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Several genetic variants of β-casein have been identified but A1 and A2 are the most common. Bovine β-casein
variants may play an important role on cheese yield and quality, besides milk production and composition,
and, thereby, affect environmental sustainability of cheese production processes.
The aim of the study was to investigate the possible effect on environmental sustainability of cheese production,
related to bovine β-casein polymorphism. A Life Cycle Assessment (LCA) was performed, considering Grana
Padano PDO and mozzarella cheese, made with either A1A1, A1A2 or A2A2 β-casein milk and using economic
and dry matter allocation methods for cheese and co-products. Additionally to characterization, normalization
and weighting (endpoints method), were also performed. Results on the environmental impact of 1 kg of pack-
aged cheese showed that, among the β-casein genetic variants, A1A1 seemed to be themost impactful, only due
to the lower individual dailymilk production of cows belonging to A1A1 group, compared to the cows belonging
to A1A2 and A2A2 groups, i.e. 29.6, 37.1 and 34.6 kg of fat and protein correctedmilk (FPCM) day cow−1, respec-
tively. Allocation method strongly affected the impacts per kg of cheese product and, consequently, of co-
products.
The normalization allowed to understand the relative importance of different impact categories and the result
obtained indicated that the notable impact categories of the cheese industry were natural land transformation,
aquatic eutrophication and terrestrial acidification. Results of the weighting highlighted that greater damage
was given to the ecosystem quality, followed by human health and, finally, resource scarcity. Overall, biggest dif-
ferences were detected for the two cheeses, rather than for the β-casein genetic variants and the differences in
environmental sustainability of cheese made with A1A1, A1A2 and A2A2 milk were mainly due to the different
cow milk production, rather than cheese yield. Therefore considering only the technological properties useful
for cheese making the selection of milk with A2A2 β-casein may be not so convenient. Normalization and
weighting results allow to identify the most impactful categories and so can help decision-makers to determine
where to prioritize efforts aimed at reducing cheese environmental impact.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bovine milk caseins are formed by four different fractions namely
αs1-, αs2-, β- and κ-casein, which are incorporated into large colloidal
aggregates known as casein micelles (Daniloski et al., 2022). β-casein is
one of themost abundantmilk protein fractions and it constitutes up to
45 % of bovinemilk total casein, presenting also several genetic variants
(Massella et al., 2017). The β-casein, indeed, can be further sub-divided,
according to the changes in its amino acid composition, which is
encoded by the CSN2 gene, on chromosome 6 (Daniloski et al., 2021).
Ltd on behalf of Institution of Chem
Currently, several genetic variants of β-casein have been identified:
A1, A2, A3, B, C, D, E, F, G, H1, H2 and I, with A1 and A2 variants being
the most common (Farrell et al., 2004; Oliveira Mendes et al., 2019).

The difference between the A1 and A2 β-casein genetic variants is a
single nucleotide polymorphism at position 8101 of the CSN2 gene,
which changes the codon for the amino acid at position 67 from proline
(Pro67: A2 β-casein) to histidine (His67: A1 β-casein) in the polypep-
tide chain (Schettini et al., 2020).

Based on these genetic variants of β-casein, therefore, milk can be
classified into different types: bovine milk containing Pro67 is called
A2A2 β-casein milk, while A1A2 and A1A1 β-casein milk carry His67
as part of their β-casein structure (Daniloski et al., 2021; Oliveira
Mendes et al., 2019).
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The A2 variant originally occurred in ancient European-type and
purebred Asian and African cattle, while the A1 variant is the result of
a mutation via natural selection (Brooke-Taylor et al., 2017; Kamiński
et al., 2007). For this reason, the A2 β-casein variant is renowned as
the oldest β-casein proteoform, while the A1 β-casein variant started
to predominate in modern European cattle a few thousand years ago
(Sebastiani et al., 2020).

The amount, proportion and genetic variants of milk protein frac-
tions, overall, strongly influence milk coagulation properties, therefore
playing an important role in dairy processing and, in particular, cheese
making (Bittante et al., 2012). Bovine β-casein variants, indeed, may
play an important role on cheese yield and quality, besidesmilk produc-
tion and composition, and, thereby, affect environmental sustainability
of cheese production processes.

Different types of cheese are produced and consumed in Italy: moz-
zarella can be considered as representative of a soft fresh cheese, while
Grana Padano Protected Designation of Origin (PDO) may be regarded
as an example of a hard-ripened cheese.

Grana Padano is a cooked, extra-hard, long-ripened cheese, pro-
duced in Northern Italy from semi-skimmed raw milk and registered
as a PDO cheese (Council Regulation, 2006). This cheese is made with
raw milk, from cows milked twice a day, in dairy farms that need to
be placed in the production area defined in the Product Specification
(European Commission, 2011). Cows ration is based mainly on forages
(fresh, hays or silages) and concentrates; at least 50 % DM of the entire
daily ration must be produced within the defined production area (Bava
et al., 2018). The milk is partly skimmed by natural creaming, in order to
decrease the fat content to 2.2 to 2.4 % and, thus, to have the right fat-to-
casein ratio, which is important for development of the unique grainy
cheese texture; this process a substantial effect on the hygienic quality of
the milk, reducing somatic cell count and bacteria (D'Incecco et al., 2015).

After 9 months of ripening, the cheeses are inspected by officials of
the Consorzio per la Tutela del Formaggio Grana Padano DOP, for verifying
the absence of inner structural defects and thenmarked with the Grana
Padano quality label (Masotti et al., 2010).

Milk coagulation properties are of particular importance in the prep-
aration of PDO cheeses; such cheeses, indeed, are produced using tradi-
tional processing methods, and cheese quality relies on milk
coagulation properties (Bittante et al., 2012).

Mozzarella is an unripened, near-white color, smooth elastic cheese,
characterized by a long-stranded, parallel oriented, fibrous protein
structure (FAO, 2006). It is manufactured though a pasta filata process-
ing, where the curd of a suitable pH is heated, kneaded, and stretched
until it is smooth and free from lumps. After that, the warm curd is cut
and moulded and then firmed by cooling. This cheese can be produced
as two main types: high moisture content mozzarella (56–65 % mois-
ture content) or low moisture content mozzarella (45–54 % moisture
content; Jafarzadeh et al., 2019). Generally, mozzarella is made using
cowor buffalomilk, ormixtures of the 2; the present study focused spe-
cifically on high moisture cow milk mozzarella.

To the best of our knowledge, only few studies of the international
bibliography provide environmental impact assessment of these two
cheeses (e.g. Bava et al., 2018; Famiglietti et al., 2019; Dalla Riva et al.,
2017). Particularly, for mozzarella cheese, international bibliography
mainly focused on buffalo milk mozzarella production chain, rather
than on mozzarella produced with cow milk (e.g. Berlese et al., 2019;
Oliveira et al., 2021).

In addition, β-casein genetic variants, particularly A1 and A2 have
received much attention from scientific community mainly because of
their influence on human health, principally gastrointestinal physiology
and digestive discomfort, rather than milk technological properties
(Brooke-Taylor et al., 2017).

Fewer studies of the international bibliography performed the op-
tional steps of normalization and weighting, in the life cycle impact as-
sessment, even though it can help decision-makers prioritize which
environmental impacts to address (McClelland et al., 2018).
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With regard to the above, the present study could fill the
knowledge-gap of environmental impact related to the use of milk con-
taining different β-casein genetic variants, given that A2A2 milk is
gaining huge market shares very quickly, arousing discussions and con-
troversy, because it's not easy to understand how its qualities are real
and how they are the result of intelligent marketing campaigns. There-
fore, the aim of the study was to investigate a possible effect on the en-
vironmental sustainability of cheese production, related to bovine β-
casein polymorphism. A Life Cycle Assessment (LCA), indeed, was per-
formed, considering two different cheese production processes, Grana
Padano PDO and mozzarella cheese, made with either A1A1, A1A2 or
A2A2 β-casein milk. Although not required steps in life cycle impact as-
sessment, normalization and weighting (endpoints method), were also
performed, in order to ease the interpretation of results obtained. These
two additional steps aimed to understand the relative importance of dif-
ferent impact categories and to explain damage at the three areas of
protection (human health, ecosystem quality and resource scarcity),
for normalization and weighting, respectively.

2. Material and methods

An experimental trial was performed in 2019, at regional experi-
mental dairy farm located at Carpaneta (MN). During the trial, three
groups of lactating Holstein-Friesian cows were raised under the same
conditions. A number of 45 lactating cows were involved in the experi-
ment, clustered into 3 different groups, depending on their β-casein ge-
netic variants: A1A1 (11 cows), A1A2 (16 cows), A2A2 (18 cows).

At the farm, the cheesemaking ofmilk, separated for the experimen-
tal groups, was directly made, following Grana Padano PDO or mozza-
rella cheese productive process.

During the experimental test, therefore, it was possible to collect pri-
mary data concerning animal husbandry (animals diet, housing, ma-
nure management, etc.), milk (quantity and quality) and cheese
production (inputs necessary for cheese making, etc.).

The trial involved two periods of twoweeks each belonging either to
winter and summer season.

2.1. Life cycle assessment

An evaluation of the environmental sustainability ofmilk production
was performed through LCA method, structured following ISO 14040-
compliant and ISO 14044-compliant LCA methodology (ISO 14040,
2006, ISO, 2018), providing international standards for conducting LCA.

2.1.1. Goal and scope definition
The goal of this LCA study was to quantify the environmental sus-

tainability of Grana Padano PDO and mozzarella cheese production,
considering A1A1, A1A2 and A2A2 β-casein genetic variants in milk.

2.1.2. Allocation, functional units and system boundaries
One kilogram of packaged cheese was considered as functional unit

(FU). Several allocations were calculatedwhile parsing the LCA. Particu-
larly, at farm level, the allocation was performed between milk and
meat, using a physical method (IDF International Dairy Federation,
2015). Among fresh cheese and by-products, the environmental impact
was allocated, considering either their dry matter (DM) content (IDF
International Dairy Federation, 2015) and their economic values. For
Grana Padano PDO, among the different cheese products (PDO cheese
first quality, PDO cheese second quality, non PDO grated cheese), only
an economic allocation, based on market prices was carried out, since
DM content is supposed to be the same.

System boundaries considered were from cradle to cheese factory
gate. Inputs (e.g. fuel, lubricants, electricity, organic and mineral fertil-
izers, pesticides, off farm feeds and bedding, plastics and water,
cleaners, rennet) and outputs (e.g. emissions to the air, to the soil and
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into the water, milk, meat, cheese and their by-products) involved in
the productive processes were considered (Fig. 1).

The production process was sub-divided into different subsystems:
milk production, cheese making and ripening (only for Grana Padano).
Emissions related to the packaging of cheese were also considered, for
both Grana Padano PDO and mozzarella cheese (Fig. 1).

2.1.3. Life cycle inventory (LCI)
Primary data, collected at regional experimental dairy farm at

Carpaneta (MN), during the experimental trial, were used as much as
possible. Primary data collected at an industrial cheese factory located
in Mantova province were also used. Secondary data from databases
(Ecoinvent V3, 2015 and Agri-footprint databases) and tertiary data
from the international bibliography (Dalla Riva et al., 2017) were also
used.

The present study focused specifically on high moisture cow milk
mozzarella. Mozzarella cheese yield was calculated through Barbano
(1984) formula, as follows:

Ymozzarella ¼ 0:85�%fatþ%cas � 0:1ð Þ � 1:13= 1–M%=100ð Þ

where M = moisture; considering a M content of 62.5 % (Dalla Riva
et al., 2017).

Whey yield was calculated as: 100-cheese yield%.
Grana Padano PDO cheese yield was calculated through Cassandro

et al. (2016) formula, as well as cream and whey yields, as follows:

YGrana Padano PDO at 6 months ripeningð Þ

¼ 2:83329þ 0:9877�%FatSM þ 0:179� %ProteinSMð Þ2 þ EffRCT þ Effa30
h i

� 100−Ycreamð Þ

where EffRCT and Effa30 were calculated on the basis of data collected
(RCT and a30, Table 3) and on the basis of values reported in
Cassandro et al. (2008), about genetic parameters of milk coagulation
properties and milk production and quality traits typical of the Italian
Holstein-Friesian cattle breed:

EffRCT ¼ YcheeseB � EffMCPmax � 0:5ð Þ= max RCT– min RCTð Þ½ �
� � RCTB � RCTð Þ½ �
Fig. 1. System boundaries considere
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Effa30 ¼ YcheeseB � EffMCPmax � 0:5ð Þ= max a30– min a30ð Þ½ � � a30B–a30ð Þ

Ycream ¼ %FatFM– %CaseinFM � F : Cð Þ½ �= %Fatcream=100ð Þ

where % FatFM and %CaseinFM are fat and casein content of full milk,
respectively; %Fatcream is the percentage of fat in the cream, assumed as
25 % (Cassandro et al., 2016) and F:C was assumed to be 1.00, as
suggested by Grana Padano Consortium (2011).

Ywhey ¼ 100 � Ycheese � Ycream

Themain data concerning cheesemaking are summarised in Table 1.
Lysozime was used only for Grana Padano PDO production, it was used
in small quantities (2 g/100 kg of milk) but it was not considered due to
the lack of data.

Themain data concerning cheese and by products characteristics are
summarised in Table 2.

2.1.4. Calculation of the on-farm emissions
At barn level, were calculated all the emissions (in air, water and

soil) related to the milk production.
Enteric methane emissions were calculated, starting from chemical

composition of the feed rations, using the equation suggested by
Moraes et al. (2014).

Methane and dinitrogen monoxide (N2O) emissions from
manure storage were estimated using the Tier 2 method of the
Intergovernmental Panel on Climate Change (Dong et al., 2006). N2O
losses from fertilizer application were estimated through the Tier 2
and Tier 1 methods of IPCC (De Klein et al., 2006).

More detailed information concerning the estimation of the on-farm
emissions are reported in Gislon et al. (2020a).

2.1.5. Life cycle impact assessment (LCIA)
After classification, characterization was performed through ReCiPe

Midpoint (H) V1.10/Europe Recipe H, in order to evaluate the environ-
mental impact of cheese production, therefore characterization factors
of this method were used for all the impact categories. The LCIA was
performed by using the software SimaPro V 8.3.
d for the life cycle assessment.



Table 1
Main inventory data related to the cheese making.

Unit Grana Padano PDO Mozzarella

Milk kg 100 100
Water m3 0.17 0.50
Sodium chloride g 139 400
Cleaners g 36.6 396
Lubricating oil g 0.58 0.17
Transport tkm 8.68 8.58
Renneta g 3.00 30.6
Citric acid g 0.00 160
Natural gas kWh 10.63 18.8
Electricity kWh 7.20 9.60
Refrigerant gas kg – 0.002
Packaging film kg 0.18 3.61

Lysozyme was not considered.
a Primary data from one of the world's leading producers of rennet were used.
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In addition, normalization was carried out: Recipe Midpoint (H) has
European normalization references (the average European inhabitant
environmental load, for each impact category). The normalization step
allows obtaining a dimensional scores that are useful for understanding
the relative importance of different impact categories (Guinée et al.,
2002).

Weighting was also performed using the endpoint method (ReCiPe
Endpoint (H) V1.10/Europe ReCiPe H/H).

2.2. Statistical analysis

The complete data set was analyzed using SAS 9.4 (2012; SAS Insti-
tute Inc., Cary, NC), computing descriptive statistic procedures including
least square means (Proc LSMEANS).

Datawere analyzed by Proc GLM to test the influence of β-casein ge-
netic variants, stage of lactation, number of lactation and season on an-
imal performances, milk cheese making characteristics and cheese
yield. Also, the interaction between β-casein genetic variants and
stage of lactation, number of lactation, and season were tested by Proc
GLM.

The model was:

Yijklm ¼ mþ Ai þ Bj þ Ck þ Dl þ AiBj þ AiCk þ AiDl þ eijklm

where:
Yijklm = dependent variable (animal performances, milk cheese

making characteristics and cheese yield);
m = general mean;
Ai = effect of β-casein genetic variants, with i A1A1, A1A2, A2A2;
Bj = effect of stage of lactation, with j from 1 to 3;
Ck = effect of number of lactation with k from 1 to 3;
Dl = effect of season with winter or summer;
Table 2
Inventory data concerning cheese and by products characteristics.

Unit Grana Padano Mozzarella

DMa content
Fresh cheese % 61 37.5
Wheyb % 6 6
Cream % 29 –

Economic valuec

Grana Padano PDOd first qualitye euro/kg 7.45 –
Grana Padano PDOd second qualitye euro/kg 7.35 –
Non PDOd grated cheese euro/kg 6.35 –
Cheese euro/kg – 4.50

a Dry matter content.
b Whey and stretching water for mozzarella cheese (Gernigon et al., 2009).
c Clal, 2020.
d Protected designation of origin.
e 10 months ripening.
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AiBj = effect of interaction between β-casein genetic variants and
stage of lactation;

AiCk = effect of interaction between β-casein genetic variants and
number of lactation;

AiDl = effect of interaction between β-casein genetic variants and
season;

eijklm = residual error.

3. Results and discussion

3.1. Milk and cheese yield for the β-casein variants, and allocations at
cheese factory level

Results concerning milk, cheese and by-products are summarised in
Table 3.

The number of animals belonging to the A1A1 group was slightly
lower compared to the other groups, due to the herd composition; how-
ever, other studies conducted on a greater number of animals, detected
a low frequency of A1A1 genetic variants, compared to the other two
(Heins et al., 2021; Potočnik et al., 2016).

As reported in Table 3, low statistical differences occurred among the
genetic variants, concerning daily milk quantity, but the highest differ-
ences were due to lactation number and stage of lactation (probability
not shown in Table 3). However, a tendency (P = 0.09) was detected
for individual daily milk production: cows belonging to A1A1 group
seemed to have lower milk production, compared to the others
(Table 3). Heins et al. (2021) highlighted that milk production was not
statistically different with regard to A1 or A2 genotype in organic dairy
herds. Considering the estimation ofwhole production at the end of lacta-
tion for each cows throughout geneticmerit the difference among genetic
variantswerenot significant for FPCMandparameters of quality (data not
shown). This result is consistentwith the international bibliography, indi-
cating that selection on A2A2 β-casein genotypewould not have implica-
tions for traits of dairy production (Potočnik et al., 2016).

No statistical differences for milk quality parameters were observed,
for genetic variants. Also Nguyen et al. (2018) reported no significant
differences in the concentration of fat, protein, lactose and total solids
content between the milk with the two different β-casein phenotypes
(A1A1 and A2A2). However, Ristanić et al. (2020) found that milk
yield andmilk fat concentrationwere significantly higher in A2A2 com-
pared to both A1A1 and A1A2 genotypes, while milk protein concentra-
tions were significantly higher in A2A2 compared to A1A2 genotype.
Heins et al. (2021) highlighted thatmilk productionwas not statistically
different with regard to A1 or A2 genotype in organic dairy herds.

No differences statistically significant were detected also for cheese
and by-products yields, both for Grana Padano PDO and mozzarella
cheese (Table 3). Allocation method can strongly affect the impacts
per kg of cheese product and, consequently, of co-products (Bava
et al., 2018). For cheese production, in particular, consideringDMalloca-
tion as the reference, most impact categories increased using economic
allocation. The economic allocation is influenced by price fluctuations
and, due to the loweconomic value of the co-products, assigns to cheese
a higher share of the total impact (Bava et al., 2018).

In Table 4, are summarised the different allocationmethods used for
the impact assessment: 1) physical method (IDF International Dairy
Federation, 2015), for milk at farm; 2) dry matter content (IDF
International Dairy Federation, 2015) and economic value (selling
prices of different products) for fresh cheese and by-products; 3) for
Grana Padano PDO, economic value among the different cheese prod-
ucts (PDO cheese first quality, PDO cheese second quality, non PDO
grated cheese).

3.2. Environmental impact of packaged cheese

A comparison among the different β-casein genetic variants was
made, considering packaged cheese: the results are reported in Fig. 2.



Table 3
Milk quality and cheese yield for the β-casein variants (Least Square means).

Unit A1A1 A1A2 A2A2 SEa Model GENETIC GENETIC ∗ STAGE GENETIC ∗ LACTATION GENETIC ∗ SEASON

P P P P P

Milk
FPCMb kg day cow−1 29.6 37.1 34.6 2.47 0.03 0.09 0.47 0.95 0.86
Milk fat % 3.91 3.49 3.96 0.306 0.92 0.48 0.99 0.65 0.37
Milk protein % 3.24 3.28 3.29 0.084 <0.0001 0.90 0.87 0.35 0.79
Milk casein % 2.71 2.74 2.83 0.071 <0.0001 0.47 0.30 0.96 0.16

Grana Padano cheese
RCTc 18.6 19.1 19.6 1.41 0.30 0.87 0.28 0.67 0.92
a30d 17.8 16.7 19.2 2.37 0.61 0.75 0.20 0.89 0.97
Cheese yielde % 7.49 7.30 7.59 0.204 0.07 0.60 0.92 0.60 0.71
Cream yieldf % 5.04 2.58 5.38 1.33 0.14 0.19 0.86 0.14 0.12
Whey yield % 86.5 89.1 86.0 1.33 0.31 0.20 0.86 0.16 0.16

Mozzarella cheese
Cheese yieldg % 18.0 17.0 18.3 0.843 0.57 0.48 0.99 0.52 0.37
Whey yield % 82.0 83.0 81.7 0.843 0.57 0.48 0.99 0.52 0.37

a Standard error.
b Fat and protein corrected milk.
c Milk coagulation time.
d Curd firmness.
e At 6 months ripening (Cassandro et al., 2016).
f Considering that all the cream produced was sold as is.
g Barbano (1984).
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Results on the environmental impact of 1 kg of packaged cheese
showed that, among the β-casein genetic variants, A1A1 seemed to be
the most impactful, for all the impact categories considered, and for
both the cheeses. A1A2 and A2A2 β-casein genetic variants, overall,
showed similar results for environmental impact of both cheeses con-
sidered (Fig. 2). That outcome was only due to the lower individual
daily milk production of cows belonging to A1A1 group, compared to
the cows belonging to A1A2 and A2A2 groups (29.6, 37.1 and 34.6 kg
FPCMday cow−1, respectively). This outcome, indeed, was obtained de-
spite both the cheeses made with A1A1 milk showed to have a similar
yield compared to A2A2 cheeses and even a slightly higher yield than
Table 4
Different allocation factors among the different products.

beta-Casein polymorphs

Unit A1A1 A1A2 A2A2

Milk
Physical method

FPCMa % 91.1 92.9 92.4
Meat % 8.89 7.10 7.62

Cheese factory mozzarella
DM allocation

Cheese % 57.8 56.1 58.3
Wheyb % 42.2 43.9 41.7

Economic allocation
Cheese % 98.5 98.4 98.5
Wheyb % 1.50 1.61 1.47

Cheese factory Grana Padano
DM allocation

Fresh cheese % 43.8 45.4 43.8
Whey % 43.9 47.9 43.2
Cream % 12.4 6.70 13.1

Economic allocation
Fresh cheese % 83.4 89.5 82.8
Whey % 2.16 2.44 2.11
Cream % 14.4 8.1 15.1

Ripening Grana Padano
Economic allocation

PDOc cheese 1st quality % 85.0 85.0 85.0
PDOc cheese 2nd quality % 12.4 12.4 12.4
Non PDOc grated cheese % 2.57 2.57 2.57

a Fat and protein corrected milk.
b Whey plus stretching water.
c Protected designation of origin.
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A1A2 cheeses (Table 3). Milk production at farm represents the highest
contribution to the environmental impact of the cheese production
chain (Palmieri et al., 2017), making the animal productivity a stronger
driver rather than cheese yield.

These results are consistent with the international bibliography
(Potočnik et al., 2016) confirming that A2A2milk seems not to have ad-
vantages concerning technological properties: in the present study, sus-
tainability concerning the β-casein genetic variants seemed, indeed, to
be more related to milk production at farm, rather than cheese yield.
Considering results obtained in studies relying on much more high
number of animals, indeed, it is inadvisable to use milk containing the
A2 alleles for cheese production, as these are associated with a slightly
worsening of milk coagulation properties, and as a consequence, a less
efficient cheese-making process (Bisutti et al., 2022).

A slightly higher cheese yield, however,was detected for A2A2, com-
pared to A1A1, even though not statistically different (Table 3), but this
wasmainly due to a depression of cheese yield of A1A1milk, due to the
high SCC content of that milk (4.65 vs. 4.42 and 4.56 log10 SCC/mL for
A1A1, A1A2 and A2A2, respectively, no statistically different),
confirmed also by lower individual daily production of cows belonging
to A1A1 group (Table 3). As reported by Summer et al. (2015), indeed,
the increase of milk SCC content is associated with a reduction in fat,
protein and casein content of the milk, and with lower cheese yield.
The quantity of cheese produced per unit of milk, therefore, mainly de-
pends on the total amount of solid contents, in particular fat and casein
(Auldist et al., 2004; Verdier-Metz et al., 2001). However, also Ristanić
et al. (2020) highlighted a lowermilk production of cows in the first lac-
tation with A1A1 genotype, compared to A1A2 and A2A2 genotypes.
The lower milk production of cows belonging to the A1A1 group, in-
deed, may be related not only to the health status of those cows. In an
environmental impact perspective, therefore, considering the whole
production process, this aspect needs to be taken into account, since
raw milk production represents a very high contribution, together
with cheese yield.

Impacts of packaged Grana Padano PDO (first quality) and mozza-
rella cheeses are reported in Table 5 (economic allocation).

Considering the economic allocation, the environmental impact of
Grana Padano PDO cheese resulted to be, overall, higher than the envi-
ronmental impact ofmozzarella cheese. Particularly, for climate change,
the impact of Grana Padano PDO production was almost the double of
mozzarella cheese (Table 5). This ismainly due to the differentmoisture



Fig. 2. Comparison of 1 kg of packaged cheese obtained with milk with different β-casein genetic variants, data normalized as compared with the maximum value.
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content of the two cheeses (61 vs. 37.5 % fresh cheese) and, as a conse-
quence, to the different yield of Grana Padano PDO and mozzarella
(Table 3). Grana Padano PDO showed an average climate change of
20.7 kg CO2eq/kg packaged cheese, while mozzarella cheese showed,
on average, a climate change of 10.7 kg CO2eq/kg packaged cheese.
The highest values were related to A1A1 variant, for both the cheeses:
22.5 and 11.7 kg CO2eq/kg packaged cheese, for Grana Padano PDO
and mozzarella, respectively.

Regarding climate change, the impact of Grana Padano PDO resulted
to be slightly higher, compared to values reported in the international
bibliography, on cheese with similar yield and economic allocation
method (Bava et al., 2018; González-García et al., 2013; van Middelaar
et al., 2011). Higher values of environmental impact were detected
also for terrestrial acidification (Dalla Riva et al., 2018; González-
García et al., 2013), human toxicity (Dalla Riva et al., 2018) and water
depletion (Dalla Riva et al., 2018). This lower sustainability of Grana
Padano PDO, comparedwith the studies, is probably due to the high en-
vironmental impact of milk in the present study (e.g. climate change
1.71 kg CO2 eq/kg FPCM, on the average for the three β-casein genetic
variants).

Mozzarella with economic allocation showed similar value for cli-
mate change to Kristensen et al. (2015) and for climate change, marine
eutrophication and human toxicity to Dalla Riva et al. (2017). However,
values related to terrestrial acidification were slightly lower while
values related to water depletion were higher than Dalla Riva et al.
(2017). Water depletion depended on rawmilk production at farm, en-
ergy consumption and packaging, probably determining the differences
Table 5
Environmental impact of packaged cheese, economic allocation.

Packaged Grana
padano PDOa

Packaged
mozzarella cheese

beta-casein polymorphs

Impact categories Unit A1A1 A1A2 A2A2 A1A1 A1A2 A2A2

Climate change kg CO2 eq 22.5 20.4 19.4 11.7 10.3 10.1
Terrestrial acidification kg SO2 eq 0.20 0.18 0.17 0.10 0.09 0.09
Marine eutrophication kg N eq 0.11 0.10 0.09 0.05 0.05 0.05
Human toxicity kg 1,4-DB eq 1.17 1.08 1.02 0.67 0.61 0.60
Particulate matter
formation

kg PM10 eq 0.03 0.03 0.03 0.02 0.02 0.02

Agricultural land
occupation

m2a 24.1 21.5 20.5 12.0 10.4 10.3

Natural land
transformation

m2 0.03 0.03 0.03 0.02 0.01 0.01

Water depletion m3 17.0 15.9 15.1 9.38 8.65 8.39
Fossil depletion kg oil eq 1.94 1.81 1.72 1.19 1.11 1.08

a Protected designation of origin.
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between our results and values reported in the international bibliogra-
phy. In particular, the higher values obtained in the present study for
water depletion were probably related to the method of irrigation
adopted in Carpaneta farm, involving high water consumption, as well
as energymix used for the impact assessment, considering hydropower.

Impacts of packaged Grana Padano PDO and mozzarella cheeses are
reported in Table 6 (DM allocation).

If allocation factors based on DM content is considered, results con-
cerning the environmental impact of Grana Padano PDO seemed to be
more comparable with those of mozzarella (Table 6), even though the
latter was still more sustainable. For climate change, indeed, Grana
Padano PDO showed, on the average, an impact of 11.2 CO2eq/kg
packaged cheese, compared to the one of mozzarella that was 6.2 kg
CO2eq/kg packaged cheese. As for economic allocation, A1A1 variant
reported the highest value for every impact category considered, both
for Grana Padano PDO and mozzarella (Table 6). However, biggest dif-
ferences were detected for the two cheeses, rather than for the β-
casein genetic variants, as occurred also for economic allocation.

As confirmed also by Finnegan et al. (2018), therefore, based on the
literature, fresh cheese has lower environmental impact than semi-hard
cheese, particularly concerning direct energy consumption.

Considering DM allocation, water depletion resulted to be, on aver-
age, 9.2 m3/kg of the cheese for Grana Padano PDO and 5.1 m3/kg of
the cheese for mozzarella cheese.

Considering DM allocation, results obtained for climate change of
Grana Padano PDO was almost the double than those reported by
Borghesi et al. (2022) on Parmigiano Reggiano PDO cheese (6.74 kg
Table 6
Environmental impact of packaged cheese, DM allocation.

Packaged Grana
padano PDOa

Packaged
mozzarella cheese

beta-casein polymorphs

Impact categories Unit A1A1 A1A2 A2A2 A1A1 A1A2 A2A2

Climate change kg CO2 eq 12.2 10.7 10.6 6.84 5.85 5.98
Terrestrial acidification kg SO2 eq 0.11 0.09 0.09 0.06 0.05 0.05
Marine eutrophication kg N eq 0.06 0.05 0.05 0.03 0.03 0.03
Human toxicity kg 1,4-DB eq 0.66 0.59 0.59 0.39 0.35 0.35
Particulate matter
formation

kg PM10 eq 0.02 0.02 0.02 0.01 0.01 0.01

Agricultural land
occupation

m2a 12.8 11.1 11.0 7.03 5.91 6.08

Natural land
transformation

m2 0.02 0.01 0.01 0.01 0.01 0.01

Water depletion m3 9.80 8.95 8.83 5.50 4.93 4.97
Fossil depletion kg oil eq 1.12 1.02 1.01 0.70 0.64 0.64

a Protected designation of origin.
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CO2 eq/kg packaged cheese). However, despite the production system
considered by Borghesi et al. (2022) was organic, the impact of raw
milk involved in the cheese production was equal to 0.98 kg CO2eq/kg
FPCM, that is much lower than the impact of the milk considered in
the present study (1.71 kg CO2 eq/kg FPCM, on average for the three
β-casein genetic variants). Probably, thatwas themain driver of this dif-
ference detected among the studies, since cheese yield is almost equal
between Grana Padano PDO and Parmigiano Reggiano PDO. The water
footprint of 1 kg of cheese, indeed, was alsomuch higher than those re-
ported by Borghesi et al. (2022), that is equal to 3.39 m3.

Environmental impact of mozzarella cheese was comparable to the
values reported byDalla Riva et al. (2017), for climate change, terrestrial
acidification, marine eutrophication and human toxicity. On the con-
trary, water depletion related to the mozzarella cheese of the present
study is much higher than those reported by Dalla Riva et al. (2017).
As for economic allocation, the higher values obtained in the present
study forwater depletionwere probably related to themethod of irriga-
tion adopted in Carpaneta farm, involving high water consumption, as
well as energy mix used for the impact assessment, considering hydro-
power.

Climate change of mozzarella was lower than the one reported by
Kim et al. (2013), while comparable with marine eutrophication. In
comparison to the results obtained byKim et al. (2013), water depletion
resulted to be much higher. Both, Dalla Riva et al. (2017) and Kim et al.
(2013) reported results based on dry solids basis allocation method.

3.3. Contribution to climate change

Fresh cheeseswere analyzed for the different contribution to the cli-
mate change (Fig. 3). Ripening and packaging were not considered in
order to put in evidence the cheesemaking phase, since these phases
should be considered negligible.

Raw milk production at farm was the most impactful phase along
the considered supply chain, irrespective of the cheeses and of the β-
casein genetic variants (Fig. 3). This result is consistent with the conclu-
sions of other studies on Grana Padano PDO cheese (Bava et al., 2018),
mozzarella cheese (Palmieri et al., 2017) and on other cheeses
(Borghesi et al., 2022; Dalla Riva et al., 2018; vanMiddelaar et al., 2011).

A remarkable contribution of the dairy farm in the climate change
was given by methane emission from the enteric fermentation process,
followed by feed production, as confirmed by the international bibliog-
raphy (Gislon et al., 2020a). The impact of milk was 1.91, 1.56, 1.66 kg
CO2eq/kg FPCM, for milk A1A1, A1A2 and A2A2, respectively.

Transportation of milk from dairy farm to cheese factory seemed not
very important and this is consistent with the short distance between
the locations of the farms and the factory. This result is consistent
with other findings of the international literature (Palmieri et al., 2017).

Among the different β-casein genetic variants, other small contribu-
tionwas given by rennet utilization, cleaning products, sodium chloride
Fig. 3. Contribution to climate change on fresh cheese (without conside
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and lubricating oil, for both Grana Padano and mozzarella cheese
(Fig. 3). For rennet, primary data from one of the world's leading pro-
ducers were used.

Electricity and natural gas consumed had a slightly higher impact on
mozzarella, rather than on Grana Padano. This is due to the different
production chain of the cheeses, requiringmore energy inputs for moz-
zarella cheese production. This aspect is true for all the β-casein genetic
variants considered. In accordancewith our findings, Flysjö et al. (2014)
reported that, excluding milk production, the use of energy had the
highest contribution on environmental impact of cheese production
and other dairy products.

Overall, the differences among the three β-casein genetic variants
were not so strong, but slightly differences were detected more be-
tween the different cheese production chains (Fig. 3). Therefore, consid-
ering only the cheesemaking phase, the selection of milk with A2A2 β-
casein may be not so convenient.

3.4. Environmental impact of packaged cheese: normalization

Although it is not a required step in life cycle impact assessment,
normalization of results eases their interpretation, even though, only
few studies of the international bibliography take into account a nor-
malization step (McClelland et al., 2018). Particularly, normalization
wasuseful to identify the impact categories,which are important formoz-
zarella and Grana Padano PDO production sectors, by scaling the impact
categories up or down. Normalization, therefore, represents a tool,
allowing contextualizing, on a regional basis, the emissions impacts. The
total emissions of a specific impact category for the European region
were estimated and, subsequently, normalized to a per head basis, for
the Europe. Results of normalization are reported in Fig. 4.

According to Kim et al. (2013), that conducted a normalization anal-
ysis on cheddar cheese, with US normalization factors, aquatic eutrophi-
cation and terrestrial acidification are important categories where
improvement activities can be focused, concerning cheese production
chain. Also Palmieri et al. (2017) found, through a normalization analy-
sis conducted on mozzarella cheese, acidification and eutrophication as
the impact categories emerged for their magnitude, in accordance with
the present findings. Marine eutrophication and terrestrial acidification
were found also by Dalla Riva et al. (2017) as the impact categories,
which are important formozzarella cheese production sector. However,
these authors did not consider natural land transformation that, in the
present study, emerged as the impact category that is particularly rele-
vant for the cheese industry.

Natural land transformationwas the highest impact category, due to
the fact that, as above commented, rawmilk subsystemwas responsible
for almost all the harmful impact in this category, particularly due to
cows feed production. As reported by Rota Graziosi et al. (2022), the
use of soybean meal is positively correlated to the environmental im-
pact of the ration and, as a consequence, of the milk production, mainly
ring ripening and packaging) regarding beta-casein polymorphism.



Fig. 4. Results of normalization on packaged cheese.
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for its geographical origin. Also Canellada et al. (2018) found that, con-
cerning cheese production, the most significant category was natural
land transformation. Since soybean meal constitutes the most popular
protein source included in the ration for lactating cows in northern Italy
(Gislon et al., 2020b), the high impact on natural land transformation
might be valid for the actual cheese varieties and, in particular, for
Grana Padano PDO, where the production regulations do not allow
using several feed protein sources such as, for example, rapeseed meal.

Overall, the two cheeses showed similar results concerning normal-
ization, highlighting the same impact categories as those on which to
focus improvement activities (i.e. natural land transformation, marine
eutrophication and terrestrial acidification).

Among the β-casein genetic variants, no differences were detected
concerning normalization,with natural land transformation,marine eu-
trophication and terrestrial acidification as the impact categories
emerged for their magnitude, for either A1A1, A1A2 or A2A2.

3.5. Environmental impact of packaged cheese: weighting (endpoints
method)

Weighting is the final part of the life cycle impact assessment and it
can help decision-makers determine where to prioritize and focus ef-
forts aimed at reducing a product's environmental impact, even though
Fig. 5. Results of weighting on pack
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only in few studies of the international bibliography is carried out
(McClelland et al., 2018). Going from the midpoint to the endpoint
level, through damage pathways, may be useful for better understand-
ing the environmental problem related to the cheese production. Re-
sults obtained for weighting are presented in Fig. 5.

Endpoint impact categories explain damage at the three areas of
protection: human health, ecosystem quality and resource scarcity
(Huijbregts et al., 2017). Endpoint approach is complementary to the
midpoint one: midpoint characterization typically has a strong relation
to the environmental flows, the endpoint characterization makes easier
to interpret the relevance of the environmental flows (Hauschild and
Huijbregts, 2015).

Results of the productive processes analyzed highlighted that,
greater damage was given to the ecosystem quality, followed by
human health and, finally, resource scarcity, both for Grana Padano
PDO and mozzarella cheese. β-casein genetic variants didn't show im-
portant differences concerning weighting phase, showing the same be-
haviour among the endpoints indicators (Fig. 5).

For both the cheeses and the different β-casein genetic variants, cli-
mate change, photochemical ozone formation, freshwater eutrophica-
tion, toxicity, terrestrial acidification, water consumption and land use
are the impact categories insisting on the ecosystem quality
(Huijbregts et al., 2017).
aged cheese at endpoint level.
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Human health is damaged by climate change, stratospheric ozone
depletion, ionising radiation, particulate matter formation, photochem-
ical ozone formation, toxicity and water consumption.

Mineral and fossil scarcity represent the overall resource scarcity
(Huijbregts et al., 2017).

4. Conclusion

Recently, the interest in beta-casein polymorphism has been gaining
popularity, among researchers, milk producers and consumers, mainly
because of their influence on human health, principally gastrointestinal
physiology and digestive discomfort. Concerning environmental sus-
tainability, however, differences were detected mainly between Grana
Padano PDO and mozzarella cheese, rather than among A1A1, A1A2
and A2A2 β-casein genetic variants. LCA results, indeed, showed that
A1A1 seemed to be themost impactful, only due to the lower individual
daily milk production of cows belonging to A1A1 group, compared to
the cows belonging to A1A2 and A2A2 groups.

Normalization and weighting can help decision-makers determine
where to prioritize and focus efforts aimed at reducing Grana Padano
PDO and mozzarella's environmental impact. Particularly, natural land
transformation was the most notably affected of the studied categories
and, in an endpoint view, greater damage was given to the ecosystem
quality, for both Grana Padano PDO and mozzarella cheese and for all
the three β-casein genetic variants.

However, since the slightly differences among β-casein genetic var-
iants seem to be due to the lower individual daily milk production of
A1A1 cows, more than anything, to clarify the effects of A1 and A2 ge-
netic variants on environmental sustainability of cheese production,
further investigations were required. More extensive investigation on
higher numbers of animals, indeed, is needed.

In conclusion for the environmental impact of cheese production the
selection of milk with A2A2 β-casein may be not so convenient if only
the technological properties useful for cheesemaking phasewas consid-
ered.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

Thisworkwas supported by Ager Agroalimentare e ricerca "Progetto
FARM INN Farm level interventations supporting dairy industry innova-
tion" grant 2017-1130.

References

Auldist, M.J., Johnston, K.A., White, N.J., Fitzsimons, W.P., Boland, M.J., 2004. A comparison
of the composition, coagulation characteristics and cheesemaking capacity of milk
from Friesian and Jersey dairy cows. J. Dairy Res. 711, 51–57.

Barbano, D.M., 1984. Mozzarella cheese composition, yield, and how composition control
influences profitability. Proc. 21st Ann. Marschall Invitational Italian Cheese Seminar,
Madison, WI, pp. 1–13.

Bava, L., Bacenetti, J., Gislon, G., Pellegrino, L., D’Incecco, P., Sandrucci, A., Tamburini, A.,
Fiala, M., Zucali, M., 2018. Impact assessment of traditional food manufacturing: the
case of Grana Padano cheese. Sci. Total Environ. 626, 1200–1209.

Berlese, M., Corazzin, M., Bovolenta, S., 2019. Environmental sustainability assessment of
buffalo mozzarella cheese production chain: a scenario analysis. J. Clean. Prod. 238.

Bisutti, V., Pegolo, S., Giannuzzi, D., Mota, L.F.M., Vanzin, A., Toscano, A., Cecchinato, A.,
2022. The β-casein (CSN2) A2 allelic variant alters milk protein profile and slightly
worsens coagulation properties in Holstein cows. J. Dairy Sci. 105 (5), 3794–3809.

Bittante, G., Penasa, M., Cecchinato, A., 2012. Invited review: genetics and modeling of
milk coagulation properties. Journal of Dairy Science Vol. 95, Issue 12, 6843–6870.

Borghesi, G., Stefanini, R., Vignali, G., 2022. Are consumers aware of products’ environ-
mental impacts? Different results between life cycle assessment data and consumers’
opinions: The case study of organic Parmigiano Reggiano and its packaging. Int.
J. Food Eng. 18 (3), 185–192.
93
Brooke-Taylor, S., Dwyer, K., Woodford, K., Kost, N., 2017. Systematic review of the gastro-
intestinal effects of A1 compared with A2 β-casein. Adv. Nutr. 85, 739–748.

Canellada, F., Laca, A., Laca, A., Díaz, M., 2018. Environmental impact of cheese production:
a case study of a small-scale factory in southern Europe and global overview of car-
bon footprint. Sci. Total Environ. 635, 167–177. https://doi.org/10.1016/J.
SCITOTENV.2018.04.045.

Cassandro, M., Comin, A., Ojala, M., Dal Zotto, R., de Marchi, M., Gallo, L., Carnier, P.,
Bittante, G., 2008. Genetic parameters of milk coagulation properties and their rela-
tionships with milk yield and quality traits in Italian Holstein cows. J. Dairy Sci.
911, 371–376. https://doi.org/10.3168/jds.2007-0308.

Cassandro, M., Pretto, D., Lopez-Villalobos, N., de Marchi, M., Penasa, M., 2016. Estimation
of economic values for milk coagulation properties in Italian Holstein-Friesian cattle.
J. Dairy Sci. 998, 6619–6626.

Clal, 2020. https://www.clal.it/ visited March 2022.
Council Regulation, 2006. Council regulation EC No 510 of March 20, 2006. Off. J. Eur.

Union L 93, 12–25 of 31.3.2006.
Dalla Riva, A., Burek, J., Kim, D., Thoma, G., Cassandro, M., de Marchi, M., 2017. Environ-

mental life cycle assessment of Italian mozzarella cheese: hotspots and improvement
opportunities. J. Dairy Sci. 10010, 7933–7952. https://doi.org/10.3168/jds.2016-
12396.

Dalla Riva, A., Burek, J., Kim, D., Thoma, G., Cassandro, M., de Marchi, M., 2018. The envi-
ronmental analysis of asiago PDO cheese: a case study from farm gate-to-plant gate.
Ital. J. Anim. Sci. 171, 250–262. https://doi.org/10.1080/1828051X.2017.1344936.

Daniloski, D., McCarthy, N.A., Vasiljevic, T., 2021. Bovine β-casomorphins: friends or foes?
A comprehensive assessment of evidence from in vitro and ex vivo studies. Trends in
Food Science and TechnologyVol. 116. Elsevier Ltd., pp. 681–700.

Daniloski, D., McCarthy, N.A., Markoska, T., Auldist, M.J., Vasiljevic, T., 2022. Conforma-
tional and physicochemical characteristics of bovine skim milk obtained from cows
with different genetic variants of β-casein. Food Hydrocoll. 124, 107186. https://
doi.org/10.1016/j.foodhyd.2021.107186.

De Klein, C., Novoa, R.S.A., Ogle, S., Smith, K.A., Rochette, P., Wirth, T.C., Mosier, A., Rypdal,
K., McConkey, B.G., 2006. N2O Emissions From Managed Soils, and CO2 Emissions
From Lime and Urea Application in Agriculture, Forestry and Other Land Uses. Inter-
governmental Panel on Climate Change.

D'Incecco, P., Faoro, F., Silvetti, T., Schrader, K., Pellegrino, L., 2015. Mechanisms of Clos-
tridium tyrobutyricum removal through natural creaming of milk: a microscopy
study. J. Dairy Sci. 988, 5164–5172.

Dong, H., Mangino, J., Hatfield, J.L., Johnson, D.E., Lassey, K.R., de Lima, M.A., McAllister,
T.A., Romanovskaya, A., 2006. Emissions From Livestock and Manure Management,
in Agriculture, Forestry and Other Land Uses. Intergovernmental Panel on Climate
Change.

European Commission, 2011. Commission Implementing Regulation EU No 584/2011 of
17 June 2011 Approving Non-minor Amendments to the Specification for a Name En-
tered in the Register of Protected Designations of Origin and Protected Geographical
Indications Grana Padano PDO.

Famiglietti, J., Guerci, M., Proserpio, C., Ravaglia, P., Motta, M., 2019. Development and
testing of the product environmental footprint milk tool: a comprehensive LCA tool
for dairy products. Sci. Total Environ. 648, 1614–1626.

FAO, 2006. Codex Standard 262–2006 for Mozzarella. Accessed Apr. 20, 2015 http://
www.fao.org/input/download/standards/10749/CXS_262e.pdf.

Farrell, H.M., Jimenez-Flores, R., Bleck, G.T., Brown, E.M., Butler, J.E., Creamer, L.K., Hicks,
C.L., Hollar, C.M., Ng-Kwai-Hang, K.F., Swaisgood, H.E., 2004. Nomenclature of the
proteins of cows'milk - sixth revision. J. Dairy Sci. 876, 1641–1674.

Finnegan,W., Yan,M., Holden, N.M., Goggins, J., 2018. A review of environmental life cycle
assessment studies examining cheese production. Int. J. Life Cycle Assess. 23 (9),
1773–1787. https://doi.org/10.1007/s11367-017-1407-7 Springer Verlag.

Flysjö, A., Thrane, M., Hermansen, J.E., 2014. Method to assess the carbon footprint at
product level in the dairy industry. Int. Dairy J. 341, 86–92. https://doi.org/10.1016/
j.idairyj.2013.07.016.

Gernigon, G., Piot, M., Beaucher, E., Jeantet, R., Schuck, P., 2009. Physicochemical charac-
terization of Mozzarella cheese wheys and stretchwaters in comparison with several
other sweet wheys. J. Dairy Sci. 9211, 5371–5377. https://doi.org/10.3168/jds.2009-
2359.

Gislon, G., Ferrero, F., Bava, L., Borreani, G., Dal Prà, A., Pacchioli, M.T., Sandrucci, A., Zucali,
M., Tabacco, E., 2020a. Forage systems and sustainability of milk production: feed ef-
ficiency, environmental impacts and soil carbon stocks. J. Clean. Prod. 260, 121012.

Gislon, G., Bava, L., Colombini, S., Zucali, M., Crovetto, G.M., Sandrucci, A., 2020b. Looking
for high-production and sustainable diets for lactating cows: a survey in Italy. J. Dairy
Sci. 103 (5), 4863–4873.

González-García, S., Hospido, A., Moreira, M.T., Feijoo, G., Arroja, L., 2013. Environmental
life cycle assessment of a galician cheese: San Simon da Costa. J. Clean. Prod. 52,
253–262.

Grana Padano Consortium, 2011. Consorzio per la tutela del Formaggio Grana Padano.
Accessed Jul. 31, 2013 http://www.granapadano.it.

Guinée, J.B., Gorrée, M., Heijungs, R., Huppes, G., Kleijn, R., Koning, A.de, Oers, L.van,
Wegener Sleeswijk, A., Suh, S., Udo de Haes, H.A., Bruijn, H.de, Duin, R.van,
Huijbregts, M.A.J., 2002. Handbook on Life Cycle Assessment. Operational Guide to
the ISO Standards. I: LCA in Perspective. IIa: Guide. IIb: Operational Annex. III: Scien-
tific Background. Kluwer Academic Publishers, Dordrecht 1-4020-0228-9 692 pp.

Hauschild, M.Z., Huijbregts, M.A.J., 2015. Introducing life cycle impact assessment. In:
Hauschild, M., Huijbregt, M. (Eds.), Life Cycle Impact Assessment. Springer, Dordrecht
Chapter 1.

Heins, B.J., Dechow, C.D., Hardie, L.C., 2021. Relationship of β-casein A2 genetics, produc-
tion, and fertility of organic Holstein dairy cows. American Dairy Science Association
ADSA Annual Meeting.

http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221152512274
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221152512274
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221152512274
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221203331184
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221203331184
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221203331184
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216013234
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216013234
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216031904
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216031904
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216064164
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216064164
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221203372894
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221203372894
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf9020
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf9020
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf9020
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf9020
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221203432854
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221203432854
https://doi.org/10.1016/J.SCITOTENV.2018.04.045
https://doi.org/10.1016/J.SCITOTENV.2018.04.045
https://doi.org/10.3168/jds.2007-0308
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221204007574
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221204007574
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221204007574
https://www.clal.it/
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221213419576
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221213419576
https://doi.org/10.3168/jds.2016-12396
https://doi.org/10.3168/jds.2016-12396
https://doi.org/10.1080/1828051X.2017.1344936
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221204241464
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221204241464
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221204241464
https://doi.org/10.1016/j.foodhyd.2021.107186
https://doi.org/10.1016/j.foodhyd.2021.107186
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221205335383
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221205335383
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221205335383
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221205516603
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221205516603
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221205516603
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221206491932
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221206491932
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221206491932
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221213573136
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221213573136
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221213573136
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221213573136
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216161574
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216161574
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216161574
http://www.fao.org/input/download/standards/10749/CXS_262e.pdf
http://www.fao.org/input/download/standards/10749/CXS_262e.pdf
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221206555842
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221206555842
https://doi.org/10.1007/s11367-017-1407-7
https://doi.org/10.1016/j.idairyj.2013.07.016
https://doi.org/10.1016/j.idairyj.2013.07.016
https://doi.org/10.3168/jds.2009-2359
https://doi.org/10.3168/jds.2009-2359
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221207148951
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221207148951
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216186154
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216186154
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216186154
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216279954
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216279954
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216279954
http://www.granapadano.it
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221208381620
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221208381620
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221208381620
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221219310581
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221219310581
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221219310581
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221209041770
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221209041770
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221209041770


G. Gislon, L. Bava, V. Bisutti et al. Sustainable Production and Consumption 35 (2023) 85–94
Huijbregts, M.A.J., Steinmann, Z.J.N., Elshout, P.M.F., Stam, G., Verones, F., Vieira, M., Zijp,
M., Hollander, A., van Zelm, R., 2017. ReCiPe2016: a harmonised life cycle impact as-
sessment method at midpoint and endpoint level. Int. J. Life Cycle Assess. 222,
138–147.

IDF International Dairy Federation, 2015. A Common Carbon Footprint Approach for
Dairy. The IDF Guide to Standard Lifecycle Assessment Methodology for the Dairy
Sector. In the Bulletin of the IDF No 479/2010. International Dairy Federation, Brus-
sels, Belgium.

ISO 14040, 2006. Environmental management — Life cycle assessment — Principles and
framework.

ISO, 2018. UNE EN 14044:2006/A1:2018 Environmental management - Life cycle assess-
ment - Requirements and guidelines - Amendment 1 (ISO 14044:2006/Amd 1:2017).

Jafarzadeh, S., Rhim, J.W., Alias, A.K., Ariffin, F., Mahmud, S., 2019. Application of antimi-
crobial active packaging film made of semolina flour, nano zinc oxide and nano-
kaolin to maintain the quality of low-moisture mozzarella cheese during low-
temperature storage. J. Sci. Food Agric. 99 (6), 2716–2725.

Kamiński, S., Cieślińska, A., Kostyra, E., 2007. Polymorphism of bovine beta-casein and its
potential effect on human health. J. Appl. Genet. 483, 189–198.

Kim, D., Thoma, G., Nutter, D., Milani, F., Ulrich, R., Norris, G., 2013. Life cycle assessment of
cheese and whey production in the USA. Int. J. Life Cycle Assess. 185, 1019–1035.
https://doi.org/10.1007/s11367-013-0553-9.

Kristensen, T., Søegaard, K., Eriksen, J., Mogensen, L., 2015. Carbon footprint of cheese pro-
duced on milk from Holstein and Jersey cows fed hay differing in herb content.
J. Clean. Prod. 101, 229–237. https://doi.org/10.1016/j.jclepro.2015.03.087.

Masotti, F., Hogenboom, J.A., Rosi, V., de Noni, I., Pellegrino, L., 2010. Proteolysis indices re-
lated to cheese ripening and typicalness in PDO Grana Padano cheese. Int. Dairy J.
205, 352–359. https://doi.org/10.1016/j.idairyj.2009.11.020.

Massella, E., Piva, S., Giacometti, F., Liuzzo, G., Zambrini, A.V., Serraino, A., 2017. Evaluation
of bovine beta casein polymorphism in two dairy farms located in northern Italy. Ital.
J.Food Saf. 63, 131–133.

McClelland, S.C., Arndt, C., Gordon, D.R., Thoma, G., 2018. Type and number of environ-
mental impact categories used in livestock life cycle assessment: a systematic review.
Livest. Sci. 209, 39–45.

Moraes, L.E., Strathe, A.B., Fadel, J.G., Casper, D.P., Kebreab, E., 2014. Prediction of enteric
methane emissions from cattle. Glob. Chang. Biol. 207, 2140–2148. https://doi.org/
10.1111/GCB.12471.

Nguyen, H.T.H., Schwendel, H., Harland, D., Day, L., 2018. Differences in the yoghurt gel
microstructure and physicochemical properties of bovine milk containing A 1 A 1
94
and A 2 A 2 β-casein phenotypes. Food Res. Int. 112, 217–224. https://doi.org/10.
1016/j.foodres.2018.06.043.

Oliveira Mendes, M., Ferreira de Morais, M., Ferreira Rodrigues, J., 2019. A2A2 milk:
Brazilian consumers'opinions and effect on sensory characteristics of Petit Suisse
and Minas cheeses. LWT 108, 207–213. https://doi.org/10.1016/j.lwt.2019.03.064.

Oliveira, M., Cocozza, A., Zucaro, A., Santagata, R., Ulgiati, S., 2021. Circular economy in the
agro-industry: integrated environmental assessment of dairy products. Renew. Sust.
Energ. Rev. 148. https://doi.org/10.1016/j.rser.2021.111314.

Palmieri, N., Forleo, M.B., Salimei, E., 2017. Environmental impacts of a dairy cheese chain
including whey feeding: an Italian case study. J. Clean. Prod. 140, 881–889.

Potočnik, K., Luštrek, B., Kaić, A., 2016. Animal science days. Acta Argiculturae Slovenica,
Supplement Vol. 5.

Ristanić, M., Glavinić, U., Vejnović, B., Maletić, M., Kirovski, D., Teodorović, V.,
Stanimirović, Z., 2020. Beta-casein gene polymorphism in Serbian Holstein-Friesian
cows and its relationship with milk production traits. Acta Vet.-Beogr. 70 (4),
497–510.

Rota Graziosi, A., Gislon, G., Colombini, S., Bava, L., Rapetti, L., 2022. Partial replacement of
soybean meal with soybean silage and responsible soybean meal in lactating cows
diet: part 2, environmental impact of milk production. Ital. J. Anim. Sci. 21 (1),
645–658.

Schettini, G.P., Lambert, S.M., da Silva Souza, B.M.P., Costa, R.B., de Camargo, G.M.F., 2020.
Genetic potential of Sindhi cattle for A2 milk production. Anim. Prod. Sci. 607,
893–895.

Sebastiani, C., Arcangeli, C., Ciullo, M., Torricelli, M., Cinti, G., Fisichella, S., Biagetti, M.,
2020. Frequencies evaluation of β-casein gene polymorphisms in dairy cows reared
in central Italy. Animals 102.

Summer, A., Franceschi, P., Formaggioni, P., Malacarne,M., 2015. Influence of milk somatic
cell content on Parmigiano-Reggiano cheese yield. J. Dairy Res. 822, 222–227. https://
doi.org/10.1017/S0022029915000102.

vanMiddelaar, C.E., Berentsen, P.B.M., Dolman, M.A., de Boer, I.J.M., 2011. Eco-efficiency in
the production chain of Dutch semi-hard cheese. Livest. Sci. 1391–2, 91–99. https://
doi.org/10.1016/j.livsci.2011.03.013.

Verdier-Metz, I., Coulon, J.-B., Pradel, P., 2001. Relationship between milk fat and protein
contents and cheese yield. Anim. Res Vol. 50.

http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221209090650
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221209090650
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221209090650
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211204228
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211204228
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211204228
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211204228
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf9010
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf9010
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf9015
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf9015
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216342803
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216342803
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216342803
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216342803
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211245908
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211245908
https://doi.org/10.1007/s11367-013-0553-9
https://doi.org/10.1016/j.jclepro.2015.03.087
https://doi.org/10.1016/j.idairyj.2009.11.020
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211466868
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211466868
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221211466868
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216402313
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216402313
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221216402313
https://doi.org/10.1111/GCB.12471
https://doi.org/10.1111/GCB.12471
https://doi.org/10.1016/j.foodres.2018.06.043
https://doi.org/10.1016/j.foodres.2018.06.043
https://doi.org/10.1016/j.lwt.2019.03.064
https://doi.org/10.1016/j.rser.2021.111314
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221217295223
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221217295223
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221215549544
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221215549544
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221212010347
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221212010347
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221212010347
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221219123701
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221219123701
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221219123701
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221219123701
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221212352297
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221212352297
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221212086117
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221212086117
https://doi.org/10.1017/S0022029915000102
https://doi.org/10.1017/S0022029915000102
https://doi.org/10.1016/j.livsci.2011.03.013
https://doi.org/10.1016/j.livsci.2011.03.013
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221213019056
http://refhub.elsevier.com/S2352-5509(22)00285-8/rf202210221213019056

	Bovine beta casein polymorphism and environmental sustainability of cheese production: The case of Grana Padano PDO and moz...
	1. Introduction
	2. Material and methods
	2.1. Life cycle assessment
	2.1.1. Goal and scope definition
	2.1.2. Allocation, functional units and system boundaries
	2.1.3. Life cycle inventory (LCI)
	2.1.4. Calculation of the on-farm emissions
	2.1.5. Life cycle impact assessment (LCIA)

	2.2. Statistical analysis

	3. Results and discussion
	3.1. Milk and cheese yield for the β-casein variants, and allocations at cheese factory level
	3.2. Environmental impact of packaged cheese
	3.3. Contribution to climate change
	3.4. Environmental impact of packaged cheese: normalization
	3.5. Environmental impact of packaged cheese: weighting (endpoints method)

	4. Conclusion
	Declaration of competing interest
	Acknowledgements
	References




