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 14 

Highlights 15 

• Reggiana and Modenese are autochthonous cattle breeds reared in the North of Italy. 16 

• Their milk is mainly used to produce branded mono-breed Parmigiano-Reggiano cheeses. 17 

• Variants in milk protein genes can have important effects on cheese making properties. 18 

• A total of 3,298 cattle of the two breeds were genotyped at the CSN2, CSN3 and PAEP 19 

genes. 20 

• Breeding strategies can be oriented to increase the frequency of favourable alleles. 21 

22 
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 23 

Abstract 24 

Reggiana and Modenese (also known as Bianca Valpadana) are two iconic autochthonous 25 

cattle breeds mainly raised in the North of Italy, in the area where the Protected Designation of 26 

Origin Parmigiano-Reggiano cheese is produced.  The monitoring of diffusion of milk protein gene 27 

variants in these cattle breeds is important to evaluate the impact of selection and conservation 28 

programs on the frequency of favourable alleles on milk quality and cheese-making properties and 29 

to avoid the increase of the frequency of alleles with unfavourable effects. In this study, we 30 

genotyped a total of ~3,300 cattle of the Reggiana and Modenese breeds with the GeneSeek® 31 

Genomic Profiler™ Bovine 150K Array and obtained an updated picture of the variability present 32 

in three milk protein genes (CSN2, CSN3 and PAEP, also known as β-lactoglobulin). We then 33 

retrospectively evaluated the trend of allele frequency changes over time, going back ~50 years, 34 

comparing the information reported by previous studies in the same two breeds. The allele 35 

frequency trends could be considered either positive, according to the increase in frequency of 36 

alleles with favorable effects on cheese making properties and cheese yield (i.e., CSN3*B in both 37 

breeds) or negative, based on the decrease in frequency of favorable alleles on the same traits (i.e., 38 

PAEP*B in Reggiana). Therefore, some adjustments in the selection and conservation programs 39 

might be needed to maintain genetic properties that can positively contribute to addressing the 40 

production of high-quality Parmigiano-Reggiano cheese and support a sustainable conservation of 41 

these cattle genetic resources. 42 

 43 

Keywords: Bos taurus, Cheese-making property, CSN2, CSN3, Genetic resource, PAEP, 44 

Polymorphism. 45 

46 
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 47 

1. Introduction 48 

Reggiana and Modenese (also known as Bianca Valpadana) are dual purpose autochthonous 49 

cattle breeds mainly raised in the Emilia-Romagna region, in the North of Italy, in the area where 50 

the Protected Designation of Origin (PDO) Parmigiano-Reggiano cheese is produced. These two 51 

breeds have small populations as they account for a total of 4,752 (2,705 cows for Reggiana) and 52 

1335 (576 cows for Modenese) registered animals in their Herd Books, raised in a total of 104 and 53 

54 herds, respectively (Associazione Nazionale Allevatori Bovini di Razza Reggiana, 54 

ANABoRaRe, 2023). Both the Reggiana and Modenese breeds are historically considered to be 55 

derived from the ancestral cattle populations that were raised in the Po Valley and from which 56 

Parmigiano-Reggiano cheese first originated. For these reasons, they are regarded as iconic cattle 57 

genetic resources, linked to the traditional agriculture of the region. Nowadays, almost all milk 58 

produced by Reggiana cattle and a large amount of the milk produced by Modenese cattle is 59 

processed into two mono-breed PDO Parmigiano-Reggiano cheeses. These cheeses are labelled 60 

with brand names that are linked to the coat colour of the two breeds: “Vacche Rosse” (Red Cattle), 61 

for the solid red coat colour (known as fromentino) of the Reggiana cattle; “Vacche Bianche” 62 

(White Cattle), for the solid white coat colour of the Modenese cattle (Bovo et al., 2021; Bertolini et 63 

al., 2022). These branded Parmigiano-Reggiano cheeses are sold at a higher price than those made 64 

from undifferentiated milk (Gandini et al., 2007). The resulting economic gain can compensate the 65 

production gap that Reggiana and Modenese cattle have in terms of average 305-day milk yield 66 

(year 2023: 6,020kg and 4,469 kg, respectively; Associazione Italiana Allevatori, 2023) compared 67 

to more productive dairy breeds such as Italian Holstein and Italian Brown cows (10,428 kg and 68 

7,718 kg, respectively; Associazione Italiana Allevatori, 2023). A selection program is currently 69 

underway in the Reggiana breed for which a composite genetic index (known as the Parmigiano 70 

Reggiano Cheese Yield Genetic Index) focused on expected cheese yield, including both milk yield 71 

and milk protein percentage, is estimated (Bertolini et al., 2020). For Modenese breed, only a 72 
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conservation program managed by ANABoRaRe is currently in place. For Reggiana and Modenese 73 

breeds, which are considered small populations, monitoring and controlling inbreeding are integral 74 

parts of the selection and conservation programs, respectively (Schiavo et al., 2021). 75 

Many studies have investigated genetic variability in milk proteins and their effects on 76 

quantitative and qualitative milk and cheese-making properties in cattle. Some variants have 77 

consistently been reported to impact a variety of traits, leading to changes in the economic and 78 

health-related properties of the resulting dairy products (Comin et al., 2008; Caroli et al., 2009; Gai 79 

et al., 2021; Bisutti et al., 2022). Among the milk protein genes, casein beta (symbol CSN2, 80 

encoding the β-casein protein with symbol β-CN), casein kappa (CSN3 encoding the k-CN protein) 81 

and progestagen-associated endometrial protein (PAEP, also known as β-lactoglobulin gene with 82 

symbols BLG or LGB, encoding the β-lactoglobulin protein) have been reported to have the highest 83 

genetic variability in Bos taurus (Caroli et al., 2009). The CNS2 and CNS3 genes are closely linked 84 

on Bos taurus chromosome 6 (BTA6) and are members of the casein gene cluster; PAEP is 85 

localised on BTA11. 86 

The monitoring of the diffusion of milk protein variants in these genes at the cattle population 87 

level is important to evaluate the impact of breeding strategies on the frequency of favorable alleles 88 

and to avoid the increase of the frequency of alleles with unfavorable effects, which could have 89 

negative economic impacts (Caroli et al., 2009). In Reggiana and Modenese breeds, milk protein 90 

polymorphisms were previously investigated by a few pioneering studies that analysed milk protein 91 

variants directly from the milk using electrophoretic techniques (Mariani and Russo, 1971; Russo 92 

and Mariani, 1972; Russo et al., 1984; Caroli et al., 2004). Fontanesi et al. (2015) studied the 93 

polymorphisms of CSN3 and PAEP genes at the DNA level in Reggiana sires. 94 

Recently, CSN2 gene has attracted significant scientific and practical interests, this is due to 95 

the fact that some of its variants have been reported to potentially impact human health (Summer et 96 

al., 2020; Thiruvengadam et al., 2021; Giribaldi et al., 2022). Several studies, but with some 97 

contrasting results, have suggested that the digestion of bovine β-CN variants carrying the amino 98 
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acid histidine at position 67 of the mature secreted protein (namely A1, B, C, F, G and L variants, 99 

collectively referred to as A1 “like” variants; Summer et al., 2020) could induce milk 100 

allergy/intolerance, gastrointestinal discomfort, and increase the risk for several not-transmissible 101 

syndromes, including neurological disorders (Caroli et al., 2009; Brooke-Taylor et al., 2017; 102 

Summer et al., 2020; Thiruvengadam et al., 2021; Cieślińska et al., 2022; Fernández-Rico et al., 103 

2022; Giribaldi et al., 2022; Jiménez-Montenegro et al., 2022). Conversely, the digestion of bovine 104 

β-CN variants with proline at position 67 (A2, A3, D, E, H1, H2 and I variants, referred to as A2 105 

“like” variants or A2 milk) could improve milk digestion efficiency and have antibacterial and 106 

antioxidant activities. In view of possible human health benefits of A2 “like” milk, in addition to 107 

avoid the A1 “like” adverse effects, some farmers have started adopting strategies to increase the 108 

frequency of the β-CN A2 variant in their herds (Jiménez-Montenegro et al., 2022). From another 109 

perspective, it is also important to underline that the β-CN A2 variant has been associated with 110 

negative effects on cheese-making properties, positioning this variant at the crossroad of two 111 

potential contrasting interests (Bittante et al., 2012; Gustavsson et al., 2014; Gai et al., 2021; Bisutti 112 

et al., 2022). Among the variants of the CSN2 gene, the β-CN B has been suggested to provide the 113 

most positive cheese-making properties to milk, especially when in haplotype with the κ-CN B 114 

variant (Comin et al., 2008). 115 

Although many genetic variants have been identified in the CSN3 gene, the two most 116 

common forms in nearly all cattle breeds are variants A and B. In most European breeds the A 117 

variant is prevalent than the B variant (Caroli et al., 2009; Chessa et al., 2020; Mahmoudi et al. 118 

2020; Salmasi et al., 2020). The impact of CSN3 polymorphisms on cheese-making properties is 119 

well established (Di Stasio and Mariani, 2000). Variant κ-CN B has been associated with higher 120 

levels of both glycosylated fraction and total k-casein as well as casein number (weight percentage 121 

of casein to total protein which is an indicator of cheese yield), micelles with a smaller average 122 

diameter (size), increased and faster reactivity with rennet enzyme and superior rheological 123 

characteristics of the curd compared to the A variant (Di Stasio and Mariani, 2000). Variant κ-CN 124 
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E, found only in a few cattle breeds, and not yet identified in Reggiana and Modenese breeds, has 125 

been associated with lower milk protein content, and unfavorable milk coagulation properties, 126 

compared to the other two mentioned alleles, likely due to micelles with a lower percentage of κ-127 

CN (Caroli et al., 2000; Hallén et al., 2008). 128 

At least eight variants of the PAEP gene (which encodes the most important whey protein 129 

known as β-lactoglobulin, BLG or LGB) have been reported thus far in Bos taurus. Variants A and 130 

B are the most common in many breeds (Caroli et al., 2009). The BLG-A variant has been 131 

associated with higher concentrations of BLG in milk, as a result of increased transcriptional 132 

activity of the PAEP gene, total whey proteins and total milk proteins compared to the B variant 133 

(Caroli et al., 2000; Bonfatti et al., 2010). On the other hand, the BLG-B variant has been associated 134 

with improved rennet coagulation properties and higher milk fat content, enhancing cheese-making 135 

properties (e.g., Schaar et al., 1985; Aleandri et al., 1990). 136 

In this study we genotyped a total of about 3,300 cattle from the Reggiana and Modenese 137 

breeds. Our objectives were i) to provide an updated overview of the variability in the CSN2, CSN3 138 

and PAEP genes, and ii) retrospectively analyse the trend of allele frequency changes at these major 139 

milk protein genes over time, going back to ~50 years, comparing our findings with the data from 140 

previous studies conducted in the same two breeds. 141 

 142 

2. Material and methods 143 

2.1. Investigated cattle populations 144 

We analysed 3,298 cattle including 2,734 Reggiana cattle, born between 2000 and 2020, and 145 

kept on 100 farms located in the North of Italy and 564 Modenese cattle, born between 2005 and 146 

2021, and kept on about 60 farms, distributed in the North of Italy. All analysed animals were 147 

registered in their herd books managed by ANABoRaRe. Individual biological samples (blood or 148 
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buccal swabs) were collected from 2019 to 2021 for routine monitoring analyses, not specifically 149 

for this study. Therefore, no ethical issues were relevant for this study. 150 

 151 

2.2. Genotyping data 152 

DNA was extracted using the Wizard Genomic DNA Purification kit (Promega Corporation, 153 

Madison, WI, USA). All animals were genotyped with the GeneSeek® Genomic Profiler™ (GGP) 154 

Bovine 150K Array using standard genotyping protocols, based on the supplier’s recommendations. 155 

A total of 12 single nucleotide polymorphism (SNP) markers were included in this array. As this 156 

array did not provide free access to the SNP that can distinguish between the A1 and A2 “like” 157 

alleles of the CSN2 gene, for only a subset of the genotyped cattle (600 Reggiana and 300 158 

Modenese) this information was disclosed (BCN A2 test, Table 1). All SNPs were mapped on the 159 

ARS-UCD2.0 assembly of the Bos taurus genome. More details of the considered SNPs are 160 

reported in Table 1. 161 

 162 

2.3. Gene and protein nomenclature and correspondence between DNA (SNP) alleles and milk 163 

protein variants 164 

In this study we used the official gene nomenclature and related gene symbols when the 165 

information directly referred to the genes (casein beta, CSN2; casein kappa, CSN3; and 166 

progestagen-associated endometrial protein, PAEP). The corresponding proteins were referred as β-167 

CN, κ-CN and BLG, respectively (as also reported above) and the protein variants were indicated 168 

with the letters (Caroli et al., 2010). Gene alleles were indicated with the gene symbol followed by 169 

an asterisk and the letter of the considered variant (for instance: CSN2*A1 for the β-CN A1 variant; 170 

CSN2*A2 for the β-CN A2 variant; CSN3*A for the κ-CN A variant; CSN3*B for the κ-CN B 171 

variant; PAEP*A for the BLG A variant; PAEP*B for the BLG B variant; and so on). The reported 172 

correspondences between gene alleles and protein variants can make possible to align our results 173 

with the results reported by previous studies (see below). 174 
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The SNP array used allows for genotyping of missense mutations in the CSN2, CSN3 and 175 

PAEP genes. The correspondence of SNP alleles with encoded milk protein variants is detailed in 176 

Table 1. To align the results obtained in our study with the information reported in previous studies, 177 

we utilized the nomenclature of milk protein variants (with the specific information at the protein 178 

level). SNP tests on the chip covered eight variants/variant combinations (A3, B, C, E, F, H1, H2+I 179 

and L) of the β-CN protein (Table 1). The samples that did not carry any of the eight 180 

variants/variant combinations covered in the chip, were classified as carrying allele A, including 181 

alleles A1 and A2 (or protein variants β-CN A1 and A2). Only for the subset of cattle genotyped 182 

with the BCN A2 test, differentiation between A1 and A2 alleles was possible (Table 1). 183 

Genotyping tests at the CSN3 gene distinguished the three CSN3 alleles C, D and E (corresponding 184 

to the κ-CN C, D and E variants; Table 1) and two allele groups or protein variant groups (A and B; 185 

Table 1). Similarly, at the PAEP gene, two allele groups (referred to as PAEP*A and PAEP*B 186 

alleles in the manuscript, and corresponding to the BLG-A and BLG-B variants) were 187 

distinguishable. 188 

 189 

2.4. Data editing and statistical analyses 190 

Genotyping data for the investigated genes were pruned from all SNP chip genotyping results 191 

and analysed using PLINK 1.9 software (Chang et al., 2015) for quality control. Only data with an 192 

animal genotyping call rate > 0.95, SNP call rate > 0.90 and minor allele frequency (MAF) ≥ 0.001 193 

were retained for further statistical analyses. Allele and genotype frequencies, as well as Hardy-194 

Weinberg equilibrium for each SNP/breed were estimated using the R statistical program. The 195 

relative frequencies of the CSN2*A1 and A2 alleles (i.e., A1/A1+A2 and A2/A1+A2) were 196 

calculated in the subset of cattle (Reggiana, no. 600; Modenese, no. 300) from which the 197 

corresponding information was disclosed from the array. These relative frequencies were then used 198 

to estimate the frequencies of the CSN2*A1 and CSN2*A2 alleles in the entire dataset (2,734 199 



10 
 

Reggiana and 564 Modenese cattle), as a proportion based on the observed frequency of the A1+A2 200 

alleles in the genotyped animals. 201 

In the subset of Reggiana and Modenese cattle, the CSN2-CSN3 haplotypes were 202 

reconstructed using PHASE (version 2.1.1) software (Stephens and Donnelly, 2003) and the 203 

frequencies of haplotypes were estimated for each breed. The composite CSN2-CSN3 genotypes 204 

were determined using the FREQ procedure of SAS (version 9.4; SAS Inst. Inc. Cary, NC, USA). 205 

The obtained results on milk protein variant frequencies were compared with results 206 

published by other authors in previous studies (Mariani and Russo, 1971; Russo and Mariani, 1972; 207 

Russo et al., 1984; Caroli et al., 2004; Fontanesi et al., 2015). The years of publication of these 208 

studies, along with the year of the current study (set as 2024), defined the time points considered for 209 

the evaluating respective allele frequencies and related comparisons across time points. Frequencies 210 

of the same alleles obtained in different studies were compared using Fisher’s exact tests or Chi 211 

square tests, as appropriate. Considering the sparse data and the limited number of data points, only 212 

when allele frequencies were available in at least four time points (based on the mentioned 213 

references, in addition to the current study), simple linear regression models were fitted to evaluate 214 

the trend of allele frequency differences. Frequencies of CSN2*A1 “like” alleles (β-CN A1 “like” 215 

variants) and A2 “like” alleles (β-CN A2 “like” variants) were also estimated based on allele 216 

frequencies published from previous studies and those obtained in our subsamples. 217 

 218 

3. Results  219 

3.1. Allele and genotype frequencies of protein variants as inferred from SNP genotyping data 220 

Allele frequencies for the milk protein genes under investigation are provided in Table 2. 221 

Supplementary Table S1 presents the frequencies for the subset of genotyped animals analysed with 222 

the BCN A2 test. All SNPs were found to be in Hardy-Weinberg equilibrium 223 

At the CSN2 gene, out of the 10 alleles/allele groups that could be analysed, seven were 224 

detected in Reggiana cattle, with four also observed in the Modenese breed (Table 2). Alleles A3, F 225 
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and H2+I were very rare (~1% or lower) and were only identified in the Reggiana breed, which had 226 

a larger number of genotyped animals compared to the other breed. The most frequent allele in both 227 

breeds was CSN2*A2 (Table 2). Opposite frequencies were instead observed when we considered 228 

the A1 “like” and the A2 “like” alleles in the two breeds (Table 2): A2 “like” was the most common 229 

in the Reggiana breed (58.8%) and the A1 “like” was the most common in the Modenese breed 230 

(62.7%). A total of 11 different CSN2 genotypes were found in the Reggiana population, with five 231 

having a frequency ≥5%: 37.7% were homozygous A2/A2 and about 50% were A2 heterozygous 232 

carriers (Table S2). In the Modenese breed, a total of 10 different CSN2 genotypes were identified, 233 

with one having a frequency lower than 5%, and the most common genotype was A2/B, accounting 234 

for ~26% of the genotyped animals (Table S3). 235 

At the CSN3 gene, the C and D alleles were not observed in any Reggiana and Modenese 236 

cattle. For both breeds, allele group B was the most common, accounting ~56% in Reggiana and 237 

~70% in Modenese breeds. Allele group A was the second most frequent in both Reggiana and 238 

Modenese breeds, representing 41.8% and 29.7%, respectively (Table 2). CSN3*E was the rarest 239 

allele in both breeds, with frequencies of 2.7% in Reggiana and 0.3% in Modenese cattle. 240 

At the PAEP gene, the frequency of A and B allele groups was opposite in the two breeds: A 241 

was the most frequent in Reggiana (61%) and B was the most frequent in Modenese (~68%) breeds. 242 

As the CNS2 and CNS3 genes are closely linked on BTA6, we estimated their haplotypes and 243 

evaluated their haplotype frequencies in Reggiana and Modenese cattle, using a subset of 900 cattle 244 

that were genotyped to distinguish the CSN3*A1 and A2 alleles. The frequencies of the CSN2-245 

CSN3 haplotypes are shown in Table 3. We identified a total of seven haplotypes, with a frequency 246 

≥ 5% in at least one breed. The most common CSN2-CSN3 haplotypes were A2-B (40.7%), A2-A 247 

(21.8%) and B-A (9.1%) in Reggiana cattle, and A2-B (29.8%), A1-B (13.9%) and B-B (13.6 %) in 248 

Modenese cattle. The composite CSN2-CSN3 genotypes for the Reggiana and Modenese breeds are 249 

summarised in Tables S2 and S3, respectively. 250 

 251 



12 
 

3.2. Over time evaluation of milk protein variant frequencies in Reggiana and Modenese 252 

A few other studies focusing on the Reggiana and Modenese breeds, published starting from 253 

more than 50 years ago, have already reported allele frequencies in the three milk protein genes 254 

under investigation (Mariani and Russo, 1971; Russo and Mariani, 1972; Russo et al., 1984; Caroli 255 

et al., 2004; Fontanesi et al., 2015). We, therefore, have harmonized allele nomenclature, referred to 256 

the protein variants, and used the reported results to obtain a comprehensive picture of allele 257 

frequency distribution in these breeds over time. The year of publication of these studies served as 258 

the reference time point for our population genetic analyses.  259 

Combining the previously reported results with the results obtained in this study, we were 260 

able to cover three to five time points for each gene/allele group combination in the Reggiana breed, 261 

spanning approximately 40 to 50 years (Figure 1; Table S4). In the Modenese breed, which has 262 

been less studied than the Reggiana breed, we could only cover two to three time points (including 263 

the current study), but that they still encompassed a similar time frame to that reported for the 264 

Reggiana cattle (Table S4). 265 

In Reggiana, the frequency of the CSN2*A2 allele has increased since Russo et al. (1984), 266 

when it was first reported (45.7%; Figure 1a, Table S4), reaching 62.5% in the current study, with a 267 

strong significant statistical difference between the two time points (P <0.00001). Allele CSN2*B 268 

has consistently increased in Reggiana (Figure 1b) over the explored time window of more than 50 269 

years (R2 of the intercept line was 0.8437), with a corresponding decrease of allele CSN2*A. 270 

Starting from Mariani and Russo (1971), who reported a frequency of the CSN3*B allele at 46.6%, 271 

the difference with our current study (57.7%) was highly significant (P <0.00001). However, the 272 

increasing trend of this allele slowed down when comparing the frequency of 55.9% reported by 273 

Fontanesi et al. (2015) with the frequency obtained in this study, with no statistical differences 274 

between these two time points (P = 0.23). A similar increasing trend was observed for allele A of 275 

the PAEP gene in Reggiana (R2 = 0.9286), and in turn, a corresponding reduction in the frequency 276 

of allele B at this gene, for which four time points were available (Figure 1c). When comparing the 277 
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two extreme time points (Mariani and Russo, 1971; and the current study) for PAEP, the allele 278 

frequency difference was highly significant (P<0.00001). However, when comparing the allele 279 

frequency reported by Fontanesi et al. (2015) to the allele frequency obtained in this study, the 280 

difference was not significant (P = 0.99). 281 

In the Modenese breed, the frequency of the CSN2*A2 allele decreased slightly from Russo et 282 

al. (1984) to the current study (from 41.8% to 39.3%), but the difference was not statistically 283 

significant (P = 0.48). At the CSN3 gene, the Modenese population showed an increasing trend in 284 

the frequency of the CSN3*B allele: the frequency obtained in this study (68.8%) was statistically 285 

different (P<0.00001) from what was reported in both previous studies (Russo and Mariani, 1972: 286 

49.5%; Russo et al., 1984: 41.0%). Additionally, a small increase in the frequency of the PAEP*A 287 

allele was observed in this breed, although it was not statistically significant (P = 0.11), when 288 

compared to the results reported by Russo and Mariani (1972) and the results obtained in this study 289 

(Table S4). 290 

 291 

4. Discussion 292 

Over the last decades, the study of milk protein genetic variants in cattle has received great 293 

attention for their effect on quantitative and qualitative milk and cheese-making properties, as well 294 

as on human health. In our study we analyzed SNPs in the CSN2, CSN3 and PAEP cattle genes and 295 

translated these polymorphisms included in a SNP array into milk protein variants. This allowed us 296 

to compare the information obtained in Reggiana and Modenese breeds, with studies reported in 297 

these breeds a few decades ago, as well as with other breeds analysed using different 298 

methods/approaches. The time window that we covered by considering previous studies on 299 

Reggiana and Modenese was about five decades (Mariani and Russo, 1971; Russo and Mariani, 300 

1972; Russo et al., 1984; Caroli et al., 2004; Fontanesi et al., 2015). It should also be noted that 301 

cattle investigated in these studies might have been born several years before the publication year, 302 

expanding the time window of this temporal comparative analysis. Allele frequencies within 303 
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(considering an overtime analysis) and among breeds may vary according to the combination of 304 

different breeding objectives, genetic history, possible admixture events and random genetic drift 305 

(Caroli et al., 2004; Chessa et al., 2020; Hohmann et al., 2021). 306 

In both Reggiana and Modenese breeds, the CSN2*A2 allele, considered the primitive allele 307 

from which other alleles originated (Caroli et al., 2009; Brooke-Taylor et al., 2017), was the most 308 

common (58.6% and 37.3%, respectively; Table 2). A high frequency for this allele has been also 309 

previously found in other dairy and dual-purpose cattle breeds, such as Danish Jersey, Italian 310 

Holstein-Friesian, Norwegian Red, and Simmental (Bonfatti et al., 2010; Poulsen et al., 2013; 311 

Massella et al., 2017; Chessa et al., 2020; Sanchez et al., 2020; Sebastiani et al., 2020). Our study 312 

also identified for the first time the rare CSN2*F allele in the Reggiana population (1.1%; Table 2). 313 

It is worth mentioning that previous studies in this breed that investigated milk protein variants 314 

(Mariani and Russo, 1971; Russo et al., 1984; Caroli et al., 2004) used electrophoretic analyses (i.e., 315 

starch urea gel and isoelectric focusing), which are unable to identify this variant. Therefore, we 316 

cannot exclude the possibility that this allele was also present in the past Reggiana population. This 317 

rare allele has also been identified in Italian Holstein cattle, with a very low frequency (0.6%; 318 

Massella et al., 2017) and in two local Danish dairy breeds, but with a higher frequency (~20%; 319 

Poulsen et al., 2017). Additionally, at the CSN2 gene, in Reggiana cattle, we identified another very 320 

rare variant profile (0.1%), which could be classified as derived from H2 or I variants. Since the H2 321 

variant is rare and has not been identified in European cattle breeds, except in Normande breed 322 

(Caroli et al., 2009), we can assume that the SNP test BCN_8178 (putatively for H2 + I variants 323 

discovery; Table 1) can identify the CSN2*I allele. This variant has already been found in several 324 

European cattle breeds, including Italian Simmental and Italian Holstein (Caroli et al., 2009; 325 

Sanchez et al., 2020; Sebastiani et al., 2020). Particularly, the I allele has been reported to be one of 326 

the most frequent alleles (~31%) in the Normande breed and with quite high frequencies (from ~8 327 

to 17%) in other French breeds (Sanchez et al., 2020). Other rare CSN2 alleles (E, H1, and L), that 328 

could be identified by the genotyping assays used here, were not present in Reggiana and Modenese 329 
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breeds. The CSN2*E allele is known to be present only in the Piedmontese breed, and the H1 and L 330 

alleles have never been observed in any European cattle breeds (Caroli et al., 2009; Gallinat et al., 331 

2013). The CSN2*D and G alleles (not included in the genotyping assays used here) are known to 332 

be rare and it is unlikely to find them in the studied populations. In particular, the D allele has only 333 

been identified in Bos indicus, while the nucleotide sequence of the G variant remains controversial 334 

(Caroli et al., 2009). 335 

As mentioned earlier, β-CN proteins have been suggested to have some effects on human 336 

health (Thiruvengadam et al., 2021; Giribaldi et al., 2022). The putative adverse effects of the β-CN 337 

A1 “like” variants (with p.67His) have been related to the formation of the bioactive opioid peptide 338 

of seven amino-acid (fragment 60–66 of the protein), known as β-casomorphin-7 (BCM7). This 339 

peptide, upon acid hydrolysis in the gastric environment, enzymatic hydrolysis in the small 340 

intestine, microbiome activity, or technological food processing, is released at a higher 341 

concentration from A1 “like” variants than from A2 “like” variants (Brooke-Taylor et al., 2017; 342 

Cieślińska et al., 2022). Due to the potential negative impact on human health of the β-CN A1 343 

“like” milk, some farmers and dairy industries have implemented strategies to produce A2 “like” 344 

milk, usually for fresh consumption (Jiménez-Montenegro et al., 2022). However, many conflicting 345 

studies on this topic have not provided enough scientific evidence to confirm any causative effect 346 

between the consumption of β-CN A1 “like” milk and health problems in human, justifying the 347 

introduction of breeding strategies and changes in dietary habits (Caroli et al., 2009; Summer et al., 348 

2020; Giribaldi et al., 2022). It is also worth mentioning that almost all milk produced by Reggiana 349 

and Modenese cows is used to obtain long-ripened PDO Parmigiano-Reggiano cheese, whose 350 

maturation steps may drastically reduce the level of released BCM7 below any detectable in vivo 351 

opioid activity (De Noni et al., 2015). On the other hand, several studies have provided clear 352 

evidence that the β-CN A2 variant confers worse coagulation properties to the milk (i.e., higher 353 

rennet coagulation time and curd-firming time, and lower curd firmness) and lower cheese yield 354 

than the A1, B and C variants (Amalfitano et al., 2019; Bittante et al., 2012; Gustavsson et al., 355 
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2014; Gai et al., 2021; Bisutti et al., 2022). Therefore, in this context, the relatively recent increase 356 

in the frequency of the CSN2*A2 allele in Reggiana should be considered with caution. It is also not 357 

known why over the last ~20 years this breed has had a significant increase in the frequency of the 358 

CSN2*A2 allele, as there has been no direct selection for this allele. Breeding objectives have been 359 

focused on improving cheese-making properties of Reggiana milk, which, in turn, may have 360 

favoured allele A1. It is possible that genetic drift, common in small populations, resulted from the 361 

unconscious more frequent use of sires carrying allele A2, contributed to this recent trend. Another 362 

possible explanation for this trend, at least in part, could be the linkage disequilibrium of this allele 363 

with allele B at the CSN3 gene (the most frequent CSN2-CSN3 haplotype was A2-B in both breeds). 364 

In both Reggiana and Modenese breeds, we observed a higher frequency of allele B than 365 

allele A at the CSN3 gene, with a significant increase in its frequency over the last five decades. 366 

This increase seems primarily due to direct actions taken since the first demonstration of its 367 

importance in cheese-making properties (Mariani and Russo, 1972; Russo and Mariani, 1972; 368 

Russo et al., 1984), shaping the trend observed in our study. With more previous studies setting 369 

time points in Reggiana than in Modenese, we can see that the recent increasing trend in Reggiana 370 

has slowed down, compared to what was reported by Fontanesi et al. (2015), almost a decade ago. 371 

The reason for this recent change is unclear, especially considering that Reggiana sires have been 372 

routinely genotyped for CSN3 since the beginning of this century, with a preference for sires 373 

carrying allele B. To prevent the reversal of this trend, a new composite genetic index has been 374 

approved by the Reggiana Cattle Breed Herd Book Technical Commission (ANABoRaRe, 2023), 375 

which includes an additional weight then the animals carry the CSN3*B allele. In this study we also 376 

identified, for the first time, in both Reggiana and Modenese breeds, the rare CSN2*E allele (with 377 

frequencies of 2.7% and 0.3%, respectively). This allele was found to be in complete linkage 378 

disequilibrium (i.e., forming the haplotype, data not shown) with the CSN2*A1 allele, confirming 379 

previous reports in other breeds (Gai et al., 2021). The CSN2*E allele was initially discovered in 380 

German taurine breeds and has since then detected in various other breeds including Italian Brown 381 
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and Italian Friesian (Caroli et al., 2009; Gai et al., 2021). The presence of the CSN2*E allele in both 382 

Reggiana and Modenese breeds highlights the need for specific monitoring programs to prevent an 383 

increase in its frequency, given the negative impact of this variant on several cheese-making 384 

properties of the milk (Caroli et al., 2000; Hallén et al., 2008). 385 

For the PAEP*B allele, determining a whey protein variant positively associated with cheese 386 

making properties (Schaar et al., 1985; Aleandri et al., 1990), we have observed a trend of reduction 387 

in its frequency in Reggiana over the last five decades, with a slowdown in the last decade. 388 

Information on the genotype at this gene is not routinely generated for Reggiana and Modenese 389 

cattle, so breeders cannot base their selection strategies on this locus. Therefore, it would be 390 

important to establish a genotyping service for candidate sires for the PAEP gene to provide 391 

breeders with information and evaluate how to reverse the decreasing trend of allele B in Reggiana. 392 

It is also possible that the genotype at this gene may not have a significant effect on cheese-making 393 

properties in Reggiana, as also reported in other studies (Bonfatti et al., 2010), and the decreasing 394 

trend may be better explained by genetic drift in a small population. The frequencies of PAEP 395 

alleles have remained stable in the Modenese breed over the same time period, suggesting that 396 

genetic drift may not have influenced allele frequency at this gene in this case. 397 

 398 

5. Conclusions 399 

In this study we genotyped nearly half of the total cattle populations of two iconic 400 

autochthonous Italian breeds, Reggiana and Modenese, to provide an updated allele frequency for 401 

three major milk protein genes: CSN2, CSN3 and PAEP. These genes encode important milk 402 

proteins: β-casein, κ-casein and β-lactoglobulin, respectively. The results obtained were compared 403 

to those reported in previous studies that investigated the same milk protein genes in the same 404 

breeds. This comparative analysis provided information useful to evaluate the effects of the 405 

selection and conservation programs in Reggiana and Modenese at the population genetic levels. 406 

The time frame that we reconstructed was of ~50 years, corresponding to about 8-10 generations. 407 
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For the CNS2 and CSN3 genes, we identified a few alleles that had not been previously detected in 408 

these two breeds. The trends in allele frequencies, especially in the Reggiana breed, could be seen 409 

as either positive, with an increase in the frequency of alleles with favorable effects on cheese yield, 410 

or negative, with a decrease in the frequency of favorable alleles for the same traits. Therefore, 411 

adjustments to breeding strategies and conservation programs may be needed to maintain genetic 412 

properties in the two breed populations that can positively contribute to further address the 413 

production of high-quality breed-branded Parmigiano-Reggiano cheeses. 414 
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Figure 1. Allele frequency trends at the three investigated genes (a: CSN2; b: CSN3; c: PAEP) over 603 

time in the Reggiana breed. The y axis reports the allele frequency of the corresponding allele. The 604 

indicated years in the x axis refer to the years of publication of the studies from which the 605 

information was retrieved (Mariani and Russo, 1971; Russo et al., 1984; Caroli et al., 2004; 606 

Fontanesi et al., 2015) and this study (2024). Only the most important alleles were included. For 607 

some alleles, information in a few time points was not available. All details are reported in 608 

Supplementary Table S4. 609 
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Table 1. Details of the single nucleotide polymorphisms (SNPs) analysed in the SNP array and correspondence with the predicted amino acid 611 

substitutions for the encoded proteins by the CSN2, CSN3 and PAEP genes. 612 

Gene/encoded protein 

Chip SNP IDa 

dbSNP ID Positionb SNP allele; predicted 

amino acid substitutionc 

Disentangled milk protein variants/variant groups 

from the tested SNPs based on the genotyping 

strategy d 

CSN2/β-CN     

BCN_6687 - 85,452,713 g.6687G>A; 

p.Glu36Lys 

E (p.36Lys) vs all other variants (p.36Glu) 

BCN_6690 rs721259074 85,452,710 g.6690G>A; 

p.Glu37Lys 

C (p.37Lys) vs all other variants (p.37Glu)  

BCN A2 rs43703011 85,451,298 g.8101A>C; p.His67Pro A2 (p.67Pro) vs A1 (p.67His) e 

BCN_8163  - 85,451,236 g.8163C>A; p.Leu88Ile H1 (p.88Ile) vs all other variants (p.88Leu) 

BCN_8178  rs109299401 85,451,221 g.8178A>C; 

p.Met93Leu 

H2+I (p.93Leu) vs all other variants (p.93Met) 

BCN_8219 rs43703012 85,451,180 g.8219C>A; 

p.His106Gln 

A3 (p.106Gln) vs all other variants (p.106His) 

BCN_8267  rs43703013 85,451,132 g.8267C>G; 

p.Ser122Arg 

B (p.122Arg) vs all other variants (p.122Serl) 

BCN_8356  rs433954503 85,451,043 g.8356C>T; 

p.Pro152Leu 

F (p.152Leu) vs all other variants (p.152Pro) 

BCN_8491 rs715383373 85,450,908 g.8491T>C; 

p.Val197Ala, not 

sequenced at protein 

level  

L (p.197Ala) vs all other variants (p.197Val)  

CSN3/k-CN      

GNSC319 rs43703016 85,656,772 g.13104A>C; 

p.Asp148Ala 

A group (p.Asp148: A+F2+G1+H+I) vs B group 

(p.148Ala: B+G2+J) f 

GNSC355 rs43703017 85,656,792 g.13124A>G; p. 

Ser155Gly 

E (p.155Gly) vs all other variants (p.155Ser) 

KappaCasein12951 rs716557965 85,656,619 g.12951G>A; 

p.Arg97His 

C + D (p.97His) vs all other variants (p.97Arg) g  

PAEP/BLG     
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BetaLact_2 rs109625649 103,259,232 

 

g.5263C>T; 

p.Ala118Val 

A group (p.118Val: A+H) vs B group (p.118Ala: B+C+ 

D+I+J+W)d 

a ID of the SNP as indicated in the GeneSeek® Genomic Profiler™ Bovine 150K Array. 613 
b Nucleotide position on Bos taurus chromosome 6 (BTA6) for CSN2 and CSN3 genes and on BTA11 for PAEP gene, as reported in the ARS-614 
UCD2.0 genome assembly. 615 
c Missense variants are reported considering the position in the following sequences: CSN2, GenBank accession number X14711, corresponding to 616 
the nucleotide sequence of allele CSN2*A1; CSN3, GenBank accession number AY380228, corresponding to the nucleotide sequence of allele 617 

CSN3*A; PAEP, GenBank accession number X14710, corresponding to the nucleotide sequence of allele PAEP*B. Amino acid substitution in the 618 
mature protein encoded by the corresponding genes. 619 
d Only variants detected in Bos Taurus were considered. 620 
e The SNP test discriminates CSN2*A1 “like” alleles (namely A1+B+ C+F+G+L alleles; indicated as variants if referred to the β-CN protein) and 621 
CSN2*A2 “like” alleles (A2+A3+D+E+H1+H2+I alleles; indicated as variants if referred to the β-CN protein). Based on the genotyping strategy 622 

described in material and methods, here it was possible to distinguish A1 and A2 alleles. 623 
f A group of CSN3 gene includes also D and E alleles, B group includes the C allele. Specific tests for these alleles (E, C + D) were available in the 624 
chip. 625 
g CSN3*C and CSN3*D alleles can be further identified considering the g.13104A>C SNP (g.13104C for the CSN3*C allele and g.13104A for the 626 
CSN3*D allele). 627 

 628 
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Table 2. Allele frequencies of protein variants at the CSN2, CSN3 and PAEP genes in the Reggiana and Modenese cattle breeds. 629 

Gene/protein Allelesa Allele frequencies 

Reggiana (no. 2,734) Modenese (no. 564) 

CSN2/β-CN A (A1+A2 alleles) 0.760 0.600 

 A1b 0.174 0.227 

 A2b 0.586 0.373 

 A3 0.001 0.000 

 B 0.183 0.281 

 C 0.044 0.119 

 E 0.000 0.000 

 F 0.011 0.000 

 H1 0.000 0.000 

 H2+I 0.001 0.000 

 L 0.000 0.000 

    

 A1 “like” allelesc 0.412 0.627 

 A2 “like” allelesc 0.588 0.373 

    

CSN3/k-CN A (A+F2+G1+H+I alleles) 0.418 0.297 

 B (B+G2+J alleles) 0.555 0.699 

 C 0.000 0.000 

 D 0.000 0.000 

 E 0.027 0.003 

PAEP/BLG A (A+H alleles) 0.610 0.321 

 B (B+C+D+I+J+W alleles) 0.390 0.679 
a Alleles or allele groups identified based on the genotyping strategy and available information defined in Table 1. 630 
b Frequencies of the A1 and A2 alleles of CSN2 gene were estimated based on the relative proportion of what was reported for the genotyped subset 631 

of Reggiana (no. 600) and Modenese (no. 300) cattle (see Table S1 for the frequencies reported in the subsets of genotyped cattle). 632 
c Determined in the present work based on allele frequencies of the CSN2 gene. A1 “like” alleles = A1+B+C+F alleles; A2 “like” alleles = 633 

A2+A3+H2+I alleles. 634 

 635 

636 



30 
 

Table 3. Frequency of the CSN2-CSN3 haplotypes in the Reggiana and Modenese breeds. 637 

CSN2-CSN3 haplotypesa Reggiana (no. = 600)  Modenese (no.= 300) 

A1-A 0.075 0.098 

A1-B 0.084 0.139 

A2-A 0.218 0.095 

A2-B 0.407 0.298 

B-A 0.091 0.112 

B-B 0.048 0.136 

C-B 0.037 0.115 

Other haplotypes 0.040 0.007 
a Only haplotypes with a minimum frequency of 0.05 in at least one breed are reported. 638 

 639 

 640 


