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Abstract — The relationships between the texture and composition of Abondance cheese (Haute-
Savoie, France) and the milk used for its production, were investigated under real conditions of
cheese production. Ten different types of pasture, exploited by three producers, were involved. Milk
characteristics, linked to the type of pasture, affected cheese texture, as did the cheesemaking process.
Cheeses from milk produced on mountain pastures (M, n = 5, 1 500–1 850 m) exhibited different
rheological properties from those produced with milk from valley pastures (V, n = 5, 850–1 100 m):
they were less elastic and less deformable. Rheological characteristics were mainly linked to the pro-
portion of 18 atoms of carbon unsaturated fatty acids, which was higher in M milks, and to the prote-
olysis of cheese. Plasmin activity, which was higher in M milks, could enhance primary proteolysis in
the corresponding cheeses. Differences in sensory texture, which were greater between M cheeses
than between V cheeses, were attributed to variations in moisture and salt content. These differences
could be linked to the cheesemaking process and also to the characteristics of milks, such as their pH-
value and acidifying ability.

texture / rheology / cheese composition / milk composition / pasture

Résumé — Relations entre la texture de fromages d’Abondance, leur composition, et celle des
laits produits par des vaches pâturant différents types de pelouse. Les relations entre la texture du
fromage d’Abondance (Haute-Savoie, France), sa composition et celle du lait utilisé pour sa fabrica-
tion ont été étudiées dans des conditions réelles de production du fromage. Dix pâturages différents,
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exploités par 3 producteurs, ont été étudiés. Les caractéristiques du lait, liées aux types de pâturage
ont joué un rôle dans l’élaboration de la texture, de même que les paramètres de fabrication. Les fro-
mages fabriqués à partir de laits produits sur des pâturages de montagne (M, n = 5, 1 500–1 850 m)
étaient moins élastiques et moins déformables que les fromages issus de laits produits sur des pâtura-
ges de vallée (V, n = 5, 850–1 100 m). Ces caractéristiques rhéologiques étaient liées principalement
à la teneur en acides gras insaturés à 18 atomes de carbone des laits, plus élevée dans les laits M, et à la
protéolyse des fromages. La plasmine, plus active dans les laits M, contribuerait à une protéolyse pri-
maire plus importante dans ces fromages. Les fromages M présentaient une plus grande diversité de
texture que les fromages V, en partie associée à des différences de teneurs en eau et en sel. Ces diffé-
rences seraient liées à la technologie mise en œuvre et à certaines caractéristiques du lait comme son
pH et son aptitude à s’acidifier.

texture / rhéologie / composition des fromages / composition des laits / pâturage

1. INTRODUCTION

The influence of milk production factors
on the sensory characteristics of ripened
cheeses is of particular importance for
cheeses with a “protected denomination of
origin” (PDO), where the milk used under-
goes few or no modifications before
cheesemaking. Among factors influencing
milk characteristics, feeding, and particu-
larly the nature of pastures, have been cited
as the most important for the cheese quality
[16, 40].

Recent studies, performed on different
cheese varieties, have pointed out the ef-
fects of the forage (method of conservation,
botanical composition) on the characteris-
tics of cheeses, including their texture [12,
42, 43]. The studies were carried out under
experimental conditions, the cows being
fed the forage indoors. Concerning the pas-
tures, very little work has been carried out
that shows the effect of the grass grazed by
the animals on the characteristics of cheese
texture, although Martin and Coulon [24]
revealed an association between the charac-
teristics of the pastures (botanical composi-
tion, phenological stage) and the texture of
Reblochon cheese. Moreover, Buchin et al.
[8] have demonstrated an influence of the
botanical composition of pasture on
Abondance cheese texture. According to
the latter, the differences observed in the

rheological and sensory properties of tex-
ture may arise from differences in primary
proteolysis due, to a certain extent, to the
amount of plasmin and plasminogen in
cheeses. But no study has investigated the
whole chain from pasture to cheese texture.

The aim of the present study was to in-
vestigate the relationships between cheese
texture and the composition of cheeses and
corresponding milks, as well as the types of
pastures involved. It is included in a wider
project which aims to investigate the effect
of the nature of the pasture on cheese char-
acteristics (texture and flavour). The study
was realised under real conditions of milk
and cheese production, so as to cover a wide
botanical diversity of pastures, and enable
the investigation of the whole cheese pro-
duction chain, from pasture to milk and
then cheese. Abondance cheese, a semi-
hard PDO cheese produced in the north of
the French Alps, was chosen as a model.
First of all, we studied the relationships be-
tween texture properties and the composi-
tion of matured cheeses, and then we
considered the relationships between the
composition of matured cheeses and possi-
ble sources of variations in cheese compo-
sition, such as milk properties and
cheesemaking parameters. The relation-
ships with characteristics of pastures were
discussed.
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2. MATERIALS AND METHODS

2.1. Experimental conditions

The experiment was carried out during
the spring and summer of 1998 in three
farms (X, Y, Z) in the Abondance PDO
cheese area (Haute-Savoie, France), all
producing milk and manufacturing cheeses.
The choice of the ten pastures involved in
the study was made to ensure as wide a bo-
tanical diversity as possible. They were
located at between 850 m and 1 100 m for
valley pastures (V, n = 5) or between
1 550 m and 1 850 m for mountain pastures
(M, n = 5). The characteristics of the pas-
tures (localisation, botanical composition,

phenological stage) were described in
Bugaud et al. [9]. Herds were allowed to
graze the studied pastures for 4 to 10 days.
During the last three days of each grazing
period, the parameters of the cheesemaking
process were recorded and one cheese per
day was sampled for analyses.

As a preliminary stage, we compared the
three different systems of production (herd
+ cheesemaking process) by feeding these
herds a common hay (H) and then compar-
ing the cheeses which were produced in
each plant. The characteristics of the three
herds (size, breed, stage of lactation, milk
yield) are described in the experimental de-
sign (Fig. 1). More details were given in a
previous article [10].

Cheese texture and pastures 595

Figure 1. Experimental design.
* HZa

b where a was the average stage of lactation and b the milk yield (day).
** The Y studied milk provided exclusively from the morning milking. (kg.d–1).
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2.2. Cheesemaking

Abondance cheese is a round semi-hard
cheese weighing ~9 kg and made using raw
milk from Abondance, Tarentaise or
Montbéliarde cows only. In our study,
cheeses were manufactured following the
same general scheme, although with certain
variations from one farm to another (Tab. I).
The milk was warmed to between 30 and
35 oC and then inoculated with a mixed
thermophilic starter culture. After a 25 min
milk maturation period, rennet (containing
700 mg.L–1 chymosin) was added at a con-
centration of 0.15–0.21 mL.L–1. Cheesemaker
Y also added 0.5 mL.L–1 of a natural calf
rennet maceration in traditional, boiled and
acidified whey. The clotting ability of the
natural calf rennet, controlled using a visual
method [1], was identical throughout the
experiment. Clotting time was assessed vi-
sually, and after a firming period evaluated
by each cheesemaker, the curd was cut into
3–4 mm curd particles. The curd-whey
mixture was stirred for about 7 min, heated
to 47–48 oC over a period of 45 min, and

then stirred at the same temperature for a
further 10–40 min. The mixture was then
allowed to rest for 5 min before the curd
was removed with a cloth, moulded and
pressed for 20 h. The cheeses were then re-
moved from the moulds, left at 13 oC for
12 h and then brined at 13 oC for 12 h in a
saturated brine solution. Cheeses from the
three farms were collected and all ripened
in the same ripening room (11 oC, 95% rel-
ative humidity) for six months. They were
turned and salted every day for the first
15 days, then three times a week for the fol-
lowing month and then once a week.

For MX1 and HY cheeses (see the signi-
fication of acronyms in experimental de-
sign Fig. 1), the curd-whey mixture was
warmed to 45–46 oC instead of 47–48 oC.

2.3. Analyses

2.3.1. Cheese texture

Rheological measurements were carried
out by the method of uniaxial compression
at a constant displacement rate, as de-
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Table I. Cheesemaking parameters observed for each cheesemaker.

Cheesemaker X Cheesemaker Y Cheesemaker Z

Composition of starter
culture1

0.4 mL.L–1 of
St + Ldl

0.4 mL.L–1 of
St + Ldb
+ 0.5 mL.L–1

of natural calf rennet

0.4 mL.L–1 of
St + Ldl + 0.3 mL.L–1

of St + Ldb

Rennet (mL.L–1) 0.21 0.15 0.17

Clotting time (min) 22 (2)2 24 (4) 22 (1)

Firming period (min) 13 (3) 8 (4) 8 (1)

Duration of curd whey
stirring (min)

12 (4) 4 (1) 2 (1)

Duration of second
stirring (min)

30 (8) 23 (9) 13 (3)

Density (kg.m–3) and
acidity (oD) of the brine

1170–1190
15–20

1100
50–75

1165–1190
20–40

1 St : Streptococcus thermophilus, Ldl : Lactobacillus delbrueckii subsp. lactis, Ldb : Lactobacillus delbrueckii
subsp. bulgaricus.
2 () :  standard deviation.
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scribed by Noël et al. [31], using a TA-XT2
texture analyser (Rhéo, 91160 Champlan,
France). Three rheological parameters
were evaluated: strain and stress at fracture
and the deformability modulus. Fracture
strain describes the deformability and frac-
ture stress expresses the mechanical resis-
tance of a cheese. The higher the deforma-
bility modulus value, the less elastic the
cheese.

The texture properties of ripened
cheeses were evaluated by 14 trained panel-
lists. A profile of 5 attributes was used,
adapted to this type of cheese. The panel-
lists were trained to assess the degree of
each attribute using a structured scale from
1 to 7. Firmness and elasticity were as-
sessed using the method described by
Lavanchy et al. [19]. Melting and pasty tex-
tures were comparable, respectively, to the
solubility and adhesivity defined by
Lavanchy et al. [19]. A sandy texture was
defined by the presence of grains.

2.3.2. Composition of cheeses

Chemical analyses were carried out on
cheeses at one day and at the end of ripen-
ing, after the removal of 10 mm of rind. The
pH-value and the contents of dry matter
(DM), fat (F), total nitrogen (TN), nitrogen
soluble in tri-sodium citrate 0.5 mol.L–1 at
pH 4.4 (pH 4.4-SN) and nitrogen soluble in
phosphotungstic acid (PTA-SN) were mea-
sured using the methods described in Ardö
and Polychroniadou [3]. Nitrogen fractions
were expressed as a percentage in TN
(pH 4.4-SN/TN and PTA-SN/TN). The
moisture content in non-fat cheese
(M/NFC) was calculated as (100-DM)/
(100-F) (g.100 g–1 non-fat cheese). The in-
soluble fraction at pH 4.4 was analysed us-
ing polyacrylamide gel electrophoresis
with urea [2]. The surface of each peak was
expressed as a percentage of the total area.
Three ratios were calculated: γ /β-casein,
αS1-I/αS1+αS2-casein and αSdeg/αS1+αS2-
casein, where αSdeg-casein was the fraction

of caseins eluting in front of αS1-I-casein.
The sodium chloride content was deter-
mined by a potentiometric method using a
chloride analyser (Model 926, Corning,
Halstead) and expressed in g.100 g–1 mois-
ture (NaCl/M). The calcium content, mea-
sured in cheese at the end of pressing, was
determined by using the complexometric
method [33] and was expressed in g.100 g–1

non-fat dry matter (Ca/NFDM).

The temperature and pH of cheeses were
measured at moulding after 4 h of pressing
and at one day, at the end of pressing.

2.3.3. Composition of milks

The measurements and the values in
milk of the protein, fat, urea, calcium and
phosphorus contents, the total bacterial cell
count, the pH, the plasmin and plasminogen-
derived activities, the proportions of 18 at-
oms of carbon unsaturated fatty acids
(C18uns = C18:1 + C18:2 + C18:3) and of
β-casein C variant were detailed in Bugaud
et al. [10].

2.3.4. Statistical analyses

Differences between cheeses were in-
vestigated using analyses of variance (Ver-
sion 6.12, SAS Institute INC., 1996) in two
stages: 1) differences between H, V and M
cheeses, 2) differences between cheeses
within the H, V or M pastures. The first
stage corresponded to a model with one fac-
tor and three levels, the second stage to a
model with one factor and five levels (for M
and V) or three levels (for H).

To describe cheese texture, a principal
components analysis (PCA) was performed
on the five sensory descriptors and three
rheological parameters. Our goal was to
characterise the global differences in
cheese texture. We therefore performed the
aforementioned analyses of variance on the
coordinates of cheeses on the first and sec-
ond axes of the PCA.

Cheese texture and pastures 597
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The relationships between the variables
of cheese texture and cheese composition,
on the one hand, and variables of cheese
composition and milk composition, on the
other hand, were evaluated using the Partial
Least Squares regression (PLS) [39], im-
plemented under Splus 3.4®.

Four cheeses, one from MX1, one from
VX1 and two from MY2 were excluded
from the statistical analyses because of
technical problems which were identified
during the cheesemaking process.

3. RESULTS

3.1. Characteristics of matured
cheeses

3.1.1. Texture

Figure 2 shows the biplot resulting from
the PCA applied to rheological and sensory

variables. The first principal component
(PC1) represented 40% of total variability
and opposed sensory descriptors, i.e. melt-
ing and pasty textures versus sandy texture
and to a lesser extent firmness. The second
principal component (PC2) represented
31% of total variability and opposed two
rheological properties: the deformability
modulus and fracture strain. Elasticity and
fracture stress contributed equally to both
axes.

The differences within cheese replicates
(produced by the same cheesemaker, from
the same pasture) were globally lower than
differences between cheeses produced on
different pastures.

Differences were observed between H,
M and V cheeses. PC2 separated M cheeses
from H and V cheeses (P < 0.01). M
cheeses had the highest deformability
modulus, the lowest strain and stress at
fracture. With the exception of VZ3
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Figure 2. Analysis of the principal components of cheese texture.
In large type: mean of replicates; in small type: replicates.
H: cheese from milk produced with hay. M: cheese from milk produced on mountain pastures. V:
cheese from milk produced on valley pastures [9].
X, Y, Z: cheeses manufactured respectively by the X, Y, Z cheesemakers.
For MY2, there was just one replicate (in large type).
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cheeses, all V cheeses were located at the
centre of the map and could therefore be de-
fined as medium cheeses. H cheeses and
VZ3 cheeses exhibited the highest degree
of strain and stress at fracture and the lowest
degree of deformability modulus.

Differences in texture between M
cheeses were greater than those seen be-
tween V cheeses, when VZ3 cheeses were
excluded. M cheeses differed from each
other on PC1 and PC2 (P < 0.05). MX1 and
MY1 cheeses were the firmest and sandiest.
They were opposed to MX3 and MX2
cheeses, which were the least elastic and
had the most melting texture. VZ3 cheeses
were opposed to the other V cheeses on
PC2 (P < 0.01): they were the most elastic
and had the highest strain and stress at frac-
ture. No differences were observed be-
tween the other V cheeses.

PC1 separated HX cheeses from HY and
HZ cheeses (P < 0.05). HX cheeses were
the sandiest and firmest and had the least
melting and pasty textures.

3.1.2. Composition

Differences of proteolysis were greater
than differences of gross composition be-
tween H, M and V cheeses (Tab. II and
Tab. III). Only the pH-value was signifi-
cantly higher in V cheeses than in M
cheeses (P < 0.05). M cheeses presented
the highest values and V cheeses the lowest
values for most indicators of proteolysis:
the pH 4.4-SN/TN fraction (P < 0.05) and
the αS1-I/αS1+αS2-caseins and αSdeg/αS1+αS2-
caseins ratios (P < 0.001). The PTA-SN/TN
fraction was higher in M cheeses than in H
cheeses (P < 0.05).

Cheese texture and pastures 599

Table II. Gross composition of matured cheeses.

forage cheese n
M/NFC

(g.100 g–1)
NaCl/M

(g.100 g–1)
pH F/DM

(g.100 g–1)
Ca/NFDM
(g.100 g–1)

hz 3 54.7 (0.9) 5.2a (0.2) 5.89a (0.13) 53.7 (0.5) 2.89b (0.10)

hay hx 3 52.4 (0.9) 5.3a (0.3) 5.64b (0.02) 51.4 (0.7) 2.84b (0.04)

hy 3 53.3 (1.4) 4.7b (0.3) 5.59b (0.11) 51.8 (1.8) 3.06a (0.08)

variance analysis between H cheeses ns * * ns *

vz1 3 52.1 (0.9) 5.7 (0.6) 5.79b (0.04) 50.8b (0.3) 2.84b (0.09)

valley vz2 3 53.2 (1.8) 5.7 (0.4) 5.84ab (0.06) 53.3a (0.8) 2.93ab (0.04)

pastures vz3 3 53.9 (0.7) 5.3 (0.3) 5.94a (0.09) 51.9b (0.4) 3.04a (0.09)

vx1 2 52.7 (0.2) 5.5 (0.6) 5.64c (0.01) 51.7b (0.2) 2.84b (0.04)

vx2 3 51.9 (0.2) 5.7 (0.3) 5.64c (0.03) 51.9b (0.1) 2.78b (0.09)

variance analysis between V cheeses ns ns *** ** *

mx1 2 51.4b (0.8) 6.2a (0.7) 5.65ab (0.08) 51.8 (0.2) 3.04a (0.17)

mountain mx2 3 53.9a (0.6) 6.6a (0.3) 5.75a (0.04) 51.9 (0.4) 2.81ab (0.13)

pastures mx3 3 53.6a (0.9) 5.4ab (0.5) 5.55b (0.06) 51.0 (0.9) 3.04a (0.09)

my1 3 51.6b (0.7) 4.9bc (0.2) 5.51b (0.02) 50.9 (1.1) 2.72b (0.08)

my2 1 53.0ab (–) 3.9c (–) 5.62ab (–) 50.2 (–) 2.77ab (–)

variance analysis between M cheeses * ** ** ns *

variance analysis between H, M, V ns ns * V > M ns ns

M/NFC: moisture in non-fat cheese. NaCl/M: salt in moisture. F/DM: fat in dry matter. Ca/NFDM: calcium in
non-fat dry matter measured in 1 day-cheeses. n: number of replicates. a, b, c Results of Newman-Keuls’ test.
Variance analysis: *** P < 0.001, ** P < 0.01, * P < 0.05, ns not significant.
( ): standard deviation.
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Within the group of V cheeses, VZ3
cheeses had the highest pH value (P < 0.001)
and calcium content (Ca/NFDM) (P < 0.05)
and the lowest PTA-SN/TN fraction
(P < 0.01). VZ2 cheeses had the highest fat
content (F/DM) (P < 0.001) and γ/β-ca-
seins ratio (P < 0.01) and together with
VZ1 cheeses, had the lowest αS1-I/αS1+αS2-
caseins ratio (P < 0.01). VX1 and VX2
cheeses, which did not differ from each
other, exhibited the lowest pH value.

Within the group of M cheeses, MX2
and MX3 cheeses had the highest moisture
content (M/NFC) and contrasted with MX1
and MY1 cheeses (P < 0.05). MX1 and
MX2 cheeses had the highest NaCl content
(NaCl/M) and contrasted with MY2 cheese
(P < 0.01). MX3 and MY1 cheeses had the

lowest pH value and contrasted with MX2
cheeses (P < 0.01). MY1 cheeses had the
lowest calcium content (P < 0.05). MX1 and
MY1 cheeses had the lowest αS1-I/αS1+αS2-
caseins (P < 0.05) and αSdeg/αS1+αS2-caseins
(P < 0.01) ratios, MX3 the highest
αSdeg/αS1+αS2-caseins ratio. MX2 and MX3
cheeses tended to have a higher pH 4.4-
SN/TN fraction, while MX2 and MY1
cheeses tended to have a higher PTA-
SN/TN fraction.

HY cheeses had the lowest NaCl content
(P < 0.05), the highest calcium content
(P < 0.05) and αS1-I/αS1+αS2-caseins ratio
(P < 0.001). The Z cheeses had the highest
pH value (P < 0.05) and γ/β-caseins ratio
(P < 0.01).
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Table III. Proteolysis of matured cheeses.

forage cheese n

pH 4.4–
SN/TN

(g.100 g–1)

PTA–
SN/TN

(g.100 g–1)

γ/β-casein αS1-I /
αS1+αS2-

casein

αSdeg /
αS1+αS2-

casein

hz 3 22.6 (1.7) 11.6 (0.4) 2.48a (0.35) 1.02b (0.02) 0.48 (0.07)

hay hx 3 19.7 (1.7) 10.5 (1.6) 1.49b (0.06) 0.88c (0.08) 0.33 (0.07)

hy 3 20.6 (0.5) 8.9 (0.9) 1.41b (0.11) 1.43a (0.04) 0.46 (0.05)

variance analysis between H cheeses ns ns ** *** ns

vz1 3 20.7 (0.8) 13.5a (1.5) 1.94ab (0.27) 0.67b (0.03) 0.31 (0.01)

valley vz2 3 21.2 (0.9) 12.8a (0.3) 2.31a (0.44) 0.77b (0.11) 0.37 (0.07)

pastures vz3 3 19.7 (1.5) 9.1b (0.9) 1.31b (0.13) 0.83ab (0.07) 0.29 (0.04)

vx1 2 20.7 (0.3) 12.4a (0.1) 1.56b (0.00) 0.88ab (0.01) 0.31 (0.00)

vx2 3 20.4 (1.0) 11.3a (1.1) 1.44b (0.09) 1.03a (0.13) 0.33 (0.05)

variance analysis between V cheeses ns ** ** ** ns

mx1 2 20.9 (2.8) 11.2 (5.8) 1.71 (0.27) 0.97b (0.02) 0.42c (0.08)

mountain mx2 3 23.1 (0.3) 15.9 (0.8) 2.30 (0.32) 1.19ab (0.09) 0.59ab (0.06)

pastures mx3 3 23.2 (0.5) 11.7 (1.5) 2.13 (0.24) 1.14ab (0.11) 0.63a (0.01)

my1 3 20.6 (0.8) 14.1 (1.3) 1.78 (0.11) 1.01b (0.09) 0.46bc (0.04)

my2 1 21.4 (–) 11.4 (–) 1.75 (–) 1.40a (–) 0.58ab (–)

variance analysis between M cheeses ns ns ns * **

variance analysis between H, M, V * M > V * M > H ns ***
H+M > V

***
M > H > V

pH 4.4-SN/TN: nitrogen soluble in tri-sodium citrate at pH 4.4 on total nitrogen. PTA-SN/TN: nitrogen soluble in
phosphotungstic acid on total nitrogen. n: number of replicates. a, b, c Results of Newman-Keuls’ test.
Variance analysis: *** P < 0.001, ** P < 0.01, * P < 0.05, ns not significant.
( ): standard deviation.
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3.2. Relationships between
the texture and composition
of matured cheeses

The relationships between the texture of
matured cheeses and their composition
were investigated using PLS regression
(Tab. IV). The three rheological variables
and five sensory descriptors were predicted
by the variables of chemical composition
(presented in Tabs. II and III) and by the
variable of the proportion of C18uns in
milks, which is supposed to be similar in
cheeses [25]. The prediction of rheological
variables by the model was better (variance

of 64–90%) than the prediction of sensory
descriptors (variance of 42–55%, except
for sandy texture which had a variance of
81%).

Rheological parameters were first pre-
dicted by indicators of proteolysis and by
C18uns, and then by the pH-value. Fracture
strain and stress were negatively related to
C18uns. The higher the indicators of prote-
olysis, the lower the fracture stress and the
higher the fracture strain. The deformability
modulus was positively related to the
αSdeg/αS1+αS2-caseins ratio but negatively
related to the αS1-I/αS1+αS2-caseins ratio.
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Table IV. Partial Least Squares regression-based prediction of cheese texture variables by the compo-
sition of matured cheeses.

explicative variables1 variance
explained

%
Variables 1 2 3 4

Rheological properties

Fracture strain (C18uns)2 αS1-I/αS1+αS2-
casein

pH PTA-SN/TN 90

Fracture stress (pH 4.4-
SN/TN)

(PTA-SN/TN) (C18uns) (γ /β-casein) 64

Deformability
modulus

αSdeg/αS1+αS2-
casein

(αS1-I/αS1+αS2-
casein)

(pH) pH 4.4-
SN/TN

77

Sensory properties

Sandy (M/NFC) (pH 4.4-
SN/TN)

NaCl/M (αS1-I/αS1+αS2-
casein)

81

Firm NaCl/M (M/NFC) γ /β-casein pH 4.4-
SN/TN

52

Melting αS1-I/αS1+αS2-
casein

(NaCl/M) pH αSdeg/αS1+αS2-
casein

54

Pasty F/DM γ /β-casein αSdeg/αS1+αS2-
casein

pH 4.4-
SN/TN

42

Elastic M/NFC (γ /β-casein) (F/DM) (pH 4.4-
SN/TN)

55

1 The explicative variables are ranked in decreasing order of importance of prediction.
2 Between ( ) negative contribution.
C18uns: 18 atoms of carbon unsaturated fatty acids; pH 4.4-SN/TN: soluble nitrogen in tri-sodium citrate at pH
4.4 on total nitrogen; PTA-SN/TN: soluble nitrogen in phosphotungstic acid on total nitrogen; M/NFC: moisture
in non-fat cheese. NaCl/M:  salt in moisture. F/DM: fat in dry matter.
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Sensory descriptors were equitably pre-
dicted by gross composition and proteoly-
sis. As expected, sandy and firm textures
were negatively related to moisture and
NaCl contents. These descriptors were also
predicted by indicators of proteolysis: the
higher the indicators of proteolysis, the
lower the sandy texture and the higher the
firmness. The melting descriptor was posi-
tively related to indicators of proteolysis
(αS1-I/αS2+αS2-caseins and αSdeg/αS2+αS2-
caseins ratios) and to pH-value, and nega-
tively related to NaCl content. A pasty tex-
ture was positively related to fat content and
to indicators of proteolysis. Elasticity was
positively related to moisture content and
negatively related to indicators of proteoly-
sis (γ /β-caseins ratio and pH 4.4-SN/TN)
and fat content. Calcium content was never
a major predictor of cheese texture.

3.3. Relationships
between the composition
of matured cheese
and both milk characteristics
and technological parameters

Relationships between the composition
of matured cheeses and milk and techno-
logical variables were investigated using a
PLS regression (Tab. V). In order to predict
pH 4.4-SN/TN and PTA-SN/TN fractions,
γ /β, αS1-I/αS1+αS2 and αSdeg/αS1+αS2-ca-
seins ratios were added to the predictive
variables. In all cases, the prediction of
composition variables by the model was
higher than 66%.

In the first instance, indicators of pri-
mary proteolysis were predicted by milk
characteristics. As expected, the γ /β-ca-
seins ratio was positively related to plasmin
and plasminogen-derived activities. The
αSdeg/αS1+αS2-caseins ratio was also posi-
tively related to plasmin activity. As for the
αS1-I/αS1+αS2-caseins ratio, the strongest
relationship was observed with the urea
content of milk. The three caseins ratios
were also associated with the conditions of
heating (duration and temperature) and

renneting, in particular for the αS1-
I/αS1+αS2-caseins and αSdeg/αS1+αS2-ca-
seins ratios. Both these ratios were posi-
tively related to the pH of the milk, while
the γ /β-caseins ratio was negatively related
to the pH of the cheese at the end of press-
ing.

The pH 4.4-SN/TN fraction was firstly
related to indicators of primary proteolysis
and, consequently, to plasmin activity. The
PTA-SN/TN fraction was negatively re-
lated to acidification parameters like the pH
after 4 h of pressing (pH 4 h) and at the end
of pressing (pH 1d).

Gross composition variables exhibited
stronger relationships with technological
parameters than with indicators of proteol-
ysis. Moisture content and pH value were
predicted by the conditions of heating and
of second-stirring of curd particles. How-
ever moisture content was also positively
related to the pH of milk. The pH of ma-
tured cheese was predicted by acidification
parameters. Unexpectedly, NaCl content
was first predicted by the total bacterial
content and plasmin activity, and then by
brine characteristics. As expected, fat con-
tent in the cheese was mainly explained by
the fat and protein contents of the milk.

4. DISCUSSION

This study was conducted under real
conditions of Abondance cheese produc-
tion, which occasioned certain problems
concerning implementations and limits of
interpretation. Nevertheless, we were able
to establish significant relationships be-
tween the texture properties of Abondance
cheese and the nature of the pastures in-
volved, through changes in milk and cheese
composition. Moreover, the results have
shown that the variability between repli-
cates was lower than the variability be-
tween cheeses produced from the different
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pastures. That supports the experimental
design we have chosen.

The relationships between cheese tex-
ture and composition observed during this
study had never previously been demon-
strated for this type of cheese. Rheological
properties were linked, firstly, to the fatty
acid composition and proteolysis, and sec-

ondly, to the pH of the cheese at the end of
ripening. The sensory properties of cheese
texture were mainly explained by the gross
composition (moisture and salt content)
and proteolysis of the cheese.

The relationships between C18uns in
milk and the rheological properties of
Abondance cheese agree with studies on
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Table V. Partial Least Squares regression-based prediction of the composition of matured cheeses by
the milk composition 1 and the technological parameters 2.

explicative variables 5 Variance
explained

%Variables 1 2 3 4 5

Indicators of proteolysis

γ/β-casein PLM (pH 1d)6 PLG (d-heat) t-clo 84

αS1-I/αS1+αS2-
casein

(urea) (Tp-heat) (Tp-ren) pH m pH ren 91

αSdeg/αS1+αS2-
casein

PLM pH m (Tp heat) pH 4h pH ren 88

PH 4.4-
SN/TN3

αSdeg/αS1+αS2-
casein

αS1-I/αS1+αS2-
casein

(PLM) γ /β-casein d-2stir 95

PTA-SN/TN3 (pH 1d) (pH 4h) (P) γ /β-casein protein 66

Indicators of gross composition

M/NFC (d-heat) pH m (t-2stir) t-clo (urea) 71

F/DM 4 fat (protein) – – – 88

pH (d-heat) (d-2stir) (pH 4h) (Tp-heat) pH 1d 91

NaCl/M TBC PLM (pH 4h) (A brine) (β-C variant) 71

1 Milk characteristics: plasmin (PLM) and plasminogen derived (PLG) activities, calcium (Ca), phosphorus (P),
pH (pH m), total bacterial content (TBC), urea content, fat content, protein content (β-C variant).
2 Technological parameters:
cheesemaking process: pH at renneting (pH ren), temperature before renneting (Tp ren), of curd heating (Tp
heat), clotting time (t-clo), firming period, durations of curd heating (d-heat) and of the second stirring (d-2stir),
density (D brine) and acidity (A brine) of brine.
acidification parameters: pH at 4 hours of pressing (pH 4 h) and at one day (pH 1d).
3 pH 4.4-SN/TN and PTA-SN/TN were predicted by milk characteristics, technological parameters and ratios of
caseins.
4 F/DM were completely predicted by the first two variables.
5 The explicative variables are ranked in decreasing order of importance of prediction.
6 Between ( ) negative contribution.
pH 4.4-SN/TN: soluble nitrogen in tri-sodium citrate at pH 4.4 on total nitrogen. PTA-SN/TN: soluble nitrogen
in phosphotungstic acid on total nitrogen. M/NFC: moisture in non-fat cheese. F/DM: fat in dry matter. NaCl/M:
salt in moisture.
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butter [26, 38], Mascarpone cheese [4] and
Morbier cheese [7]. The lower melting
point of unsaturated fatty acids may pro-
duce a more fluid fatty matter, and conse-
quently softer cheeses. The higher fracture
strain and, to a lesser extent, the higher frac-
ture stress of cheeses from hay may lead to
greater cohesiveness. These results agree
with those found by Coulon et al. [12] and
Buchin et al. [7] who compared the firm-
ness of semi-hard cheeses produced using
milk from hay and from pasture. Thus, the
lower fracture strain of M cheeses could be
explained by the higher proportion of
C18uns in the milk employed, probably
mainly related to the grazing conditions
(temperature, altitude, walk of the herd, bo-
tanical composition) on mountain pastures
[10, 11].

The primary proteolysis in cheese,
which may be defined as the changes in β-,
γ-, αS-caseins and peptides, and other mi-
nor bands that are detected by polyacrylamide
gel electrophoresis [34], is a key point in
explaining rheological parameters and, to a
lesser extent, sensory measurements of
Abondance cheese.

The results obtained with respect to pri-
mary proteolysis helped to explain the rhe-
ological differences between H, V and M
cheeses, being linked firstly to milk charac-
teristics, in particular plasmin. Plasmin hy-
drolyses β-casein into γ-caseins in cheeses
[15] and has been shown to hydrolyse αS1-
and αS2-caseins in a model aqueous solu-
tion of casein [20, 21]. This proteolytic ac-
tivity was expressed in our cheeses by the
γ/β-caseins and αSdeg/αS1+αS2-caseins ra-
tios. The higher plasmin activity in M
milks, probably linked to the specific graz-
ing conditions (altitude, botanical compo-
sition) encountered on M pastures [10],
may have led to a higher level of primary
proteolysis. Thus, the higher degradation of
the protein matrix in M cheeses would have
induced weakness of the cheese structure,
which is known to be related to the follow-
ing rheological properties: a higher defor-

mability modulus and a lower fracture
stress [31]. These rheological patterns con-
tribute to a higher sensory sensation of fria-
bility [32]. These results confirm the
findings of Mulvihill and McCarthy [30]
and Buchin et al. [8], who demonstrated the
importance of plasmin content to the pri-
mary proteolysis and the rheological prop-
erties of cheeses. The higher elasticity and
fracture stress of VZ3 cheeses, which had
globally the lowest primary proteolysis,
could be linked to the lower plasmin and
plasminogen-derived activities of the cor-
responding milks.

The correlation observed between the
melting properties of cheese and the extent
of αS1-casein breakdown agrees with the lit-
erature [18]. Chymosin is one of the en-
zymes which perform the breakdown of
αS1-caseins into αS1-I-caseins [29]. Its ac-
tivity in cheese is known to be affected by
some technological parameters [41]. So,
the influence of the temperatures at
renneting and at cooking on the αS1-
I/αS1+αS2-caseins ratio in the cheeses of
this experiment could be partly explained
by the residual activity of chymosin. An-
other enzyme, cathepsin D, is able to hydro-
lyse αS1-caseins into αS1-I-caseins [17].
This enzyme, native in milk, may also have
been involved in primary proteolysis [8].
However the variation factors of cathepsin
D have never been studied. Lastly, no expla-
nation could be given about the role of urea
in the hydrolysis of αS-casein.

The secondary proteolysis, which was
defined in our study by the amount of pep-
tides and amino acids soluble in the tri-so-
dium citrate at pH 4.4 and in
phosphotungstic acid [34], was linked to
cheese texture, as has already been ob-
served by Steffen et al. [37]. On the one
hand, the pH 4.4-SN/TN fraction was prin-
cipally linked to the proteolytic activity of
plasmin. On the other hand, the PTA-
SN/TN fraction, which contains the small-
est peptides (< 600 DA) and free amino ac-
ids, seemed mainly monitored by the
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acidification parameters, known to be
mostly controlled by the population of
starter bacteria. These results confirm the
role played by the starter in the secondary
proteolysis of matured cheese [6]. Never-
theless, the differences in PTA-SN/TN
fraction observed between cheeses manu-
factured using the same starters (type and
quantity) suggest that the endogenous
microflora of milk may also have played a
role. Beuvier et al. [5] and Demarigny et al.
[14] demonstrated the influence of endoge-
nous microflora on the proteolysis and
texture of Swiss-type cheese. But the rela-
tionships between pasture characteristics
and milk microflora remain to be explored.

As expected, some of the gross composi-
tion parameters, such as the fat content in
cheese, varied in line with milk composi-
tion. Others were linked to technological
parameters. Indeed, although the cheese-
making process was controlled as much as
possible, variabilities could occur in the
form of interactions between milk charac-
teristics and technological parameters [24].

Differences in the textural characteris-
tics between mountain cheeses can mainly
be explained by variations in their moisture
and salt content. The higher moisture con-
tent of MX2 and MX3 versus MX1, and of
MY2 versus MY1 could induce differences
in texture [13, 36], producing a less sandy
and firmer cheese texture. Technological
parameters (duration of heating and stir-
ring) are known to influence the moisture
content of cheeses [24, 27]. However, milk
characteristics could also affect the mois-
ture content, as was observed in mountain
cheeses: the pH of milk is known to affect
milk clotting time and indirectly lead to the
reduced draining of cheese [23, 28]. The
higher pH of milk in MX2, MX3 and MY2
cheeses was concomitant with a higher so-
matic cell count [10].

Acidification delays were observed after
4 h of pressing in MX3 cheeses. Experi-
mental measurements of acidifying ability
showed an acidification delay in MX3

milks in comparison with a blend of MX1
and MX2 milks. This may have been linked
to the presence in milk of natural inhibitors
of microbial activity, such as lactoperoxydase
or thiocyanate [22], the latter being linked
to the cyanogenic glucosids present in feed
[35]. As a consequence, MX3 cheeses were
less dry and softer. An acidification delay
was also observed in VZ3 cheeses at the end
of pressing but its cause (starters or milk
properties) is unclear. It may have contrib-
uted to the particular texture of these
cheeses.
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