920–922TGT/1871A) and −459.70 
kcal/mol for haplotype 4 (920–922CAC/1871A, not 

Cosenza et al.: DONKEY BLG I CHARACTERIZATION AND ALLELE DETECTION

Figure 2. Amino acid comparison of different donkey β-LG I variants (observed or deduced) and comparison with mare and zebra counter-
part. Peptide leader encoding regions are underlined and numbered according to the rules proposed by von Heijne (1986). The double-underlined 
AA sequences correspond to the structurally conserved regions typical of a lipocalin core. Amino acid substitutions are highlighted in gray. (1) 
Present work, National Center for Biotechnology Information (NCBI; https:​/​/​www​.ncbi​.nlm​.nih​.gov/​) reference sequence: ON886233; (2) NCBI 
reference sequence: XM_014838039.1; (3) Present work, NCBI reference sequence: ON886232; NCBI reference sequence: XM_044778355.1; 
(4) NCBI reference sequence: XP_046531205.1; (5) UniProtKB/Swiss-Prot: P13613.1; (6) NCBI reference sequence: PSZQ01002145.1, region: 
1252372 to 1258209; (7) NCBI reference sequence: NP_001075962.1.

https://www.ncbi.nlm.nih.gov/
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observed) versus −461.90 kcal/mol for haplotypes 1 
(920–922TGT/1871G) and 2 (920–922CAC/1871G; 
Figure 4).

These values would suggest that the G in position 
1871 could provide a translational benefit. In fact, it is 
well known that among a series of same-sized RNAs, 
the one with the most negative value of free energy is 
considered the most structured, stable and associated 
with more efficient translation rates (McClements et 
al., 2021).

In addition, the local analyses of mRNA secondary 
structure showed a conformational change always as 
consequence of g.1871G > A polymorphism (Figure 
4). Structural changes including extensively different 
stem-loops and bubbles were noticed in some regions 

of variant mRNA that may affect its stability. In par-
ticular, it is observed a conformational change in the 
region carrying the entire Kozak consensus sequence 
(GCAGCCATGA) with a different secondary structure 
formation in the 5′ UTR of haplotypes 1 and 2 versus 
the haplotype 3 (Figure 4). The conservation of the 
consensus Kozak sequence (GCCRCCATGG) is cru-
cial to maintain the rate of translation initiation and 
the disruption of this motif can lead to impairment in 
ribosome mRNA recognition and binding. In particu-
lar, within this motif, the purine in position −3 is the 
most highly conserved and functionally most important 
position. If the start codon does not have a purine at 
−3 position, then this sequence is in a weak context 
(Kozak, 2002).

Cosenza et al.: DONKEY BLG I CHARACTERIZATION AND ALLELE DETECTION

Figure 3. Possible evolutionary pathway of donkey β-LG I encoding gene (BLG I) and differences between the corresponding variants.

Figure 4. Secondary structure predictions (minimum free energy secondary structure) at the nucleotides immediately surrounding the start 
codon of donkey BLG I transcripts. Haplotype 4 was not observed.
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When the AUGSTART codon occurs in a strong context, 
all or almost all ribosomes stop scanning the mRNA 
sequence and initiate the translation at that point; on 
contrary, when the AUG resides in a very weak context 
few ribosomes initiate the translation at that point, 
but most continue scanning the mRNA and initiate 
the translation further downstream. This is known as 
leaky scanning (Kozak, 2002). By the same principle, 
alternative AUG codons upstream the optimal one or 
non-AUG codons (e.g., CUG, GUG, and UUG) allow 
to initiate translation although in a weaker way (Ke-
arse and Wilusz, 2017). Alternative translation starts 
are common events perhaps because mRNA secondary 
structure slows scanning and gives more time for the 
mismatched codon to pair with Met-tRNAi (Kozak, 
2002).

Thanks to recent developments of high-throughput 
technologies for translation genome-wide studies, alter-
native translation initiation and non-AUG initiation 
are known to be widespread in eukaryotes. The use of 
several translation initiation codons in a single mRNA, 
by expressing several proteins from a single gene, con-
tributes to the generation of new proteins harboring 
different amino terminal domains that may potentially 
confer to these isoforms distinct functions (Touriol et 
al., 2003; Kearse and Wilusz, 2017; Xu and Zhang, 
2020). Generally, the evolution tends to eliminate 
events of alternative translation initiation. However, 
many alternative ATG codons still appear near the be-
ginning of the open reading frames. It is possible that 
these alternative start codons still exist because the fit-
ness advantage of eliminating these codons is not high 
enough. An additional possibility is that at least some 
of the resultant alternative proteins from these alterna-
tive peptides are functional (Zur and Tuller, 2013).

Based on these considerations, the adenine at the 
40th nucleotide of exon 2 of the donkey BLG I gene 
changes the mRNA secondary structures, increases 
the minimum free energies and, therefore, might be re-
sponsible for an alternative translation initiation and, 
consequently, for the higher molecular weight of the 
β-LG I encoded by the allele D.

Starting with the first in frame alternative start co-
don (CUG upstream the canonical AUG), the 5′ UTR 
sequence of the allele D provides additional 54 nt of 
coding sequence (all within the first exon) that would 
translate to further 18 AA (LCLGLHTLQSSECTC-
SAA) at the N terminus of the immature β-LG. The 
first 17 AA might lead to a new signal peptide of a 
newly synthesized protein that is direct toward the 
secretory pathway.

This assumption is supported by the fact that the 
region preceding the cleavage site of this new signal 
peptide, which constitutes the substrate recognition 

site for the signal peptidase enzyme, conforms to the 
rules proposed by von Heijne (1986). Indeed, it is 
now well known that in bacteria and eukaryotic cells, 
preproteins have a common pattern in the c-region of 
the signal peptide. The residue in position −1 must 
be small (i.e., Ala, Ser, Gly, Cys, Thr, or Gln); the 
residue in position −3 must not be aromatic (Phe, His, 
Tyr, Trp), charged (Asp, Glu, Lys, Arg), or large and 
polar (Asn, Gln), but residues tolerated at this position 
are Ala, Gly, Ser, Cys, Ile, Val, and Leu. Residues at 
the +1, −2, −4, and −5 positions were not generally 
critical, as almost any residue was tolerated. Further, it 
was suggested that Pro must be absent from positions 
−3 through +1 (Paetzel et al., 2002). Therefore, the 
recognition of a new signal peptide, the extension of 
19 AA sequence of the mature protein, corresponding 
to the canonical signal peptide (Figure 2), with an ad-
ditional Ala residue and the presence of Asn in position 
28 is sufficient to provide the observed molecular weight 
(20,428.50 Da) of the slower migrating β-LG I D form 
(181 vs. 162 AA). These findings are a first hint that 
structural changes induced by a SNP may influence the 
donkey BLG I mRNA initiation efficiency and fidelity 
and, thereby, lead to proteins with different molecular 
weights.

It has been well documented that mutations in con-
sensus sites in genes related to milk traits in ruminants 
and equines may alter or create essential sequence ele-
ments for splicing, processing, or translation of mRNA. 
These mutations are associated with altered length 
or steady-state level of cytoplasmic mRNA or differ-
ent gene expression (Ramunno et al., 2005; Cosenza 
et al., 2009, 2016, 2017, 2018; Giambra et al., 2010; 
Balteanu et al., 2013; Gu et al., 2020). On the other 
hand, SNPs/indels that apparently do not affect RNA 
consensus could also lead to phenotypic effects, through 
mechanisms nonconsensus-dependent. Different studies 
documented that mutations in both coding and non-
coding regions of DNA can potentially act in mildly 
deleterious and, in some cases, pathological fashion on 
pre- and post-translational levels through changes in 
RNA structure and stability, thus representing a power-
ful tool to study their effect on gene expression. For ex-
ample, a considerable change in the secondary structure 
of the goat SCD1 mRNA was observed by an in silico 
analysis for samples carrying the c.*1902_1904delTGT 
polymorphism (Zidi et al., 2010). These authors hy-
pothesized that such a mutation has causal effect on 
milk polyunsaturated and conjugated linoleic fatty acid 
levels by altering the amount of SCD1 transcripts in 
mammary epithelial cells.

Likewise, the lower amount of αS1-CN observed for 
cattle CSN1S1 G and goat CSN1S1 E alleles, respec-
tively, was explained by a reduced mRNA stability as 
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consequence of a long interspersed nuclear element 
A+U rich insertion in their 3′ UTR region that affected 
the amount of mRNA free energy (Jansà Pérez et al., 
1994; Rando et al., 1998). Furthermore, it has been 
also hypothesized that the low level of lactoferrin in 
bovine milk compared with that in human milk may be 
a direct consequence of the different mRNA nucleotide 
sequence responsible for a stronger secondary structure 
and a higher free energy in bovine (Schanbacher et al., 
1993).

More recently, Erhardt et al. (2016) reported that 
an insertion of 11 bp at intron 17 negatively affects the 
secondary structure of the pre-mRNA of CSN1S1 A 
and CSN1S1 C alleles in camel. As consequence, these 
variants lack the exon 18 compared with CSN1S1 B 
variant, thus changing the αS1-CN peptide pattern, 
affecting the IgE-binding epitopes and altering the 
availability of bioactive peptides of the variants. These 
results are similar to what was previously reported for 
goat and sheep CSN1S1 (Leroux et al., 1992; Passey et 
al., 1996) and human CSN2 (coding for β-CN; Martin 
and Leroux 1992).

CONCLUSIONS

This study provides the first contribution to the full 
characterization of the genomic sequence of the donkey 
β-LG I encoding gene. Based on the detected genetic 
variability, 5 different alleles responsible for 4 potential 
β-LG I translations have been defined. In particular, 
the SNP g.1871G > A, responsible for the p.Asp28 > 
Asn AA substitution in the mature protein, has marked 
effects on the mRNA structural folds. This leads to the 
translation of a longer β-LG I form (181 vs. 162 AA) 
as a consequence of the recognition of an alternative 
initiation site leading to the extension of 19 AA of the 
mature protein, corresponding to the canonical signal 
peptide with an additional N-terminal alanine residue. 
To our knowledge, this study is the first to report the 
characterization of such an exceptional molecular event 
for a milk protein encoding gene, which should be in-
vestigated in further studies for its effects on donkey 
milk traits, including the related impact on human 
consumers. 
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