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Abstract

The objective of the present work was to determine the influence of feeding type and artisanal
process on microstructural and physicochemical parameters of goat cheeses. The cheeses were
made with goat's milk from goats which were fed with different forages: (1) reed (Cissu
verticillata) and King grass (Saccharum sinense), (2) mulberry (Morus alba) leaves and
orange (Citrus sinensis) peels, (3) alfalfa (Medicago sativa) and corn (Zea mays) stover, and
(4) bellota (Quercus ilex) and Kikuyu grass (Pennisetum clandestinum). Fresh and ripened
artisanal cheeses were analysed by scanning electron microscopy and image analysis. Results
showed that goat’s milk of goats fed with mulberry leaves and orange peels generated larger
conglomerates of fat in both types of cheeses, while the microstructure of the rest of the
cheeses presented protein networks. A low pH and moisture content contributed to the
formation of lactose crystals which ended in a compact microstructure, propitiating, reduction
of the number of pores, porosity, and increase in the breakability of ripened cheeses. Pores of
elongated shapes with irregular edges characterised the microstructure of both kinds of
cheeses. Through discriminant analysis, it was found that the effect of the type of cheese and
type of goat feeding influenced the microstructural and physicochemical parameters such as
pore number, porosity, pore size, pore perimeter, roundness, FF, AR, SOL, tortuosity, INP-DI,

PAZ, fat, moisture, and pH.
© All Rights Reserved

Introduction

cheese production ranks third (18.5%) in Gross
Domestic Product (GDP) of dairy products in the food

Goat cheese is an excellent source of nutrients
such as proteins, lipids, vitamins, and minerals, as well
as sensory qualities such as appearance, texture, odour,
and flavour (Moreno-Rojas et al., 2010). Chemical
compositions and physical characteristics can be
affected by several factors like genotype, seasonality,
animal breed, lactation stage, feeding type, and
cheese-making process. Among the factors with greater
variability inside production systems, we find that the
type of goat feeding affects the chemical quality of
cheeses (Almanera et al., 2007). In Mexico, artisanal
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industry, and 0.6% of GDP as a whole (INEGI, 2007).
Cheeses produced in the goat production systems
exhibit duality since they are a form of sustenance for
the producers, and represent the place from where they
are made (Silva et al., 2015; Ramirez-Rivera et al,
2016). The sensory characteristics of artisanal cheeses
are of great importance in order to classify them
according to their origin and processing, and to
differentiate them from industrial and adulterated
cheeses (Ramirez-Rivera ef al., 2018). However, one
problem commonly found in artisanal production
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systems is the lack of control over the critical factors
involved in cheese production. This lack of control
influences the sensory differences of cheeses even for
those of the same category and same production
location (Karami et al., 2009; Rovira et al., 2011;
2013).

Microstructure of cheeses has an important
role in the sensory aspects (Silva et al, 2015).
Frequently used forages for feeding the goats in the
Mexican production systems are alfalfa (Medicago
sativa), reed (Cissu verticillata), bellota (Quercus
ilex), corn (Zea mays) stover, King grass (Saccharum
sinense), Kikuyu grass (Pennisetum clandestinum),
and mulberry (Morus alba) leaves (Ramirez-Rivera et
al., 2016; 2018). However, as an alternative to fodder
seasonality, producers use by-products of the orange
juice industry such as orange (Citrus sinensis) peels
as a source of food for goats (Ramirez-Rivera et al.,
2018). In this regard, Rovira et al. (2011) has
demonstrated that the industrial processing influences
the final microstructure of cheeses. Currently, there is
no scientific evidence on the effect of the forages
mentioned and the artisanal process in the final
microstructure of the goat cheese. The relationship
between microstructural and physicochemical
parameters would be able to explain the impact of the
aforementioned factors on the microstructure of
cheeses. From the point of view of the geographical
origin of cheeses, the coupling of microscopic and
image analysis should also be considered to detect
traceability, geographical marker, or type of artisanal
cheeses (Moreno-Rojas et al., 2010; Necemer et al.,
2016; Ramirez-Rivera et al., 2018). Currently, these
tasks have been carried out through proximal
chemistry analysis, volatile compounds, mineral
elements, instrumental analyses (colour and texture),
and sensory analysis for the typing of artisanal cheeses
(Moreno-Rojas et al., 2010; Ramirez-Rivera et al.,
2018). The visual / qualitative analyses of the cheese
microstructure have been performed by the
microscopy technique such as Scanning Electronic
Microscopy (SEM) on goat cheeses (Karami et al.,
2009; Rovira et al., 2011; 2013; Silva et al., 2015;
Burgos et al., 2016), sheep cheeses (Fallico et al.,
2006), and cow cheeses (Ong et al, 2011).
Nevertheless, researchers on the field of image
analysis such as Impoco et al. (2007) and Silva et al.
(2015) have generated different algorithms that allow
the quantification of microstructural parameters of
cheeses such as pore number and shape, granulometry,
and the complexity of the microstructure known as
tortuosity. These algorithms have been applied
specifically to industrial cheeses from Spain and Chile
to quantify the changes of the microstructure during

its production, and to get better quality control of these
products (Leiva et al., 2009; Roviraetal., 2011;2013;
Silva et al., 2015).

Therefore, the objective of the present work
was to determine the impact of the feeding type and
the artisanal process on the microstructural and
physicochemical aspects of two types of goat cheese
(fresh and ripened).

Materials and methods

Origin and artisanal process of fresh and ripened
cheese

Cheeses from different Goat Production Units
(GPUs) were produced. The GPUs were located in the
municipalities of Coatepec, Pacho Viejo, Perote, and
Tatatila in the state of Veracruz, Mexico. These
municipalities are characterised for being a producing
area for artisanal goat cheeses. The climatic
characteristics of these municipalities, without being
considered as study factors, were as follows:
warm-humid climate; temperature (12 - 20°C),
precipitation (490 - 1,800 mm), and altitude (1,200 -
2,400mabovesealevel) (Ramirez-Riveraeral., 2018).
The cheeses were made with milk from the Alpine and
Saanen goat breeds.

The type of goat feeding (GF) and its content
in Coatepec was 40% bejuco (Cissu verticillate;
protein: 5.36 and fat: 1.92) and 60% King grass
(Saccharum sinense; protein: 6.85 and fat: 6.39). The
GF in Pacho Viejo was 75% mulberry leaves (Morus
alba; protein: 18.1 and fat: 2.1) and 25% orange peels
(Citrus sinensis; protein: 6.10 and fat: 3.40). The GF
in Perote was 70% alfalfa (Medicago sativa; protein:
6.00 and fat: 1.00) and 30% corn stover (Zea mays;
protein: 5.40 and fat: 1.10). The GF in Tatatila was
35% bellota (Quercus ilex; protein: 2.60 and fat: 4.80)
and 65% Kikuyu grass (Pennisetum clandestinum;
protein: 19.50 and fat: 2.74).

The cheese-making process was uniform in
all GPUs through the following stages: (1) the goat’s
milk was pasteurised (stainless steel equipment,
Ordemex Industrial, Mexico) at 63°C for 30 min, and
cooled at 37°C, (2) 30 mL of commercial rennet
(curdling force 1:10,000 or 110 IMCU/mL; Cuamex
Industry, Mexico) per 100 L of milk was added, and
45 min later, the curd was cut and pressed (2 kg force
per.1 kg cheese) for 7 h in cylindrical moulds of
polyvinyl chloride (PVC; 80 mm diameter and 95 mm
height) to obtain samples 0f 300 g, and (3) the obtained
curd was immersed in brine (28% salt) for 7 to 8 h,
and stored at 25 & 2°C for 2 d in order to obtain fresh
cheeses. Ripened cheeses were prepared by
spray-inoculation  of  Penicillium  candidum
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(Choozit™ PC-VB of the trademark Danisco, Dupont
of Mexico) on the fresh cheeses that were obtained
earlier. They were then stored in wooden containers
for 7w at 18 £2°C and 80 - 85% RH. Cheese samples
were packed in high vacuum, and transported at 4 +

2°C for analyses (Ramirez-Rivera et al., 2016; 2018).

Micrographs of cheeses by Scanning Electron
Microscopy (SEM)

Micrographs of cheese by SEM (Electron
Microscopy Science, Washington, DC, USA) were
obtained as follows: cuts (1 cm?) of cheese surface
were obtained and fixed according to the conditions
indicated by Lobato-Calleros et al. (2006). A
solution of 2.5% w/v glutaraldehyde in 2% of
phosphate buffer (0.2 M, pH 7.2) was used to fix cuts
for 6 h. Then, each cut was dehydrated in aqueous
ethanol solutions with concentrations of 30, 50, 70,
85, 96, and 100% during 30 min for each
concentration. Samples were dried to a critical point
by employing a dryer (Tousimis Samdri®-795,
Rockville MD, USA) and using CO, as a transition
means. Subsequently, each cut was given a carbon
tape for recovery with gold in a vacuum device
(Denton Vacuum, DESK III Moorestown, NJ, USA).
The cuts in a high vacuum microscope (JEOL, 6360
LV Akishima, Japan) were observed at 20 KV and
1,000x magnification (10 pm). Two micrographs of
8 bits and 1280 x 960 pixels (19 pixels = 1 um) for
each cheese were obtained.

Image analysis: pre-processing of micrographs

The pre-processing of the micrographs
consisted of (i) stage 1: calibration according to its
magnification (um); (ii) stage 2: use of medium,
Gaussian, and bandpass filters for the removal of
noise in the micrographs; and (iii) stage 3:
segmentation of micrographs by Otsu automated
threshold method (Impoco et al., 2007). This method
identified the threshold value that best discriminated
the two phases by minimising the intra-class variance
while maximising the inter-class variance. The Otsu
threshold method is commonly used for the
segmentation of dairy product images (Impoco et al.,
2007; Silva et al., 2015).

Quantification of microstructural parameters: global
morphology and pore shape

The  calculated global  morphology
parameters were (1) pore number, defined as the free
cavity between the bonds of proteins observed on the
surface of the sample, (2) % porosity (¢) calculated as
the percentage of white area (free space in the protein
matrix) with respect to the total image area in the

binary image, (3) pore size (um), (4) pore perimeter
(um), and (5) pore area (um?) (Impoco et al., 2007,
Rovira et al, 2011; 2013). The pore shape
parameters were determined according to the method
of Impoco et al. (2007) using Egs. 1 - 4:

4m-A

Form factor (FF) = > (Eq. 1)
Round ness = 412: — (Eq. 2)
Aspect ratio ( AR) = L;’T"nﬁ (Eq. 3)
Solidity (SOL) = Ai (Eq. 4)
Where, A = net area (um?), A = area of the

convex

convex hull (um?), p = perimeter of the pore (um),
Dm_ and D__ (um) = minimum and maximum
diameter of pore, respectively. The parameters FF,
roundness, and AR (dimensionless units) quantified
the departure of a feature from the roundness of the
pores, and the SOL (dimensionless units) quantified
the consistency of the protein matrix (Leiva et al.,
2009; Rovira et al., 2013). Pores equal to five pixels
were used for the calculations (Impoco et al., 2007).
These determinations were made in triplicate at each
micrograph type, and for six repetitions.

Quantification of microstructural parameters:
granulometry and tortuosity

The granulometric analysis consisted in the
determination of the particle size (PAZ) and
inter-particle distance (INP-DI). The results were
presented by granulometric curves generated by Eq.
5 as proposed by Silva ef al. (2015):

V(i)-V(itl1)
V(initial)-V(final)

g(i) = (Eq. 5)
Where, g(i) = percent of gray level variation for the
step, and V(i) = generated curve by counting the
number of pixels after each closing or opening step
(four steps per procedure). The granulometric curve
(GC) was built after the normalisation of the
difference of the initial and final number of pixels [V
(initial), V (final)], respectively. For the comparison
of GC for a set of samples, each sample was
summarised by computing the geometric mean (m).
The following weighted sum (Eq. 6) proposed by
Silva et al. (2015) was used for m:
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m = exp (X1 g(i) * log(¢i)) (Eq. 6)
Where, ti = size of the structuring element (4 pixels)
in um, and imax = number of closing/opening steps.
The geometric means of the GC corresponded to
PAZ (opening procedure) or INP-DI (closing
procedure) (Legland et al., 2012). In addition, the
value of tortuosity (1) of the microstructure of each
cheese was calculated. The 1 is defined as the ratio of
the shortest path (avoiding the protein network)
between the two opposing borders of the image over
the Euclidean distance between the same borders.
The minimum value of this parameter is 1.0 (Wu et
al., 2006; Silva et al., 2015). In order to assess the
variability of the T measurement, each micrograph
was divided into three sub-images, and T was
calculated for each sub-image for six repetitions
(Silva et al., 2015). The original micrographs were
converted into 3D images to visualise the
morphological or granulometric aspects (Karami et
al., 2009; Hemmatian ef al., 2015).

Computational modules of micrographic analysis
The  thresholding  procedure  using
BinariseSEM, and the quantification of global
morphology and shape parameters using ComputeS-
tats and PoreAnalysis were performed following the
method of Impoco et al. (2007). The granulometric
parameters and T were calculated with the modules
granulometry and geodesic, respectively (Silva et al.,
2015; Legland et al, 2012). The 3-D images were
performed using “Interactive 3D surface plot” and
“Spectrum LUT” (Hemmatian et al., 2015). All
programs were operated in by ImageJ version 1.51e
(National Institute of Health, Bethesda, MD, USA).

Physicochemical analysis

The cheese fat content was determined
following the method of Gerber-Van Gulik, and pH
with a potentiometer (Hanna, HI 98230, Milan, Italy)
according to Garcia et al. (2012). Protein (method
920.123) and moisture (method 948.12) contents
were measured following the procedure of AOAC
(2005). All analyses were performed in triplicates.

Statistical analysis

Descriptive analyses, one-way ANOVA (p =
0.05), and Tukey post-hoc test were performed to
determine significant differences (Rovira et al.,
2011). Pearson correlation test (») was used for
evaluating the correlation between the microstructur-
al and physicochemical parameters (Rovira et al.,

2011). Lastly, discriminating analysis (DA) stepwise
procedure was used. This analysis was performed
two times, one for each qualitative variable (type of
cheese and type of goat feeding) to determine the
impact of these variables on the microstructural and
physicochemical parameters. In addition, the
following statistical indicators derived from stepwise
procedure were interpreted; probability values of
Wilk’s Lambda test (A) and the percentage of
classification (%) was applied to check the
discriminatory capacity of the model generated,
according to the microstructural and physicochemi-
cal parameters (Herman-Lara et al., 2019). Statistical
analysis was performed with the software
STATGRAPHIC PLUS® version 5.2 (Statistical
Graphics Corp, USA). The DA, Wilk’s Lambda test
(M), and percentage (%) of classification technique
were performed with the XLSTAT 2017 software
(version 2015.6.01; Addinsoft, Paris, France).

Results and discussion

Microstructure and image analyses of fresh cheese
Microstructures of fresh cheeses are shown
in Figure 1. The microstructures of Perote (Figure
1C) and Tatatila (Figure 1D) cheeses showed free
cavities of different sizes which were generated by
the heterogeneous dispersions of the casein particles
in the protein network (PN). This may be due to the
high protein content present in alfalfa-corn stover
and Dbellota-Kikuyu grass feed, respectively
(Ramirez-Rivera et al., 2018). Pelaez et al. (2004)
and Soryal et al. (2004) mentioned that alfalfa and
pastures contribute to high protein content in the milk
used to make cheese. Fat globules (FG) and short
lactose crystals (LC) with pyramidal shape (Figure
1A) characterised Coatepec cheese microstructures.
The LC formed in the microstructure of Coatepec
cheese was consistent with that reported by Pispone
et al. (2013) who observed short LC in the
microstructure of Riccotta cheese at pH 6. They also
mentioned that cheese at pH 6 exhibited LC at wide
dimensions. The formation of LC is due to obtaining
heterogeneous mass with long and short crystals. The
micrographs of Pacho Viejo cheese (Figure 1B)
showed the predominance of large conglomerates of
fat globules (CFG). The large CFG could be
associated to the usage of mulberry leaves and
orange peels in the diet of goats which then produced
milk with higher fat content (Lacerda de Medeiros et
al., 2013). According to Bouattour et al. (2008), the
use of foods with high content of fatty acids (orange
peel) contributes to lipogenesis being more active
during lactation. Pressing of cheese could also
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Figure 1. Micrographs of fresh goat cheese (1,000x magnification). (A) Coatepec =
reed and King grass; (B) Pacho Viejo = mulberry leaves and orange peels; (C)
Perote = alfalfa and corn stover; and (D) Tatatila = bellota and Kikuyu grass, with
their corresponding binarised images (A”), (B"), (C") and (D"), respectively, by Otsu
threshold method. Scale bar = 10 um. CFG = conglomerates of fat globules; LC =
lactose crystals; FG = fat globules; and PN = protein network.

contribute in the large CFG due to the breaking of the
fat globule membrane, and subsequently, adsorption
of proteins occurred (Karami et al., 2009; Rovira et
al., 2011). The shape of the fat globules matched
with the ones described by Lopez et al. (2007) who
observed FG and CFG in Emmental cheese. The
microstructure of the fresh cheese in the present work
showed similarities with the microstructure of
Quebrada cheese from Humahuaca, Argentina
(Burgos et al., 2016). Tables 1 and 2 show the results
of the microstructural and physicochemical
parameters of fresh cheese, and the correlations
between those parameters. It was observed that
Coatepec, Perote, and Tatatila cheeses showed the
highest pore number (p < 0.05). This was confirmed
in the binary images (Figures 1A°, 1C’, and 1D")
where larger free cavities are shown (white areas)
through the protein network (dark areas). Pacho
Viejo cheese showed smaller free spaces in its
microstructure (Figures 1B and 1B"). The ¢ of
Coatepec, Perote, and Tatatila cheeses (40, 42, and
41%, respectively) were higher than that from Pacho
Viejo cheese. The differences in €& could be
influenced by pore number (rpore sumbere = 1)> POTE S1Z€
(rg_pore we — -1.00), pore perimeter (rg_pore perimeter
-0.89), and the pore area (r, . = -1) (Table 2).
Thus, Coatepec, Perote, and Tatatila cheeses had
smaller pores (14.38, 12.49, and 10.53 pm,
respectively) in their microstructures, significantly
different from Pacho Viejo cheese (60.11 um) (Table
1). Pore perimeter was similar among all evaluated
cheeses (Table 1). This could be because open spaces
were uniformly generated during cheese draining in
the  aqueous  phase, so the  pressing

contributed to the dispersion of pores in the same
way (Boutrou er al, 2002). The generation of
significant small areas of pore distribution (5.83,
6.90, and 7.00 pum? respectively) in the cheese
microstructures from Coatepec, Perote, and Tatatila
was defined by the inverse relationship with ¢ (rg_mre
sea — ~1.00) (Table 2). The correlations mentioned
agree with the research of Rovira et al. (2011). These
authors also observed a decrease in the number of
pores and ¢, and an increase in the pore area of
Spanish goat cheeses that are associated with the
coalition of curd particles occurring in the cut
process. The roundness and FF values were low
(Table 1) as compared to those obtained by Leiva et
al. (2009) who reported values of 0.53 and 0.67,
respectively, in Chanco cheese from Chile.
According to Impoco et al. (2007), low values of
roundness and FF indicate that the pores had an
elongated shape with irregular edges because of the
existence of fat globules aggregates. The pore shape
of the fresh cheese was generated by the structural
rearrangement caused by the hydrolysis of the
caseins (Leiva et al, 2009; Rovira et al., 2013).
Other factors such as the strength and the time of the
pressing could contribute to the formation of
elongated pores (Impoco et al., 2007; Rovira et al.,
2011). No significant differences were found in the
AR parameter among the evaluated samples of
cheese. Pacho Viejo cheese showed an opposite
effect to the rest of the samples (Table 1) according
to the relationship r,, ., = -0.95 (Table 2). The
values of AR of the cheese from Coatepec, Perote,
and Tatatila are consistent with Leiva et al. (2009)
who found similar values in cheese samples from
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Table 1. Microstructural and physicochemical parameters of fresh and ripened cheeses.

Fresh cheese

Ripened cheese

Variable
Coatepec Pacho Viejo Perote Tatatila Coatepec Pacho Viejo Perote Tatatila

Pore number 532.0£21.21*  495+£2.12° 573.0+£77.78 542.0+44.5* 362.0 + 144° 37.0+5¢ 613.0+87° 547.0 +£27°
Porosity (%) 40.0 +1.00° 23.0+£22° 42.0+1.000 41.0+£1.00*0 23.0+23* 41.0+£3* 42.0+£1.00* 41.0+1.00*
Pore size (um) 1438 +£7.28°  60.11+£8.43* 12.49+508° 10.53+1.42° 11.11£6.94> 62.97+8.71* 16.63+2.23> 9.84+£2.73"
Pore perimeter (um) 21.38 £4.05* 24.40+5.56" 20.81£2.60° 18.98+0.12* 18.13+4.56" 81.82+39.77® 2344+ 1.50° 18.68+2.11*
Pore area (um?) 5.83+£5.83> 128.90+4237* 6.90+£7.68° 7.00+547° 3.70+£1.65° 590+£3.34° 598+6.42"  6.83+8.65
Roundness 0.22 £0.02* 0.23+£0.01* 0.22+0.02* 0.19+0.03* 0.22+0.03* 0.25+0.03* 0.22+0.02* 0.19+0.01*
FF 035+0° 0.28 £0.08* 0.37+0.03* 0.34+0.02* 036+0.01* 030+0.02* 0.39+0.03* 0.50+0.21°

AR 2.34+0.03* 5.1 £3.85° 1.88+£0.04* 2.18+0.37" 1.81+£0.13* 542+048  1.95+0.07° 1.86+0.01°

SOL 0.77 £0.01* 0.67 £0.08* 0.75+0.01* 0.77+0.03* 0.76+0.02* 0.67+0.05* 0.78+0.04* 0.73+£0.03*

T 1.39+0.75* 1.03£1.14* 1.50+0.13*  146+0.11* 1.37+0.13*  1.21 £0.69° 1.46+0.15* 1.53+0.13"
Protein (%) 19.16 £0.36¢  21.66+0.16° 22.65+0.13° 2593 +0.16° 25.33+0.35* 15.78+0.37° 18.97+0.15* 15.41+0.2°
Fat (%) 11.86+£3.30° 18.73+0.25° 22.07+0.2* 18.67+0.23° 38.87+0.50° 39.57+0.42° 39.10+0.20° 43.27+0.06
Moisture (%) 4440+ 0.62° 47.04+ 1.4 39.9 £ 4° 47.4+036° 3237+0.51° 29.14+0.55¢ 31.97+0.90° 37.0+0.20°
pH 6.10 £ 0.05° 6.33+0.01° 6.40+0.02* 6.40+0.01" 4.71+£0.02° 4.92+0.01* 4.71+0.01° 4.78+0.01°

Values are mean =+ standard deviation. Different lowercase superscripts within the same row indicate significant difference (p = 0.05).
FF = form factor; AR = aspect ratio; SOL = solidity; t = Tortuosity. Coatepec = reed and King grass; Pacho Viejo = mulberry leaves
and orange peels; Perote = alfalfa and corn stover; and Tatatila = bellota and Kikuyu grass.

Table 2. Correlation values between microstructural and physicochemical parameters of fresh cheeses.

Variables PONU € POSI POPE POAR Round FF AR SOL Fat Protein Moisture pH PAZ H:)II)- T
PONU 1.00

€ 1.00 1.00

POSI -1.00 -1.00 1.00

POPE -0.89  -090 0.92 1.00

POAR -1.00 -1.00 1.00 0.89 1.00

Round -0.56  -0.58  0.62 0.88 0.57 1.00

FF 0.95 094 -0.92 -0.71 -0.93 -0.30  1.00

AR -1.00  -1.00 0.99 0.89 0.99 056 -0.95 1.00

SOL 0.97 096 -0.98 -0.88 -0.98 -0.59 086 -0.95 1.00

Fat -0.08  -0.05 0.10 -0.06 0.14 -0.14  0.02 002 -0.29 1.00

Protein 0.18 021  -0.23 -0.57 -0.16 -0.82 0.00 -0.21 0.12 0.63 1.00
Moisture -0.50 -0.50  0.43 0.14 0.45 -029 075 053 -032 -032 0.26 1.00

pH -0.11 -0.08  0.11 -0.16 0.17 -0.37  -0.12  0.07 -0.28 0.95 0.82 -0.03 1.00

PAZ 1.00 1.00 -1.00 -0.89 -1.00 -0.57 093 -099 098 -0.14 0.16 -0.45 -0.16 1.00

INP-DI 0.73 0.73  -0.78 -0.78 -0.78 -0.66 051 -0.70 087 -0.58 0.12 0.16 -0.44 0.78 1.00

T 0.99 099  -0.98 -0.91 -0.98 -0.60 094 -0.99 093 0.07 0.29 -0.53 0.04 0.98 0.66 1.00

Values in bold indicate p < 0.05. PONU = pore number; € = porosity; POSI = pore size; POPE = pore perimeter; POAR
= pore area; FF = form factor; AR = aspect ratio; SOL = solidity; PAZ = particle size; INP-DI = inter-particle distance;
and t = tortuosity.

Chanco to Osorno, Chile. These authors reported AR
values of 1.82 to 2.20, and they indicated that cheese
with values of AR < 5 have a lower probability of
fracture due to the high SOL of the protein matrix or
network. The low value of SOL and high value of AR
found in Pacho Viejo cheese can be attributed to the
degradation of casein ag in the bond phe23 - phe24
(Leiva et al., 2009). The granulometric results are

shown in Figure 2, where it was observed that the
microstructures of Coatepec, Perote, and Tatatila
cheeses had particles of greater size (PAZ =170 pm),
and significantly different from Pacho Viejo cheese
(PAZ = 130 pm) (Figure 2A). The INP-DI (Figure
2B) values were 210 pm (Coatepec, Perote, and
Tatatila cheeses) and 170 um (Pacho Viejo cheese).
These values showed that the larger the PAZ is, the
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Figure 2. Granulometric curves of fresh [(A) and (B)] and ripened cheeses [(C)
and (D)]. (A) and (C) particle size (PAZ) obtained by the opening procedure, and
(B) and (D) inter-particle distance (INP-DI) obtained by the closing method.
Coatepec = reed and King grass; Pacho Viejo = mulberry leaves and orange
peels; Perote = alfalfa and corn stover; and Tatatila = bellota and Kikuyu grass.

greater the inter-distance between the particles
appears (r,,, . . = 0.78, Table 2). The low values of
granulometry (PAZ) of Pacho Viejo cheese may exist
because smaller particles have higher interfaces of an
aggregated particle in the aqueous phase (Silva et al.,
2015). The values of t were statistically similar
among cheeses (Table 1). The PAZ, number, and size
of pore may be related to high values of 7 (r,,,. =
0.98, 7 resmumber = 0-99 7' oreize — ~0-98; Table 2). The
values of 1 are concordant with Silva et al. (2013)
who reported a value of t = 1.5 in cheeses produced
with high concentration of proteins. The high values
of t in Perote and Tatatila cheeses were related to
high concentration of proteins (22.65 and 25.93%,
respectively) and to the obstruction effect of the
protein network that increases the long path of
diffusion of molecules (Silva et al., 2015). Therefore,
the parameters (PAZ, number, and size of the pore)
were determinant in cheese texture and in the
diffusion of macromolecules in the interior of its
microstructure. Silva et al. (2013) explained that
larger pores allow the mass transfer of smaller
molecules.

Microstructure and image analyses of ripened
cheese

The micrographs of ripened cheese samples
are shown in Figure 3. It was observed that the
microstructures of Coatepec (Figure 3A) and Tatatila
(Figure 3D) cheeses showed a high prevalence of LC.

The pyramidal shape of the LC could be influenced
by the low pH (4.71 - 4.92) of ripened cheese in
general (Table 1), and its formation may be due to the
impediment of the Ca** and lactate ion movement
caused by FG and water-protein bonds (Rajbhandari
and Kindsedt, 2008). This result agrees with Pispone
et al. (2013) who observed LC of pyramidal shape in
Riccotta cheese (pH 4). The microstructure of Pacho
Viejo ripened cheese (Figure 3B) exhibited LC and
mainly large CFG similar to fresh cheese from this
municipality. The microstructures of Perote cheese
(Figure 3C) were characterised by a more compact
PN, with incrustations of FG, CFG, few LC, and
some strands. The strands of Perote cheese were
generated by the strong interaction between FG and
casein micelles (Ong et al, 2011). Zhong et al.
(2007) indicated that the rearrangements of the
structures of ripened cheeses led to the formation of a
weak structure formed by strands and crystals. This
type of structure could be the reason for the rupture
of ripened cheeses. The compaction of the
microstructure was related to the loss of moisture
(Fallico et al, 2006; Lacerda de Medeiros et al.,
2013). In this case, Hemmatian et al. (2015) noticed
that the use of NaCl generates an increase in the
hydrophobic interactions between proteins that
contribute to the compacting of protein network.
Thus, the method of salting by immersion applied in
the production of the cheese in the present work was
able to contribute in generating these interactions as
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King grass; (B) Pacho Viejo = mulberry leaves and orange peels; (C) Perote = alfalfa and corn
stover; and (D) Tatatila = bellota and Kikuyu grass, with their corresponding binarised images
(A", (B"), (C") and (D"), respectively, by Otsu threshold method. Scale bar = 10 pm. CFG =
conglomerates of fat globules; LC = lactose crystals; FG = fat globules; and PN = protein

network.

compared to other methods of salting, such as surface
salting. Tables 1 and 3 show the results of the
microstructural and physicochemical parameters of
ripened cheeses, and the correlations between those
parameters. A reduction was observed in the number
of pores (Table 1), where the cheese from Pacho
Viejo exhibited the least significant amount; this
effect was related to the loss of moisture (rpore
sumbermoisure. — 0+79> Table 3). The reduction in the
number of pores among fresh and ripened cheeses
from Coatepec and Pacho Viejo could be due to the
decrease of free water, which caused a contraction

diffusion of molecules (Chapeau et al., 2016). While
the increase in the pore number of the cheeses from
Perote and Tatatila could be due to the high
permeability of the protein network caused in the
stage of the curd cut (Rovira et al., 2013). The values
of ¢ were similar (p > 0.05) for all cheeses, while the
perimeter of the pores and area of the pores were
different (p < 0.05) for all cheeses. These results were
supported by the value correlations of r_ . =0.97
(Table 3). Rovira et al. (2013) also reported the same
trend in goat cheese from Murcia, Spain. In the case
of Pacho Viejo cheese, it showed a more open

effect in the protein network and obstruction of the  structure because it contained larger pores
Table 3. Correlation values between microstructural and physicochemical parameters of ripened cheeses.
Variable PONU ¢ POSI POPE POAR Roundness FF AR SOL Fat Protein Moisture pH PAZ INP-DI
PONU 1.00
€ -0.04 1.00
POSI -0.88 0.39 1.00
POPE -0.88  0.41 1.00 1.00
POAR 022 097 0.16 0.18 1.00
Roundness -0.76 0.00 0.87 0.84 -0.18 1.00
FF 0.76 029 -0.74 -0.71 0.47 -0.95 1.00
AR -090 040 1.00 1.00 0.17 0.83 -0.70 1.00
SOL 0.86 -0.49 -0.84 -0.86 -0.25 -0.48 0.36 -0.88 1.00
Fat 0.48 0.60 -0.41 -0.37 0.69 -0.79 0.92 -036 -0.02 1.00
Protein -041 -0.87 -0.02 -0.03 -0.96 0.20 -0.48 -0.01 0.00 -0.61 1.00
Moisture 0.75 035 -024 -0.19 0.33 -0.67 0.69 -0.15 -033 0.83 -0.14 1.00
pH 0.75 021 -0.38 -0.40 0.42 -0.19 0.30 -0.44 0.68 0.13 -0.65 -0.44 1.00
PAZ -0.81 -0.09 0.85 083 -0.28 0.99 -0.98 0.82 -0.50 -0.82  0.32 -0.63 -0.29  1.00
INP-DI -0.55 -0.57 047 044  -0.68 0.82 -094 042 -0.06 -1.00 0.62 -0.79 -0.20 0.86 1.00
T 095 0.09 -0.88 -0.87 0.33 -0.91 0.92 -0.87 0.69 0.71 -0.45 0.36 0.58 -095 -0.77 1.00

Values in bold indicate p < 0.05. PONU = pore number; € = porosity; POSI = pore size; POPE = pore perimeter; POAR = pore
area; FF = form factor; AR = aspect ratio; SOL = solidity; PAZ = particle size; INP-DI = inter-particle distance; and t = tortuosity.
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Table 4. Average and probability values for each microstructural and physicochemical parameter by qualitative variable (type

of cheese and goat feeding).

Type of cheese Type of goat feeding
Variable Fresh Ripened Pr< Alfalfa and  Bejucoand  Bellota and 11::1 I:Ilebse;;}(; L:::l]:da
Lambda  cornstover King grass  Kikuyu grass
orange peels
Pore number 424.25 389.50 >0.05 592.75 447.00 544.75 43.00 <0.0001
Porosity (%) 0.37 0.36 >0.05 0.39 0.32 0.42 0.32 <0.0001
Pore size (um) 24.38 25.14 >0.05 14.56 12.75 10.18 61.54 <0.0001
Pore perimeter (um)  21.39 35.52 <0.0001 22.13 19.75 18.83 53.11 0.0001
Pore area (um?) 37.31 5.60 >0.05 6.44 5.08 6.91 67.40 >0.05
Roundness 0.22 0.22 >0.05 0.22 0.22 0.19 0.24 <0.0001
FF 0.33 0.39 >0.05 0.38 0.36 0.42 0.29 0.0001
AR 2.89 2.76 >0.05 1.91 2.07 2.02 5.30 <0.0001
SOL 0.74 0.73 <0.0001 0.77 0.76 0.75 0.67 <0.0001
Tortuosity 1.34 1.40 >0.05 1.48 1.38 1.50 1.13 <0.0001
INP-DI (um) 204.75 199.88 <0.0001 199.75 230.00 179.75 199.75 0.0001
PAZ (pm) 159.50 149.75 <0.0001 159.75 159.75 129.50 169.50 0.002
Fat (%) 17.44 40.09 <0.0001 30.63 24.38 30.93 29.13 >0.05
Protein (%) 22.40 18.91 >0.05 20.81 22.43 20.67 18.72 >0.05
Moisture (%) 4421 32.82 <0.0001 35.66 38.30 42.26 37.85 0.001
pH 6.31 4.78 <0.0001 5.54 5.44 5.58 5.63 >0.05

(62.97 pm) as compared to the rest of the evaluated
samples of cheese (Table 1). The increase in pore
size of Pacho Viejo cheese was due to the microbial
fermentation process that additionally increased the
surface roughness of the cheese samples (Hemmatian
et al., 2015). The open structures of the goat cheese
are related to the hydration of the protein matrix or
network caused by the thermal treatment of milk
(Burgos et al., 2016). The values of the parameters
roundness, FF, and SOL were similar (p > 0.05)
among the cheese samples (Table 1). The value of
AR (5.42) of Pacho Viejo cheese was significantly
higher, and therefore the SOL of the protein matrix
was smaller (r,, o, = -0.88, Table 3). The
aforementioned could contribute to the firmness of
this variety of cheeses (Mistry et al., 2006). The
roundness values obtained in the present work are
consistent with those reported by El-Zeini (2006) in
goat cheese (0.33). The values of FF (0.30 to 0.50) of
ripened cheeses presented in Table 1 are lower than
those reported by Leiva et al. (2009) who obtained
values of 0.75 of FF in Chanco cheese with 21 d of
maturation. On the other hand, Impoco et al. (2007)
mentioned that the lower the values of FF means that
the pores have an elongated shape. The values AR
and SOL of the Coatepec, Perote, and Tatatila
cheeses indicated that these had a greater resistance
to deformation (Leiva et al., 2009) as compared to
Pacho Viejo cheese that showed an opposite trend.
According to Zhong et al. (2007), the rearrangements
of the structures of ripened cheeses lead to the
formation of a weak structure formed by strands and

crystals. This type of structure may be another reason
why ripened cheeses have greater breakability than
fresh cheeses. Figure 2C shows that the values of
PAZ were higher (p < 0.05) in the Pacho Viejo
cheese (PAZ = 210 pm) in comparison to the other
cheeses (PAZ between 90 - 130 um); this parameter
was related to pore perimeter (7, AZ-pors perimeter 0.83)
and pore size (7, AZ-pore size 0.85) (Table 3). Figure 2D
shows that Tatatila cheese had the smallest value of
INP-DI (130 pm) in relation to the other cheeses
(INP-DI = 210 pm), where the moisture and fat
content correlated with the INP-DI (r, - ==
-0.79 and r,, ;.. = -1.00, Table 3). The high values
of PAZ (210 pm) indicated pores of large perimeters
and sizes, which may contain trapped fat globules.
The smallest values of INP-DI (130 um) of cheeses
could be generated by high moisture and fat contents.
The 1 did not show significant difference (p > 0.05)
for all cheeses. This was also observed by Silva et al.
(2015) in cheeses made with similar casein
concentrations. Nevertheless, the cheeses from
Perote and Tatatila showed the highest values of t
(1.46 and 1.53), respectively. This could be due to the
increase in the size of the aggregates which generate
longer paths between the given points (Silva et al.,
2013; 2015).

Table 4 shows the mean and probability
values of the Wilk's Lambda test for each of the
microstructural and physicochemical parameters
according to the cheese type and goat feeding type. It
was observed that the wvariables such as pore
perimeter, SOL, INP-DI, PAZ, fat, moisture, and pH
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were significantly discriminated (p < 0.05) between
fresh and ripened cheeses. However, variables such
as pore number, porosity, pore size, pore perimeter,
roundness, FF, AR, SOL, tortuosity, INP-DI, PAZ,
and moisture significantly discriminated (p < 0.05)
the cheese type according to the type of goat’s feed.
The aforementioned was supported by the DA in
Figure 4, in which it is shown that fresh cheeses had
a higher content of SOL, INP-DI, PAZ, moisture, and
pH; and ripened cheeses had a higher content of fat
and pore perimeter (Figure 4A). In the case of goats
fed with mulberry leaves and orange peels, it was
observed that the cheeses produced had higher
content of pore perimeter, pore size, roundness, PAZ,
and AR, while the cheeses made from goats fed with
Kikuyu grass, bejuco and King grass, and alfalfa and
corn stover presented similar characteristics of pore
number, porosity, tortuosity, FF, SOL, INP-DI, and
moisture (Figure 4B). Finally, the percentages of
classification of the cheese samples were 100% in
function to the microstructural and physicochemical
parameters, and according to the type of cheese and
type of goat feeding.
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Figure 4. Multivariate representation via Discriminant
Analysis (DA) according to (A) type of cheese (fresh or
ripened), and (B) type of goat feeding. IN = indicates that
the variable helps to differentiate, and OUT = indicates
that the variable does not help to differentiate.

Conclusions

The goat’s milk from goats which were fed
with mulberry leaves and orange peels generated
larger conglomerates of fat in both types of cheese
microstructures, while the rest of the cheeses were
characterised by having protein networks. The low
pH and moisture content contributed to the formation
of lactose crystals of different dimensions, and in the
compaction of the microstructure, which contributed
to the decrease in the number of pores, porosity, and
increase in breakability of ripened cheeses. The
artisanal process of cheese (mainly the cutting of the
curd, pressing, and salting) influenced the parameters
such as pore number, pore size, pore area, pore
particle size, and the generation of cheeses with pores
of elongated shapes with irregular edges. Likewise,
the fat content contributed to complex microstructure
or carried greater tortuosity in the cheeses evaluated
in the present work. The DA results showed that the
microstructural and physicochemical parameters
such as SOL, INP-DI, PAZ, fat, moisture, and pH
allowed us to observe differences between fresh and
ripened cheeses. However, the type of goat feeding
was influenced by 12 out of 16 microstructural and
physicochemical parameters evaluated namely pore
number, porosity, pore size, pore perimeter,
roundness, FF, AR, SOL, tortuosity, INP-DI, PAZ,
and moisture. The results of the present work can be
a guideline for the analysis of the complexity of the
microstructure and its relationship with the release of
aromas using chromatography and sense-metric
techniques such as Temporal Dominance Sensations.
Additionally, these results also pave a way to
perform the microstructural-typing of artisanal
cheeses, which can be complemented with different
analytical and instrumental results to give more
information about artisanal cheeses of interest.
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